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ABSTRACT
Carbon‐based nanomaterials play a significant role in the field of electrochemistry because of their outstanding electrical

conductivity, chemical and thermal resistance, structural flexibility, and so on. In recent years, we have observed a rapid rise of

research interest in the high‐temperature shock (HTS) method, which is fast, stable, environmentally friendly, and versatile.

The HTS method offers excellent controllability and repeatability while tackling challenges and limitations of traditional

preparation methods, providing a new way to prepare and optimize carbon‐based nanomaterials for electrochemical applica-

tions. During the HTS synthesis, the reaction is driven by the high temperature while further growth of obtained nanoparticles

is inhibited by the rapid heating and cooling rates. The preparation of carbon‐based nanomaterials by HTS has many ad-

vantages, including controlled carbon vacancy that may drive phase transformation, precise engineering of carbon, and other

defects that may function as active centers, formation and preservation of metastable phase owing to the high energy and rapid

cooling, fine‐tuning of the interaction between loaded species and carbon support for optimized performance, and facile doping

and compounding to induce synergy between different constituents. This article provides a comprehensive review of various

carbon‐based nanomaterials prepared by the HTS method and their applications in the field of electrochemistry during the past

decade, emphasizing their synthesis and principles to optimize their performance. Studies showcasing the merits of HTS‐
derived carbon‐based nanomaterials in advancing Lithium‐ion batteries, Lithium‐sulfur batteries, Lithium‐air batteries, water‐
splitting reaction, oxygen reduction reaction, CO2 reduction reaction, nitrate reduction reaction, other electrocatalytic reactions,

and fuel cells are highlighted. Finally, the prospects of carbon‐based nanomaterials prepared by HTS method for electro-

chemical applications are recommended.

1 | Introduction

Access to sustainable, affordable, and reliable energy has
become paramount in the 21st century [1]. Electrochemistry

offers numerous opportunities in the pursuit of sustainable
energy, including its conversion, storage, and utilization [2].
Meanwhile, challenges are encountered particularly due to
the lack of appropriate materials in various electrochemical
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applications such as hydrogen production via water electro-
lysis, fuel cells, and batteries. Carbon‐based nanomaterials
are deemed prospective in resolving these challenges and
limitations [3, 4]. Carbon‐based nanomaterials significantly
contribute to advancements in the energy sector [5], and they
have been extensively studied in the last decade. Owing to
their outstanding electrical conductivity, affordability, heat,
chemical, and radiation resistance, and tunable surface and
interfacial properties, carbon‐based nanomaterials hold sig-
nificant promise for various applications [6]. The unique
properties of carbon‐based nanomaterials impart the follow-
ing advantages in electrochemical applications [7, 8]: their
high electrical conductivity promotes the rapid electron
migration and improves the reaction rate at the electrodes;
their large specific surface area increases the contact area
between the electrodes and the electrolyte, thus improving
the charge storage capacity; their stability in various elec-
trochemical environments prolong the service life of the
electrodes; their excellent mechanical properties allow them
to withstand the mechanical stresses during electrode prep-
aration and usage; lastly, the optimization of their electro-
chemical properties can be achieved by altering their
structures [9–15].

Carbon‐based nanomaterials have been prepared by many tra-
ditional methods, such as chemical vapor deposition (CVD)
[16], spray drying [17], hydro and solvothermal methods [18],
and electrodeposition [19]. Conventional methods for synthe-
sizing carbon‐based nanomaterials typically require extended
thermal treatments with low heating rates to achieve fine
crystal structures. However, these approaches often encounter
several challenges, including complex reaction processes, slow
kinetic rates, intricate operating conditions, time‐consuming
protocols, limited control over crystal structures, high cost, and
constraints related to substrates and coatings [20, 21] (Table 1).
For example, while CVD is widely used for crystal growth at
high temperatures, it relies on precisely controlled reaction
conditions including gas composition and reaction duration. In
addition, CVD usually requires the use of expensive precursors,
such as metal‐organic compounds in metal‐organic vapor dep-
osition (MOCVD), elevating cost and operational complexity
[22, 23]. Spray drying, another common preparation method
known for its excellent performance in preparing large‐area
homogeneous films, may result in poor crystal quality and poor
nanostructural uniformity of the product when it is performed
under unconventional reaction conditions [24–26]. Similarly,
while hydrothermal and solvothermal methods are capable of

producing nanoparticles at lower temperatures, there is a subtle
balance between the modulation of reaction conditions and the
obtained product structure, limiting their large‐scale application
[27, 28]. Lastly, although conventional electrodeposition meth-
ods excel in obtaining electrodes with complex, desired shapes,
their application is limited by drawbacks including the
incapability to obtain desired nonuniformity, the narrow range
of electrode surfaces or coating substrates selections, difficult
optimization of material properties, and poor long‐term stability
of the obtained electrodes. Therefore, current research con-
tinues to explore new processing techniques to overcome these
limitations and to further enhance the performance of carbon‐
based nanomaterials in electrochemical applications.

In recent years, a new method for ultrafast nanomaterial syn-
thesis, high temperature shock (HTS), has emerged, which
mainly includes Joule heating, microwave heating, and laser
irradiation. HTS presents several significant advantages over
conventional methods: (1) HTS is highly user‐friendly and
supports rapid synthesis. The material can quickly reach ele-
vated temperatures, which accelerates chemical reactions, sig-
nificantly reduces synthesis time, and enhances productivity.
(2) HTS has fewer stringent requirements for substrates and
precursors. It can be synthesized using a wide range of readily
available materials, which not only lowers production costs but
also increases the adaptability of the technique. (3) HTS pro-
vides exceptional control over structural properties. By finely
tuning the synthesis parameters and reaction conditions, the
structures of nanomaterials can be customized to achieve spe-
cific desired characteristics. (4) Nanomaterials synthesized via
the HTS method typically exhibit enhanced stability. The rapid
heating and cooling associated with HTS minimizes structural
defects and phase transitions during the synthesis process. This
contributes to the improved stability and reliability of the
resulting nanomaterials. Overall, various nanomaterials have
been prepared using HTS and are widely applied in various
fields [29]. In particular, for the preparation of carbon‐based
nanomaterials, HTS technology gives full play to the advantages
of carbon‐based nanomaterials. Carbon‐based nanomaterials
with specific morphology and structure can be synthesized by
appropriate adjustments of the synthesis conditions [30].
Therefore, compared to traditional methods, HTS not only has
fast reaction time, simple operation, cost savings, and fewer
limitations on substrates and coatings, but more importantly, it
is more conducive to structural control. Of course, HTS also has
some shortcomings, such as synthesis being too fast to study the
reaction process, difficulty in large‐scale production, and so on.

TABLE 1 | Comparison of HTS technology and other methods for synthesizing carbon‐based nanomaterials.

CVD SD HSTM ED HTS

Time level Hours Minutes Hours Hours Milliseconds

Heating rate (k s−1) < 10 < 10 < 10 < 10 > 105

Cost High Middle Middle Middle Low

Environment‐friendliness Low Middle Middle Middle High

Energy consumption High Middle Middle Middle Low

Particle dispersity Middle Low Middle Low High

Particle miscibility Low Low Middle Low High
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Carbon‐based materials effectively disperse deposited spe-
cies and are favorable for the generation of ultra‐small na-
noparticles during the HTS synthesis. These obtained ultra‐
small nanoparticles usually possess higher surface energy,
more active sites, improved electron transport efficiency,
and higher ion diffusion rate, thus further improving the
charge storage and transport properties of nanomaterials
[31]. HTS method's capability of fine‐tuning the obtained
nanoparticle structure, such as synthesizing rare substable
phases, as well as its enhancement of those inherent ad-
vantages of the carbon materials, including high specific
surface area, superb electrical conductivity, and so on,
altogether make carbon‐based nanomaterials prepared by
HTS method promising candidates for electrochemical ap-
plications toward a sustainable energy future [32].

Accordingly, the synthesis of carbon‐based nanomaterials using
HTS has become a hot topic in recent years and has led to out-
standing achievements in the field of electrochemistry. In this
report, the history of the HTS method development, the necessary
instrument, the synthesis process, the heating principle, the

temperature measurement principle, and the synthesis mechanism
of carbon‐based nanomaterials by HTS are described. The HTS‐
synthesized carbon‐based nanomaterials, as well as their application
and optimization in the field of energy‐related electrochemistry are
comprehensively discussed (Figure 1).

2 | Principles and Methods of HTS Technology

2.1 | Heating Principle of HTS

HTS technique utilizes heat generated when an electric current
passes through a conductor. In a typical synthesis, the reaction zone
temperature can be raised instantaneously (105 k s−1) to thousands
of Kelvin and get cooled down in milliseconds (Figure 2a). At
present, HTS syntheses are mainly performed with Joule ultra‐fast
heating equipment (Figure 2b) and Joule flash heating equipment
(Figure 2c). A common setup mainly consists of four parts: a
heating reaction chamber, a spectrometer, a DC power supply, and
a vacuum pump. The heating process is based on Joule's law. The
operator enjoys the freedom to adjust the current, voltage, and the

FIGURE 1 | Overview of HTS synthesis derived carbon‐based materials and their applications in various electrochemical processes: lithium‐ion
battery. (Inset: Atomic structures of a Li atom attached on 2 × 2 α‐graphene. Reproduced with permission: Copyright 2013, American Chemical

Society [33]. The SEM image of the 10% RuO2/GPDC. Reproduced with permission: Copyright 2021, American Chemical Society [34]. The TEM

image shows N‐CNTs with encapsulated Fe nanoparticles. Reproduced with permission: Copyright 2018, American Chemical Society [35]. Schematic

diagram of nanoparticles loaded on carbon black. Reproduced with permission: Copyright 2017, American Chemical Society [36]. The proposed

mechanistic pathways of CO2RR over the 20%Au/FPC‐800 electrocatalyst. Reproduced with permission: Copyright 2023, American Chemical Society

[37]. Low‐magnification HAADF‐STEM image of Cu NP TDPA showing the sample monodisperse nature. Reproduced with permission: Copyright

2024, American Chemical Society [38]. Schematic diagram of urea oxidation of carbon‐based materials. Reproduced with permission: Copyright 2021,

American Chemical Society [39]. The SEM image of the NMC811. Reproduced with permission: Copyright 2019, American Chemical Society) [40].
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conductor resistance, individually or simultaneously, such that the
temperature profile during the synthesis can be well customized. It
should be noted that the accuracy of temperature control for Joule
heating is related to the following factors: (1) the heat capacity of the
conductor: the larger the heat capacity, the slower the temperature
change, the lower the control accuracy; (2) the heat loss during
synthesis: the more heat loss, the lower the control accuracy [41];
(3) the temperature sensor accuracy: the higher the accuracy of the
temperature sensor, the higher the control accuracy.

2.2 | Principles andMethods of HTS Synthesis for
Optimization of Carbon‐Based Nanomaterials

HTS technology can directly prepare high‐performance carbon
nanomaterials including carbon nanofibers (CNFs), carbon
nanotubes (CNTs), reduced graphene oxide (RGO), carbon‐
based nanomaterials from biomass (carbon‐willow branches
and lignocellulosic carbon), and 3D‐printed carbon‐based ma-
terials, among others [42]. HTS also enables the facile prepa-
ration of carbon‐based nanomaterials, by heating precursors
and self‐supporting matrices combined through facile pre‐
treatments (Figure 3). The excellent electron transfer ability and
corrosion resistance make carbon materials an ideal carrier for
metal nanoparticles. Two major categories of metal precursors
are generally used: (1) micron‐sized solids and (2) metal salt
solutions. The carbon materials show good affinity toward an-
choring the nanoparticles, thus preventing the aggregation of
nanoparticles. The interaction between metal and carbon
material substrates can greatly improve the activity and stability
of derived catalysts [44].

Lately, researchers have carried out ultrahigh‐temperature
treatment of carbon‐based nanomaterials by HTS technology,
aiming at modulating the structure, engineering the morphology,
and enhancing the physical and chemical properties of obtained
materials. The ultrahigh‐temperature treatment of carbon‐based
nanomaterials using the HTS technique significantly improves
their physical and chemical properties. This includes enhanced
graphitization, as well as increased thermal and electrical con-
ductivity, alongside improved thermal stability. The improve-
ments arise from the optimization of vacancies, residual oxygen‐
containing functional groups, carbon defects, and various other
defects. The high‐temperature conditions during HTS facilitate
the migration and rearrangement of carbon atoms, leading to the
formation of carbon vacancies [45, 46]. The presence of these
vacancies alters the electronic structure of the material, which in
turn affects its electrical and thermal conductivity [47]. Besides,
the HTS process can also induce and modulate other types of
defects, including grain boundaries, stresses, etc. Defects in the
material can significantly influence its physical and chemical
properties [48, 49]. Therefore, by controlling the synthetic
parameters like temperature, duration, and atmosphere during
HTS, we can precisely regulate the structure and surface chem-
istry of obtained materials, giving them desired properties and
prospects as functional materials in the fields of material, elec-
trochemistry, and energy.

For instance, RGO can be obtained when graphene oxide (GO),
a graphene monolayer with various oxygen‐containing func-
tional groups, is reduced thermally, chemically, electro-
chemically, or photochemically. RGO comprises ordered sp2

domains interspersed with nanoscale structures within a

FIGURE 2 | (a) Principles and processes of HTS. (b) Joule ultra‐fast heating equipment. (c) Joule flash heating equipment.
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disordered sp3 matrix, which contains oxygen‐functional
groups. The presence of vacancies, residual oxygen groups,
and various defects in RGO films can effectively scatter or trap
charge carriers traversing the sp2 lattice, consequently limiting
the films’ charge mobility and electrical conductivity. However,
Profs. Yilin Wang, Yanan Chen, and Liangbing Hu used the
HTS method to prepare RGO films at 3000 K, achieving record‐
breaking high conductivity and carrier mobility (Figure 4). A
more compact structure reduced the defects and impurities,
along with an increased specific surface area, enhances con-
ductivity and charge mobility [50].

Second, HTS technology with its ultra‐fast heating/cooling rates
also allows for efficient regulation of particle size and dispersion
[51]. The rapid reaction speed of HTS limits the growth of the
formed nanoparticles, thus containing them at the nanometer
scale. On the other hand, the dispersion of nanoparticles formed
during HTS is mainly regulated by the “hindered agglomeration
method” and the “anchored growth method.” The “hindered
agglomeration method” relies on an in situ generated solid or gas
overlayer on the particle surface to hinder the agglomeration of
nanoparticles. At the start, HTS induces highly exothermic
chemical reactions by providing the necessary energy externally
during the rapid thermal shock. Localized reactions occur within
the system to form chemical reaction fronts (combustion waves),
which then proceed rapidly, supported by its own exothermic
heat, to spread the combustion waves throughout the system.
The reaction heat rapidly decomposes the precursor and releases
a large amount of gas, which prevents the agglomeration and
growth of formed nanoparticles. Volatile impurities are removed
by evaporation when the system reaches high temperatures of
several thousand degrees in an instant. The elevated tempera-
tures experienced during thermal shock can result in particle
coarsening. However, extremely high temperatures may facilitate
the “fission” and “fusion” of metal precursors, resulting in a
uniform mix of elements. Additionally, rapid cooling rates enable
effective control of the thermodynamic mixing state and facilitate

the formation of crystalline solid solution nanoparticles. The
particle aggregation and phase separation of nanoparticles during
high‐temperature operation usually hinder their practical feasi-
bility. Ahn et al. reported an oxide coating on the surface of CNFs
formed by a simple sol‐gel method, and then nanoparticles were
rapidly synthesized by thermal shock (Figure 5a–c). The oxide
coating hindered the growth and aggregation of the nanoparticles
and caused them to root tightly into the oxide coating, achieving
ultra‐stable electrocatalytic performance [52]. The “anchored
growth method” exploits the fact that defect edge planes are the
preferred location for the formation and stabilization of metal
nanoparticles. Fabricated carbon defects can provide ideal
nucleation sites, and the nanoparticles synthesized with HTS are
further rooted on the edge planes by inserting metal atoms
between the carbon planes, resulting in a stronger interaction
between the nanoparticles and the carbon carrier. The study
conducted by Hu Liangbin and colleagues investigates the
methods for forming and stabilizing metal nanoparticles on
carbon‐based carriers [57]. CNF immersed in the metal precursor
solution produced T‐shaped graphite structures with highly
defective edge planes due to the high temperature and rapid gas
precipitation during Joule heating, producing fine and uniformly
distributed nanoparticles.

Due to its fast, convenient, and high‐temperature nature, HTS has
been applied more frequently to modulate the structure of carbon‐
based nanomaterials to construct substable materials that are diffi-
cult to achieve by conventional methods. Such phase transition may
be driven by appropriate thermal shock conditions. Normally, en-
ergy input above the stabilization threshold of the original phase
results in a phase transition and the formation of a new stable
structure. Meanwhile, the presence of carbon vacancies brought
about by thermal shock creates a localized energy gradient, low-
ering the energy barrier for the phase transition and making it more
likely to occur. Thereafter, rapid cooling “freezes” the positions of
atoms at high temperatures and prevents them from migrating to
re‐establish the original phase during the rapid cooling, thus

FIGURE 3 | Fabrication of metastable monometallic nanostructures. Reproduced under terms of the CC‐BY license [43]. Copyright 2024, Xiaoya

Cui et al., published by Oxford University Press on behalf of China Science Publishing & Media Ltd.
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contributing to the stabilization of substable phases. Higher tem-
peratures provide enough energy to overcome the bonding energy
between atoms and cause them to migrate, while longer heating
times will cause more atoms to migrate. The unique electronic
structure of metastable materials may form channels that are more
conducive to rapid electron conduction, and high surface energy
creates abundant active sites. And, the flexible structure can better
adapt to reaction requirements such as adsorption and desorption.
Therefore, it has better electrochemical activity. Deng et al. selec-
tively synthesized phase‐pure molybdenum carbides by controlling
the pulse voltage of the FJH (Figure 5d) [53]. The diverse energy
inputs of FJH facilitate the formation of higher energy fugitive
phases that are not thermodynamically stable. Furthermore, the
rapid cooling characteristic of the FJH process promotes the kinetic
stabilization of these fugitive phases. Simultaneous adjustment of
thermal shock temperature and duration makes it convenient for
the phase‐selective and composition‐selective synthesis using the
HTS process. Chen et al. synthesized three different fluorinated
carbon isomers by FJH (Figure 5e) [54]. Overall, fluorinated
amorphous carbon, fluorinated nanodiamond (sp3‐carbon), fluori-
nated turbo graphene (sp2‐carbon), and fluorinated FCC carbon
with high crystallinity and polyhedral shapes can be prepared by
tailoring the flash conditions. HTS‐derived carbon‐based

nanomaterials can also be revamped by customizing the composi-
tion of loaded species (e.g., metal nanoparticles). Alloy nanoparticles
with various compositions exhibit distinct dimensions and kinetic
dislocation characteristics during the ultrafast quenching; a
certain degree of structural adjustment is sufficient to optimize
carbon‐based nanomaterials prepared by HTS. For example, the
melting point, surface tension, and growth rate of deposited nano-
particles are strongly correlated with the composition of alloying
elements, which in turn affect their final shape, dimension, mor-
phology, and so on. Higher proportions of high melting point ele-
ments usually result in larger nanoparticles. In addition, different
proportions of alloying elements affect the rate of atomic migration,
which in turn affects the formation and evolution of kinetic dis-
locations. A higher proportion of elements with high diffusion
coefficients generally results in the formation of more kinetic dis-
locations. Li et al. synthesized Pt‐Ni alloy nanoparticles with dif-
ferent Pt‐Ni ratios on carbon carriers using the HTS method, from
which the catalyst with optimal performance was obtained
(Figure 5f) [55]. The performance of this catalyst is about six times
that of commercial Pt/C catalysts.

The high temperatures and rapid heating in the HTS method
can improve the microstructure of carbon nanomaterials. For

FIGURE 4 | Ultrahigh‐temperature HTS to prepare RGO films with high conductivity and carrier mobility. (a) Generate RGO thin film through Joule

heating. (b) SEM images of RGO thin films prepared using different methods and angles. (c) Raman, XPS, and XRD of RGO thin films. (d) Transport

properties of the 3000‐K‐reduced RGO film. (e) The influence of temperature on RGO. Reproduced with permission: Copyright 2018, Elsevier [50].
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example, lignin‐like biomass is converted to highly crystalline
graphitic carbon by atomic rearrangement through the Joule
heating process. In addition, HTS technique can be employed to
induce strong cross‐linking and increase the density of CNT
fiber that originally has weak or even lack connections between
adjacent CNTs, benefited from the tension applied at high
temperatures [58]. Song et al. used Joule heating to treat CNT
fibers to high temperatures (~2723.15 K) under applied tension
(Figure 5g), and rapid stretching and densification of CNT fi-
bers under tension can be achieved in a few milliseconds by
applying a high pulse voltage. This is beneficial for improving
its conductivity and stability. The rapid synthesis and low cost
of the Joule heating method offer great potential for large‐scale
application of CNT fibers [56].

3 | Carbon‐Based Nanomaterials Prepared by
HTS in Electrochemical Applications

3.1 | Electrochemical Energy Storage (EES)

Availability is the major factor limiting our transition to
clean energy. Its effective utilization presupposes energy
harvest, storage, and redistribution in the form of electrical
energy [59]. With the merit of cost efficiency, environmental
friendliness, and high reliability, EES devices have received
extensive attention [60]. Hereby, EES devices represented by
secondary cells have developed rapidly in recent years [61].
In this section, we introduced the application of HTS in
EES.

FIGURE 5 | (a–c) Schematic diagram of using HTS to synthesize HEA, inhibit growth, and apply catalysis. Reproduced with permission:

Copyright 2023, American Chemical Society [52]. (d) Carbothermic reduction temperature of oxides derived from the Ellingham diagram,

and the crystal structures of 11 carbides. Reproduced under terms of the CC‐BY license [53]. Copyright 2022, Bing Deng et al., published by

Springer Nature. (e) Phase evolution of carbon materials during FJH. Reproduced with permission: Copyright 2021, American Chemical

Society [54]. (f) ORR activities of PtNi nanoparticles. Reproduced with permission: Copyright 2022, American Chemical Society [55].

(g) Schematic illustrations of the welding process of CNT fibers induced by HTS. Reproduced with permission: Copyright 2019, Royal Society

of Chemistry [56].
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3.1.1 | Lithium‐Ion Battery (LIB)

As mainstream products of EES devices, LIBs have received
widespread recognition due to their high energy capacity and
stability [62]. However, huge challenges still exist for the up-
gradation of battery components to satisfy the constantly
increased demand for energy [63–66]. The HTS technique has
great potential in the field of exploitation of novel carbon‐based
materials for LIBs [67].

The graphite, as the anode material, still shows deficiency in
diffusion kinetics and interfacial reaction kinetics in the field of
fast‐charging appliances [68–70]. Huang et al. thermo-
dynamically facilitated graphitization with a thermal shock at
an ultrahigh temperature (3228 K) and prepared hybrid‐
structured carbon composed of crystalline and amorphous
carbon under a mechanical shock (Figure 6a) [71]. It demon-
strates a great capacity (Figure 6b). With the increasing use of
batteries, the mishandling of disposed carbon anode will result
in severe environmental impacts. Hence, recycling them is a
prospective option. Chen et al. [72] regenerated the graphite
anode applying HTS to efficiently remove the organic binder at
the graphite anode and decompose the resistive impurities like
solid–electrolyte interface, while preserving the graphite struc-
ture from being damaged at the same time (Figure 6c,d).

The capacity of graphite still has limitations. Chen et al.
introduced a rapid thermal shock process utilizing HTS to

create a conductive RGO composite embedded with silicon
nanoparticles (Figure 7a) [73]. The embedding of silicon facil-
itates electron transfer (Figure 7b). Liu et al. prepared ultra‐
small silicon nanoparticles (us‐Si/C) by FJH technology [74].
These particles were uniformly embedded in the carbonized
nanosheets (Figure 7c). This unique structural design not only
displays high‐discharge activity of ultrafine Si nanoparticles but
also buffers the damage from the volume change of Si up to
400% (Figure 7d). Its utility was further confirmed in the
LiFePO4 cathode‐constructed full cell. Meanwhile, Yang et al.
[75] controlled the thermal interaction between carbon and
silicon phases, effectively minimizing phase segregation issues
in conventional heat treatment (Figure 7e). Additionally, the
construction of core‐shell structure provides another accessible
strategy to mitigate the phase segregation problem. To alleviate
internal stress release and contact between the Si/C composites
during lithiation, Liu et al. reported a type of SS‐Si/C composite
(Figure 7f) [76]. The obtained Si/C composites are demon-
strated in the construction of high energy density, long cycling
life LIBs (Figure 7g) [77].

Metallic Li anodes face two main challenges, which are den-
dritic growth and unstable interface (Figure 8a) [78]. Yang et al.
prepared uniform silver (Ag) nanoparticles (∼40 nm) on CNF by
HTS technique, which can effectively modulate the deposition
behavior of Li, leading to a uniform dispersion of Li within the
3D carbon architecture (Figure 8b) [79]. Shan et al. successfully
synthesized vertical graphite (VG) modified nickel sulfides

FIGURE 6 | (a) Schematic comparison of the heating shock and the dual shock. (b) Electrochemical performance of the TSC‐200 and DSC‐200.
Reproduced with permission: Copyright 2024, American Chemical Society [71]. (c) SEM and TEM of FRA. (d) The water consumption, energy consumption,

and greenhouse gas emission in producing 1 kg of different graphite anode materials. Reproduced with permission: Copyright 2022, Wiley‐VCH GmbH [72].
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(Ni3S2) nanoparticles on carbon cloth (CC) substrate by HTS
technique (Figure 8c) [80]. SEM and TEM characterization
results demonstrate uniformly distributed Ni3S2 nanoparticles
with diameters ranging from 5 to 30 nm on VG nanofilms
(Figure 8d,e). Even under high current density, for over 50
dynamic lithium deposition and stripping cycles, the surface of
CC/VG@Ni3S2‐Li electrode remains smooth, demonstrating
significantly suppressed lithium dendritic growth (Figure 8f).

HTS technique offers solutions to various problems faced by
conventional synthesis methods in preparation of other com-
ponents of LIBs, including complicated reactions and high
risks of failure [81, 82]. Take the current collector as an ex-
ample, lightweight, highly conductive candidates such as RGO
films show great potential in replacing traditional metal cur-
rent collectors. However, their relatively low conductivities
and high costs challenge them to meet the requirements for
practical battery manufacturing. Therefore, it is crucial to
resolve these problems of carbon‐based films to fabricate
flexible, lightweight, highly conductive, and affordable current
collectors for lithium batteries. In this attempt, Chen et al.
prepared RGO film with excellent electrical conductivity

through HTS [83]. The defects in adjacent RGO layers promote
cross‐linking, which drives a sharp increase in the conduc-
tivity of RGO films after high‐temperature annealing.

3.1.2 | Li‐S/Li‐O2 Batteries (LSB)

LSBs exhibit significant promise as next‐generation energy
storage solutions, owing to their high theoretical energy den-
sity and cost‐effectiveness [84, 85]. However, the slow redox
kinetics of sulfur species and the shuttle effect of lithium
polysulfides (LiPSs) lead to underwhelming utilization of
sulfur species and limited cycling life [86]. Therefore, it is
crucial to develop advanced materials with sulfur anchoring
and catalysis abilities for improving the electrochemical per-
formance of LSBs [87].

Carbon‐based nanomaterials synthesized by HTS technique
can act as catalysts for Li–S species. Xu et al. successfully
designed and prepared CoNiFePdV high entropy alloy
(HEA) nanocatalysts via HTS technique (Figure 9a) [88].
The incorporation of five elements (Co, Ni, Fe, Pd, and V)

FIGURE 7 | (a) Schematic illustration of the synthesis of RGO‐SiNPs from RGO‐SiMPs. (b) Performance diagram of RGO SiNP thin film.

Reproduced with permission: Copyright 2016, American Chemical Society [73]. (c, d) TEM images of us‐Si/C electrodes (c) before the cycle and

(d) after 200 cycles. Reproduced with permission: Copyright 2024, Royal Society of Chemistry [74]. (e) HRTEM image of F‐Si@rGO. Reproduced with

permission: Copyright 2024, Elsevier [75]. (f) Schematic illustration of the synthesis process of SS‐Si/C. Reproduced with permission: Copyright 2024,

American Chemical Society [76]. (g) Rate capability of the material. Reproduced with permission: Copyright 2024, Wiley‐VCH GmbH [77].
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into a single HEA greatly accelerates the multi‐electron and
stepwise sulfur redox reactions. Wang et al. synthesized a
heterostructured WOx/W2C nanocatalyst via ultrafast Joule
heating, and the resulting heterointerfaces enhance the
electrocatalytic activity for Li2S oxidation while promoting
controlled Li2S deposition (Figure 9b) [89]. An internal
electric field was established at the interface of the hetero-
structure by Dong's team [90]. This field enhanced the
mobility of electrons and ions, thereby facilitating the sulfur
reduction reaction (SRR). These findings contribute to a
deeper understanding of the rapid redox kinetics of sulfur
species, laying a theoretical foundation for the advancement
of high‐performance Li‐S batteries.

Li‐O2 batteries with ultrahigh energy density (∼3500 Wh
kg−1) are another prospective candidate for high‐
performance electrochemical devices, and they attracted
extensive research interests [92]. Jung et al. prepared
quaternary combinations of four elements (Pt, Pd, Au, and
Ru) nanoparticles (NPs) [91]. The PtPdAuRu/CNF cathode
demonstrated a significantly lower overpotential of 0.45 V
(Figure 9e). It can be ascribed to the improved catalytic
activity stemming from a greater affinity for O2 in the
quaternary nanoparticles. Lastly, HTS technique also ex-
hibits superior versatility in preparation of electrodes for
Zinc‐air batteries [93, 94], and Lithium‐carbon dioxide
batteries [95, 96].

FIGURE 8 | (a) Four factors affecting the cycling life of rechargeable lithium‐metal batteries. Reproduced with permission: Copyright

2022, Oxford University Press [78]. (b) SEM images of AgNPs on CNFs synthesized via HTS. Reproduced with permission: Copyright 2017,

Wiley‐VCH GmbH [79]. (c) Scheme illustration of the CC/VG@Ni3S2 synthesis process. (d) SEM, (e) TEM and HRTEM images of CC/VG@

Ni3S2 scaffold. (f) SEM images of disassembled symmetric cells fabricated with CC/VG@Ni3S2 after 50 cycles. Reproduced with permission:

Copyright 2024, Wiley‐VCH GmbH [80].
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In summary, in the field of EES, HTS technique has shown
remarkable potential. The ultrahigh processing temperature
and ultra‐fast heating and cooling rates of HTS facilitate the
construction of highly stable electrodes. Based on current
research, the construction of carbon‐based material elec-
trodes without metal collector nor chemical binders by HTS
technique is a feasible strategy for the development of high‐
energy density batteries.

3.2 | Electrochemical Catalysis

3.2.1 | Electrocatalytic Water Splitting

Hydrogen production via water electrolysis represents a widely
investigated and pursued green energy technique, generating a
pristine, eco‐friendly, and renewable energy source by cleaving
water molecules into hydrogen and oxygen. This process

FIGURE 9 | (a) Formation and structural characterization of CoNiFePdV high‐entropy alloys. Reproduced under terms of the CC‐BY
license [88]. Copyright 2024, Yunhan Xu, Wenchuang Yuan, Chuannan Geng, et al, published by Wiley‐VCH GmbH. (b,c) The performance

diagram of CNFs@WOx/W2C‐0.8. Reproduced with permission: Copyright 2024, Wiley‐VCH GmbH [89]. (d) Schematic diagrams of band

structures for W and W2C before and after their contact. Reproduced under terms of the CC‐BY license [90]. Copyright 2024, Huiyi Dong, Lu

Wang, Yi Cheng, et al., published by Wiley‐VCH GmbH. (e) Performance of the electrodes. Reproduced with permission: Copyright 2021,

American Chemical Society [91].
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necessitates the utilization of catalysts to facilitate water split-
ting and hydrogen production. Carbon‐based nanomaterials
have been widely utilized in catalyzing the HER and OER.
Different carbon structures produced through HTS, signifi-
cantly influence the efficiency of HER and OER [97]. Nanosized
transition metal carbides with hexagonal crystal symmetry have
emerged as excellent catalysts for the HER process due to their
platinum‐like electronic structure [98]. The Mo2C synthesized
by the Joule heating has a unique surface structure, a larger
specific surface area, and is directly anchored on carbon black
during HTS synthesis. The Zong team reported an innovative
method for the rapid synthesis of Mo2C‐based electrocatalysts
through Joule heating. This newly synthesized catalyst dem-
onstrated enhanced HER performance compared to commer-
cially available Mo2C [99].

Carbon‐based nanomaterials can be prepared rapidly by HTS
method, and the structure of the nanomaterials may deviate
significantly from thermodynamic equilibrium, forming meta-
stable materials. The metastable phase may significantly influ-
ence interactions with essential reaction intermediates, thereby
affecting the resulting electrocatalytic activity [54]. The Joule
heating method offers remarkable advantages in rapidly syn-
thesizing metastable materials and regulating metastable phases
by adjusting synthetic parameters. Liu's team synthesized high‐
efficiency Mo2C/MoC/CNT hydrogen evolution reaction cata-
lysts by tuning the reaction duration, demonstrating that the
ratio of MoC (111) to Mo2C (002) decreases with increased
heating time (Figure 10a) [101]. The research confirms the
gradual transformation of MoC to Mo2C under elevated tem-
peratures. It is essential to synthesize the Mo2C/MoC hetero-
structure within a short timeframe to optimize electrocatalytic
performance. Many Mo2C/MoC heterointerfaces provide suffi-
cient active sites for high HER performance. Additionally,
Xiong's team prepared tungsten carbide electrodes with
different Joule heating durations (3, 10, 30, and 60 s) to fine‐
tune the phase composition of the tungsten monocarbide (WC)
and tungsten semicarbide (W2C) mixture [103]. Electrocatalytic
evaluations indicate that samples subjected to a 30‐s treatment
period demonstrate an optimal phase composition, resulting in
a low overpotential. Deng's team selectively synthesized phase‐
pure molybdenum carbides by adjusting pulse voltages during
the HTS synthesis (Figure 10b) [53]. The study reveals the
phase‐dependent performance of molybdenum carbides in
HER. Owing to the kinetically controlled ultrafast cooling, Joule
heating can be easily extended to the phase engineering of
metastable carbides, which has been demonstrated to be effec-
tive in improving the carbides’ electrocatalytic performance.

Heteroatom‐doped carbon materials are a specialized group of
carbon‐based substances that incorporate small quantities of
heteroatoms into their carbon framework. Specifically, non-
metal heteroatoms such as N, S, P, B, and halogens can induce
various beneficial effects when integrated into the structure
[104, 105]. Heteroatom‐doped carbon materials have emerged
as innovative and highly effective electrocatalysts. They not
only maintain excellent electrical conductivity but also provide
abundant active sites [106]. The Joule heating synthesis dis-
tinguishes itself from conventional posttreatment doping
methods by eliminating the need for excessive gas or liquid
phase heteroatom sources, additional catalysts, prolonged

reaction time, and cumbersome purification procedures. In a
typical Joule heating process, the rapid rise in temperature
causes the volatilization of heteroatom components, thereby
facilitating homogeneous reactions between precursor vapors
and the carbon source. This interaction ultimately results in the
formation of doped carbon materials [107]. The Li team dem-
onstrated the synthesis of fine CoNi nanoparticles by HTS,
measuring 5–6 nm, which are supported within a network of
nitrogen‐doped defective CNTs. The presence of nitrogen‐doped
sites alters the local symmetry and electronic structure, en-
abling these sites to function as active centers for a range of
electrocatalytic processes. Heteroatom doping alters the local
symmetry and electronic properties of carbon materials, en-
hancing their electrocatalytic performance by creating active
sites [108]. Zhu's team utilized FJH to rapidly synthesize
carbon‐supported high‐entropy alloy sulfide nanoparticles (CC‐
S‐HEA) on carbon cloth within just 300 ms, achieving strong
self‐standing properties [102]. The thermal shock produced by
HTS can pyrolyze the sulfur source into gaseous form, leading
to the formation of diverse pore structures and defects in the
carbon material (CC). This process creates a sulfur‐doped car-
bon substrate (CC‐S) (Figure 10c). Subsequently, sulfur atoms
anchor metal atoms onto the CC‐S surface. The high density
and uniform distribution of metal particles create high elec-
trochemical performance.

Carbon‐based materials are renowned for their exceptional
electron transfer properties and resistance to corrosion, mak-
ing them ideal substrates for the development of metal nano-
particle electrocatalysts. An effective approach to enhancing
electrocatalyst efficiency involves developing carbon‐
supported nanocrystals that feature abundant active sites.
However, ultrafine nanoparticles tend to agglomerate into
larger particles over extended operational periods and may
dissolve in harsh acidic environments. A promising solution is
to anchor these ultrafine nanoparticles onto a carbon matrix
using Joule heating, which can significantly mitigate both
agglomeration and dissolution issues [109]. The strong inter-
action between metal and support can significantly enhance
both the activity and stability of catalysts by preventing
nanoparticle agglomeration and increasing the affinity
between nanoparticles and supports. Zong's team successfully
synthesized NiRu alloy nanoparticles that are well‐dispersed
on nitrogen‐rich CNTs (NiRu‐CNTs) using a FJH method that
completed in just 0.5 s (Figure 10d) [100]. The NiRu‐CNTs
demonstrate exceptional HER and OER performance
(Figure 10e). It is crucial to anchor alloys securely onto carbon
supports to enhance the performance of HER and OER
activities. The Joule heating technique, known for its rapid
heating and cooling capabilities, has been identified as an
effective approach for loading nanoparticles onto carbon
supports, ensuring a strong metal‐support interaction.

The Joule‐heating method enables the rapid synthesis of a wide
range of carbon and carbon‐based nanomaterials, which dem-
onstrate exceptional activity and stability in electrocatalytic
HER and OER. This efficient synthesis approach not only sig-
nificantly shortens the preparation time but also plays a crucial
role in enhancing water‐splitting efficiency. Consequently, it
offers promising opportunities for advancing sustainable tech-
nologies for hydrogen and oxygen production.
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FIGURE 10 | (a) XRD of Mo2C/MoC/CNT. Reproduced under terms of the CC‐BY license [101]. Copyright 2022, Chengyu Li et al, published by

Springer Nature. (b) XRD and structural diagrams of β‐Mo2C, α‐MoC1−x, and η‐MoC1−x. Reproduced under terms of the CC‐BY license [53].

Copyright 2022, Bing Deng et al, published by Springer Nature. (c) Schematic diagram of the synthesis mechanism of CC‐S‐HEA. Reproduced with

permission: Copyright 2023, Tsinghua University Press [102]. (d) Schematic illustration of the synthesis process of NiRu‐CNTs catalyst. (e) Elec-

trochemical performance diagrams of the materials. Reproduced with permission: Copyright 2023, Elsevier [100].
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3.2.2 | Electrocatalytic Oxygen Reduction
Reaction (ORR)

The electrocatalytic ORR is pivotal for energy conversion pro-
cesses. However, the sluggish kinetics and significant over-
potential linked to the four‐electron transfer mechanism hinder
ORR efficiency. Consequently, there is a pressing need to
identify effective, affordable, and stable catalysts, particularly
carbon‐based nanomaterials, as alternatives to precious metal
catalysts like platinum. Traditional synthesis methods for these
materials often require considerable time. In contrast, the FJH
method presents new opportunities, enabling rapid heating,
achieving higher temperatures (up to 3000 K), and facilitating
swift heating and cooling compared to conventional techniques.

Research has extensively demonstrated that graphitic‐N en-
hances electron transport and acts as a catalytic site in various
reactions [110]. However, conventional methods often en-
counter challenges, including complex processing procedures,
extended reaction times, specific atmospheric requirements,
and high costs. These factors pose significant obstacles to large‐
scale production [111]. The FJH technology offers notable ad-
vantages in the synthesis and modification of carbon materials,
characterized by its exceptionally short synthesis time and
minimal energy consumption. The Zhu team successfully cre-
ated a metal‐free heteroatom‐doped carbon material (N‐CNT)
using the efficient FJH method, achieving results in just 1 s
(Figure 11) [112]. The flash N‐CNTs demonstrate remarkable
catalytic activity for the ORR. This performance is comparable

to that of samples produced via the traditional, labor‐intensive
pyrolysis method.

FJH method facilitates almost instantaneous turnarounds
between rapid heating and rapid cooling of the reaction zone,
by simply turning on and off the electrical field. It is thus
favorable for producing uniform‐sized, fine nanoparticles by
suppressing their further aggregation or agglomeration that
often occurs in traditional thermal processes due to prolonged
annealing at high temperatures. The carbon substrate not only
prevents nanoparticles from aggregation but also promotes
electron transport for their electrocatalytic operations. Yang
team produced carbon‐supported Pd–Se nanoparticles by
quick Joule heating (Figure 12) [113]. The fine nanoparticle size
and their uniform distribution on the carbon substrate led to
excellent ORR performance in an alkaline medium. The
carbon‐supported cubic Pd17Se15 nanoparticles exhibit a higher
half‐wave potential (0.89 V) relative to commercial Pd/C cata-
lyst (0.85 V) in an alkaline solution. This demonstrated the
potential of carbon‐supported nanoparticles in developing
highly efficient electrocatalysts for ORR.

3.2.3 | Electrocatalytic Carbon Dioxide Reduction
Reaction (CO2RR)

Wulan et al. heated In(OH)3 precursors up to 800°C–2400°C
using Joule heating to obtain the In/In₂O₃ heterostructure
(Figure 13a–e) [114]. The Joule heating process and in‐situ

FIGURE 11 | (a) A schematic representation comparing the traditional and FJH synthesis methods for N‐CNTs. (b) The temperature profile

associated with conventional synthesis processes. (c) The temperature profile corresponding to the FJH synthesis method. (d) The electrochemical

performance metrics of the synthesized N‐CNTs in relation to energy storage and conversion applications. Reproduced with permission: Copyright

2024, Wiley [112].
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electrochemical reduction allowed precise engineering of the
catalyst structure and surface properties, leading to the creation
of heterogeneous interfaces. The optimized In/In₂O₃ catalysts
demonstrated improved performance in the electrocatalytic
reduction of CO₂. The presence of InO species at hetero-
interfaces effectively modulates surface chemistry, facilitates
CO₂ activation, and promotes efficient electrocatalytic conver-
sion. This study highlights Joule heating as a new strategy
to prepare novel catalysts for enhanced electrocatalytic
performance.

However, the manufacturing cost of conventional CO2 reduc-
tion catalysts such as indium‐based catalysts is high. Wang et al.
successfully synthesized bismuth‐containing nanoparticles (BI‐
NPS/FG) with carbon black and Bi(NO3)3·5H2O precursors in
200ms using an ultra‐fast and environmentally friendly FJH
method [115]. The resulting Bi‐NPs/FG hybrid demonstrated
exceptional selectivity for CO₂ electroreduction. This work

proposed a fast, scalable method for producing highly efficient
electrocatalysts for CO₂ conversion and other applications,
highlighting the versatility and potential of the FJH method.

Nevertheless, monometallic catalysts always have their limita-
tions. Therefore, researchers have turned their attention to
high‐entropy alloy systems composed of multiple metal ele-
ments [116]. Ahn et al. proposed a simple and effective method
for the synthesis of HEA nanoparticle (HEA‐NP) catalyst by
carbon thermal shock (CTS) (Figure 13f,g) [52]. An amorphous
TiO2 layer over the CNF substrate was produced by hydrolysis
of TTIP precursor, and it was transformed into conformal
crystalline layer by a medium power rapid thermal shock. The
obtained CNF@TiO2 was subsequently immersed in mixed
metal precursor solution (RuRhPdIrPt) and dried, where the
TiO2 layer enhanced the absorption of precursor ions. Well‐
dispersed and ultra‐stable HEA‐NPs anchored on carbon sub-
strates were obtained via another rapid joule heating, which

FIGURE 12 | (a) The study presents a schematic representation. (b, f) XRD patterns, (c, g) TEM images, (d, h) HRTEM images, (e1, i1) scanning

TEM images, and (e2−e4,i2−i4) corresponding element maps of the (b−e4) Pd17Se15 NPs/C and (f−i4) PdSe2 NPs/C, respectively. Reproduced with

permission: Copyright 2024, Wiley‐VCH GmbH [113].
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resulted in the thermal degradation of precursors into the alloy.
The strong interaction between these metallic atoms and the
oxide surface effectively slowed down their diffusion and
attenuated particle agglomeration, resulting in high‐density,

ultrasmall HEA‐NPs smaller than 3 nm. Thermal shock led to
the formation of a nested structure on the oxide surface, thereby
preventing severe particle aggregation. As a model system,
CNF@TiO₂−HEA exhibited efficient thermal catalysis for

FIGURE 13 | (a) Schematic illustration for preparation of the In/In2O3 catalysts. (b) SEM, (c) TEM, (d) HRTEM images, and (e) the corresponding

element mappings of In/In2O3. Reproduced with permission: Copyright 2024, Wiley‐VCH GmbH [114]. (f) The photo and SEM images of CNF yarn.

(g) Schematic illustration describing the synthetic protocol developed. Reproduced with permission: Copyright 2023, American Chemical Society [52].
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converting CO₂ to CO with a conversion of > 50%, a selectivity
of > 99%, and a stable performance for over 300 h with minimal
degradation. This work was an important contribution to the
practical design of multiphase catalysts based on multi‐element
synergy.

Lastly, Joule heating also serves as an effective strategy for pre-
paring carbon‐supported single‐atom catalysts (SACs) with
minimized requirement of nitrogen dopants. Xi et al. prepared
C250Ph3.5 Ni SAC by heating the modified carbon black precursor
at 1300°C by HTS, and the catalyst was used in CO2RR for a

FIGURE 14 | (a) Schematic illustration for CFP‐CuxNiy synthesis. (b, c) SEM images of CFP. (d, e) SEM images of CFP‐Cu1Ni1. (f, g) TEM and

HRTEM images of CFP‐Cu. (h, i) TEM and HRTEM images of CFP‐Cu1Ni1. (j) EELS element mappings of CFP‐Cu1Ni1. Reproduced with permission:

Copyright 2023, Tsinghua University Press [118].
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proof‐of‐concept [117]. It has been demonstrated that different
types of nitrogen‐doping, including graphitic, pyrrolic, and pyr-
idinic nitrogen, considerably affect the performance of obtained
SACs. Specifically, the absence of unfavorable nitrogen species in
Ni SACs promotes CO₂RR reaction. Moreover, the remaining
nitrogen dopants after the Joule heating are primarily co-
ordinated with Ni, enhancing the catalyst's thermodynamic sta-
bility and electrocatalytic performance. This versatile Joule
heating method has also been successfully extended to synthesize
carbon‐supported Fe, Co, Cu, and Zn SACs, highlighting its
potential for various catalytic applications.

3.2.4 | Electrocatalytic Nitrate Reduction Reaction
(NO3RR)

Joule heating technology is also used in the preparation of
electrocatalysts for electrochemical NO3RR. Zhang et al. syn-
thesized a single‐phase Cu1Ni1 nanoalloy catalyst uniformly

dispersed on carbon fiber paper (CFP) using the FJH method
(Figure 14) [118]. CFP‐Cu₁Ni₁ showed high electrocatalytic
activity. Theoretical calculations revealed that alloying Cu with
Ni into a single phase upshifts the d‐band center, enhancing
NO₃− adsorption while weakening NH₃ adsorption. This work
presents a novel approach for the rapid synthesis of uniformly
dispersed single‐phase nano‐alloy catalysts using the FJH tech-
nique, aimed at enhancing NO₃RR for ammonia production.

Joule heating technology is also applicable in fine‐tuning the atomic
to microscopic structures of electrocatalysts, especially sulfur and
oxygen vacancies that are crucial in certain NO3RR catalysts. Tao
et al. proposed using HTS to regulate surface sulfur vacancies (SV)
on nickel cobalt sulfide (NCS) (Figure 15) [119]. In a typical syn-
thesis, NCS loaded with nickel foam is placed on a HTS device and
heated under vacuum at 500°C−1000°C to obtain NCS‐x catalysts
with different concentrations of SVs. The NCS‐2 catalyst, with an
optimized concentration of SVs, exhibited an outstanding NO3RR
performance. The increase in charge density of Co sites enhances

FIGURE 15 | (a) Schematic illustration for NCS‐x preparation. (b) XRD patterns for NCS and NCS‐x. (c) SEM, (d) TEM, (e) HRTEM images of

NCS‐2, and (f) corresponding EDS elemental mappings. Insets: enlarged SEM and HRTEM images of highlighted regions. (g) EPR spectra of NCS and

NCS‐x. Reproduced with permission: Copyright 2023, Elsevier [119].
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the adsorption of NO2* and reduces the free energy of the rate‐
determining step. This work provides a novel strategy for inducing
SVs to enhance NO3RR activity, offering insights into simultaneous
nitrate pollution reduction and electrocatalytic ammonia
production.

In addition, Joule heating technology is also capable of pre-
paring homogeneous mixtures of elements with large lattice
structure differences that are otherwise immiscible. Kim et al.
prepared well‐mixed Ru‐Cu nanoparticles (NPs) on cellulose/
CNT sponges by a facile CTS synthesis (Figure 16) [120]. The
Ru‐Cu NPs exhibited remarkable NH3 selectivity. This per-
formance surpasses other reported Ru‐based catalysts for elec-
trochemical N2 reduction reaction (NRR). The CTS method
successfully facilitated the creation of a homogeneous alloy
from the typically immiscible metals Ru and Cu, representing
the first use of Ru‐Cu NPs as electrocatalysts for NRR. The solid
solution was found to enhance the NRR performance by fa-
voring N₂ adsorption over hydrogen binding, leading to selec-
tive NRR on the catalyst surface. Additionally, the high density
of NPs distributed on the cellulose/CNT sponge furnished

numerous active sites for enhanced ammonia production. This
work offers valuable insights into preparation of solid solutions
that are otherwise inaccessible by conventional synthesis for
high‐performance NRR via the CTS method.

3.2.5 | Other Electrocatalytic Reactions

In addition, the application of HTS‐synthesized carbon‐based
nanomaterials in other electrocatalytic reactions, such as urea
oxidation reaction (UOR), methanol oxidation reaction (MOR),
ethanol oxidation reaction (EOR), glucose oxidation reaction
(GOR), benzene series oxidation, ammonia oxidation reaction
(AOR), and so on, is gradually expanding. Hu et al. presented a
method that integrates rapid Joule heating with solid‐phase
synthesis to create carbon‐loaded PdSe nanoparticles charac-
terized by their small size, clean surfaces, and well‐controlled
crystal phases [113]. This approach not only demonstrates sig-
nificant catalytic activity in the ORR but also exhibits impres-
sive performance in the electrocatalysis of EOR. The
introduction of Se into Pd alters its electronic characteristics,

FIGURE 16 | Morphology of atomic‐scale homogeneous Ru–Cu NPs on cellulose/CNT sponge for NO3RR. (a) Schematic of the structure and

fabrication of Ru–Cu NPs. (b) SEM images, (c) TEM dark field image, and (d) EDS elemental mappings of Ru–Cu NPs on the cellulose/CNT sponge.

Reproduced with permission: Copyright 2022, Wiley‐VCH GmbH [120].
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which reduces the adsorption strength of critical reaction in-
termediates on Pd Se nanoparticles during the ORR and EOR
processes. This modification enhances their electrocatalytic
efficiency in these reactions. The versatility of this synthesis
strategy for producing carbon‐supported noble metal sulfide
nanoparticles is underscored, highlighting its potential in the
development of effective electrocatalysts.

However, as HTS is a new technology developed in the past
decade, its research has not yet fully covered all electrocatalytic
fields. Researchers are working hard to apply HTS‐synthesized
carbon‐based nanomaterials in these fields.

3.2.6 | Electrocatalytic Energy Conversion Fuel Cells

Fuel cells hold significant promise as energy conversion devices
for end users [121, 122]. This section describes the improvement
of fuel cell materials using HTS technology. Carbon‐supported
metal nanoparticles prepared by conventional catalyst synthesis
methods are challenged by the difficulty in precisely controlling
their compositions and structures, and HTS technique offers the
opportunity to further improve their electrocatalytic perform-
ance. Chen et al. report pioneering work on the fabrication of
metal nanoparticles supported on carbon materials by ultrafast
heating methods [73]. The Si/RGO hybrid film was subjected to
heating through radiation emitted from a Joule‐heated RGO
film. This process led to the in situ conversion of larger Si
particles into nanoparticles with dimensions ranging from 10 to
15 nm within 30 s at a temperature of 1800 K. Additionally, the
technique was adapted to synthesizing nickel nanoparticles
from micro‐sized nickel particles. The resulting nickel/RGO

hybrid films were then utilized as catalysts in hydrogen per-
oxide fuel cells [123].

Deng et al. reported that direct Joule heating at optimized con-
ditions of 1000°C over 50ms led to the formation of homoge-
neous PtRu alloy nanoparticles on a carbon black substrate
(Figure 17), with mass loadings determined to be 6.32wt.% (Pt)
and 2.97wt.% (Ru) [124]. At similar mass loadings, the dimen-
sions of PtRu alloy nanoparticles produced by the Joule heating
method were much smaller than those produced by the standard
hydrothermal method. High‐temperature rapid heating can
cause the metal precursor to fully decompose and not grow in
time. The optimized PtRu/C‐JH‐1000‐50 showed the highest
mass activity. DFT calculations showed that Pt sites of the PtRu
alloy nanoparticles have strong methanol adsorption capacity
and weak CO binding ability, resulting in better MOR activity. A
24‐h test in a two‐electrode methanol fuel cell showed that the
PtRu/CJH‐1000‐50 also has decent stability, maintaining 85.3% of
its initial current density. Characteristic XRD peaks of PtRu alloy
nanoparticles were well maintained, suggesting minimal oxida-
tion of Pt. These results recommended that the Joule heating
method can prepare high‐performance alloy nanoparticle cata-
lysts for direct methanol fuel cell, where the fine‐tuning of the
nanoparticle structure through adjusting synthesis parameters is
the key to optimized catalysts.

In another work, Julio et al. prepared a Pt electrocatalyst for the
oxidation of the H2 + CO mixture (Figure 18) [125]. There were
structural defects in the synthesized Pt. The results highlight
the enhanced CO tolerance of FJHM‐Pt/C, which can be at-
tributed to factors such as structural defects within the Pt and
improved metal–support interactions.

FIGURE 17 | (a, b) SEM, EDX, XRD of PtRu/C‐JH‐1000‐50. (c) XRD of PtRu/C. (d) HAADF‐STEM and EDX mappings of PtRu/C‐JH‐1000‐50.
(e) HRTEM image of PtRu nanoparticles. (f) Mass fractions of Pt and Ru in PtRu/C. Reproduced with permission: Copyright 2024, Wiley [123].
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Enhancing the interaction between deposited catalysts and the
carbon substrate represents a significant challenge in advancing
carbon‐based materials for fuel cell anodes. Li et al. have pio-
neered a rapid heating‐cooling method to synthesize carbon‐
coated Ni nanoparticles, which serve as high‐performance
perovskite fuel catalysts supported on a RGO substrate (nano‐
Ni@C/RGO) (Figure 19) [123]. The stable anchoring of Ni na-
noparticles resulted in an exceptionally high electroactive spe-
cific surface area. It is a promising anode material for direct
peroxide‐peroxide fuel cells (DPPFCs). This innovative heating

technique holds potential for the synthesis of various other
nanoparticles, broadening its applications in energy conversion
and storage. Cheng et al. proposed a fast Joule‐heated pyrolysis
method in which polyaniline (containing C, N) and FeCl3‐
doped carbon fiber cloth (CFC) were powered at a fixed direct
current (DC) voltage [126]. It has excellent performance as the
anode and cathode of DPPFC.

In summary, current research has demonstrated the feasibility and
potential of HTS technology in the development of fuel cell

FIGURE 18 | (a) TEM image of Pt/C BASF. (b) Pt particle size distribution of Pt/C BASF. (c) TEM image of FJHM‐Pt/C. (d) Pt particle size

distribution of FJHM‐Pt/C. (e) TEM image of FJHM‐Pt/C with d‐spacings highlighted. (f) Interplanar crossings in FHJM‐Pt/C. (g) XRD pattern

of Pt/C BASF and FJHM‐Pt/C. (h, i) Cyclic voltammetry of Pt/C BASF and FJHM‐Pt/C. Reproduced under terms of the CC‐BY license [125].

Copyright 2024, Julio Nandenha et al., published by Elsevier B.V. on behalf of ESG.
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electrodes. The ultrahigh processing temperatures and ultra‐fast
heating and cooling rates of HTS technique promote the construc-
tion and optimization of high‐performance, stable, scalable, and
affordable carbon‐based material for fuel cell electrodes.

4 | Conclusion

In this report, we presented a comprehensive review of carbon‐
based materials prepared via the high‐temperature shock
technique and their applications in the field of electrochemistry,
particularly those energy‐related processes. First, HTS tech-
nique was briefly introduced, covering its history of develop-
ment, relevant instruments, the synthesis process, the heating
principle, and temperature measurement principle. Then the
synthesis mechanism of carbon‐based nanomaterials via HTS
was discussed, based on which principles for precise engineer-
ing of the structure, morphology, and composition of synthe-
sized electrocatalysts were derived. In a typical HTS synthesis,
the reaction is driven by the high temperature, while the rapid
heating and cooling effectively inhibits the growth of nano-
particles via agglomeration or aggregation. Moreover, HTS

enables fine‐tuning of carbon vacancies that may further drive
phase transitions, formation and preservation of metastable
phases that may exhibit high catalytic activities, engineering of
carbon and other defects that may act as active centers,
induction of synergies between constituents through doping or
compounding, and adjustment of the interactions between
loaded catalysts and carbon substrates, for optimized electro-
catalytic performance.

Despite tremendous application prospects of HTS‐derived
carbon‐based materials in energy‐related electrochemical ap-
plications that have been demonstrated by numerous studies,
there is still enormous space for their improvement in future
explorations. We recommend the following directions:

1. Carbon‐based nanomaterials synthesized via HTS have been
widely applied in the field of electrochemistry. At present,
researchers mainly focus on the synthesis and optimization of
several common carbon substrates including graphite, carbon
fiber, and amorphous carbon. They may explore the synthesis
with a wider range of carbon materials, such as other allo-
tropes of carbon, carbonized biomass, and so on.

FIGURE 19 | (a–k) SEM, TEM, and STEM images of nano‐Ni@C/RGO, respectively. Reproduced with permission: Copyright 2017, Wiley‐VCH
GmbH [123].
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2. At present, HTS syntheses are mainly demonstrated for
laboratory‐scale preparation of electrocatalysts or electro-
des, which are mostly for proof‐of‐concepts. It is worth
attempting to develop large‐scale HTS synthesis of carbon‐
based materials with improved electrochemical perform-
ance and affordability.

3. There are still challenges in improving the structural
diversity of the substrates and obtained catalysts,
increasing metal/catalyst loading without altering the
catalyst structure, and enhancing the heating and cooling
behaviors of the HTS technique itself.

4. At present, the improvement of HTS preparation of
carbon‐based nanomaterials mainly focuses on the load-
ing materials. We can try using HTS to develop and
improve carbon substrates, such as transforming them
into hollow structures. Special carbon substrates have a
large specific surface area, good conductivity, and ex-
cellent material transport properties, which can provide
more active sites and faster reaction kinetics for electro-
chemical reactions. They have broad application prospects
in electrochemical devices such as supercapacitors,
lithium‐ion batteries, and fuel cells.

5. Due to the fact that HTS is a new technology developed in
the past decade, the preparation of carbon‐based nano-
materials using HTS has not yet fully covered all fields of
electrocatalysis. There are still shortcomings in the
research and application of UOR, GOR, benzene series
oxidation reaction, AOR, and so on. Researchers can strive
to apply HTS‐synthesized carbon‐based nanomaterials in
the above‐mentioned fields.

6. Because the synthesis process of HTS is millisecond level,
the rapid process results in the reaction process not being
observed in time. More and more researchers have been
committed to applying advanced in situ characterization
techniques to explore this, which has the potential to be
addressed in the future.

In summary, HTS technology, as an emerging synthesis tech-
nique in recent years, plays an important role in accelerating
the rational design and preparation of carbon‐based nanoma-
terials for enhanced catalytic performance in various electro-
chemical applications.
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