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Joule heating, a fundamental process converting electrical energy into heat, can be used to prepare
many materials for energy storage. This review explores the multifaceted role of Joule heating. The
application of Joule heating in the preparation of graphene, graphene oxide fibers, metastable 2D
materials, boron carbon nitride and carbon nanotubes, as well as optimization and regeneration of
energy storage materials, is summarized. Also, we focus on various energy storage systems such as
batteries, supercapacitors, electrode material recycling, solid-state electrolytes and current collectors.
Additionally, this paper discusses the applications, principles, advantages, and challenges of Joule
heating, aimed at enhancing the overall performance and longevity of energy storage materials. By
amalgamating crucial insights from existing research, this review aims to comprehensively understand
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1. Introduction

With the accelerated depletion of chemical energy resources
and the increasing global energy demand, the global energy
landscape is undergoing a significant transformation, leading
to a growing demand for renewable energy. In this context,
developing more advanced and efficient energy storage tech-
nologies has become imperative, with renewable energy storage
systems emerging as a research focus. Traditional synthesis
techniques for energy storage materials, such as the hydro-
thermal method, chemical vapor deposition (CVD), and high-
temperature calcination annealing, each have their advantages
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and limitations. However, these methods usually require long
heating and cooling processes, extended reaction durations,
and post-synthesis separation and drying steps. Recently, tech-
niques such as microwave irradiation (MW),"* laser ablation
(LA),>* magnetic induction heating (MIH),” and Joule heating
(JH)*” have gained popularity among researchers due to their
extremely high synthesis efficiency and energy utilization rates.
Joule heating technology, which includes high-temperature
shock (HTS)® and flash Joule heating (FJH) methods,” can
shorten the reaction process to seconds or even milliseconds
and eliminate the need for post-synthesis separation,® achiev-
ing ultrafast synthesis of energy storage materials. Joule heat-
ing (JH) technology, as an emerging method in energy storage
applications, has garnered considerable attention. Currently,
JH is not only widely used in the synthesis of various carbon
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materials and two-dimensional nanomaterials such as gra-
phene, turbostratic boron nitride, and molybdenum sulfide,
but also successfully applied in areas such as high-entropy
oxides, high-entropy alloys,'® solid-state electrolytes’ synthesis
and electrode material recycling. The JH technique evolves
towards broader material synthesis directions and demon-
strates enormous potential.

Currently, there is still no literature providing a review of the
application of JH in the field of energy storage. In this review,
the current research status of the progress of Joule heating in
energy storage was summarized, which discusses the process
methods, material compositions, and properties of different JH
technique prepared materials. Also, this review focuses on the
current research status in energy storage applications such as
battery electrodes, supercapacitors, electrode material recy-
cling, solid-state electrolytes, and current collector treatment.
Moreover, this review emphasizes the advantages and impor-
tance of JH technology in the field of energy storage. Future
application prospects and challenges for future development
were predicted.

1.1. Joule effect

The Joule effect, named after the British physicist James Pre-
scott Joule (1818-1889), was formally proposed in the mid-19th
century. Joule immersed a conductor in water of known mass
and passed an electric current through it. While ensuring
uniform water temperature, he recorded the time and tempera-
ture changes."* Through repeated experiments and data analy-
sis, Joule successfully derived the relationship between current
and heat generated. Joule submitted his significant findings in
the form of a paper to the Royal Society of London,'> which
indicated the relationship between the heat emitted by a
conductor and the current, resistance, and duration of current
flow, known as Joule’s Law, expressed by the formula Q = I°RT,
where Q represents the heat in Joules (J), I represents the
current in amperes (A), R represents the resistance in ohms
(Q), and ¢ represents the duration of current flow in seconds (s).
The Joule effect reveals that electrical energy can be converted
into heat energy, constituting one of the foundational princi-
ples of thermodynamics, and holds significant importance in
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energy conversion, industrial production, scientific research,
and other fields.

1.2. Disruptive potential of Joule heating technology

However, as a commonly encountered phenomenon in electri-
cal systems, the Joule effect is often considered an undesirable
byproduct.'® In conductors such as wires, batteries, or super-
capacitors, the electrical resistance within the materials leads
to the generation of heat when current passes through, result-
ing in the conversion of some electrical energy into thermal
energy.'* This not only causes energy wastage but also adversely
affects the lifespan and performance of energy storage compo-
nents and may even lead to safety incidents such as sponta-
neous combustion.

Despite these drawbacks, due to the rapid heat generation,
high efficiency, and minimal pollution associated with the
Joule effect, this heat can be widely utilized across various
fields, including resistance heating (e.g., electric furnaces,
soldering irons, rice cookers, and electric irons), resistance
welding, metal smelting, medical therapy, and more. In the
field of materials science and engineering, JH technology, as an
efficient heating method, particularly under high-temperature
reaction conditions, offers the advantage of creating high-
temperature environments and rapid heating, which is signifi-
cant for the synthesis of certain materials. Over the past few
decades, the application of JH in materials preparation has
made significant progress and demonstrated potential in mul-
tiple domains.'® For instance, in recent decades, JH has been
employed in the synthesis of ceramic materials,"®™'® metal
powder metallurgy,’® nanoparticle fabrication,”® and other
fields.”’>* JH technology provides rapid, uniform, and pre-
cisely controllable heating effects, contributing to the improve-
ment of material performance and structure, thereby paving
the way for a novel approach to material synthesis.

JH technology, due to its independence from the use of
furnaces, solvents, and reaction gases, circumvents the com-
mon issues of energy consumption and environmental pollu-
tion in traditional processes.®® It represents a disruptive new
approach to conventional muffle and tube furnace calcination
methods. JH enables extremely rapid heating and cooling rates
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(typically reaching several tens to hundreds of degrees Celsius
per second) and high target temperatures,> thereby signifi-
cantly reducing the duration of the reaction process (usually
<10 s) and achieving energy efficiency several orders of mag-
nitude higher than traditional heating methods. Importantly,
the ultra-short heating and cooling processes avoid unneces-
sary thermal effects, such as material oxidation,”” uneven
structural changes due to temperature gradients, and particle
sintering.>* Furthermore, by adjusting the heating time of JH,
the size of nanoparticles can be controlled, which plays a
crucial role in controlling the functional activity of materials.
For example, by reducing the JH time from 10 seconds to 1
second, Xia et al. achieved size modulation of Pt nanoparticles,
yielding ultrafine nanoparticles of 1.5 nm, with the potential
for further size reduction by further shortening the heating
time.>*

1.3. Two unique approaches

JH technology can be roughly classified into two types based on
the heating method employed: one involves coating or sand-
wiching the material to be processed between thin carbon
strips or carbon fabrics. When electric current passes through,
the presence of resistance leads to the conversion of electrical
energy into heat. The temperature of the conductor material
rapidly increases, and the heat is then transferred to the
material to be processed via thermal radiation, thereby facil-
itating rapid thermal treatment of the material.>*® For
instance, by sandwiching ceramic precursor powder compacts
between two Joule-heated carbon tapes, the resistance heating
of the thin carbon tape can provide temperatures as high as
~3000 °C. During the reaction, both heating and cooling rates
are very high, enabling ultrafast sintering of ceramic materials
within approximately 10 seconds."® Another one is Flash Joule
Heating (FJH), where the material to be processed is directly
used as the conductor material (typically requiring the incor-
poration of a certain proportion of carbon black to ensure
conductivity). Through the discharge of a large capacitor in
milliseconds, the material to be processed can instantly reach
ultra-high temperatures, allowing the thermal treatment pro-
cess to be completed in an extremely short time. During the FJH
current discharge, most of the heat is emitted in the form of
blackbody radiation flashes,>” so the FJH process is typically
accompanied by very bright flashes. The instantaneous tem-
perature of the sample can be calculated using the blackbody
radiation equation:*®

2hc? 1

B; (7, T) = 7egray 75 ohliksT — |

where &g, represents the constant emissivity, T denotes the
temperature, 7 denotes the Planck constant, kz denotes the
Boltzmann constant, ¢ denotes the speed of light, 4 denotes the
wavelength, and y denotes the fitting constant. In a typical case,
the carbon source is gently compressed between two electrodes
inside a quartz tube, with graphite spacers or copper wool plugs
separating the carbon source and electrodes. The compression
force is controlled using a modified small vice at both ends,
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maintaining the sample resistance between 1 and 1000 Q. A
capacitor bank with a total capacitance of 0.22 F serves as the
power source, and the discharge time is controlled using
mechanical relays with a programmable millisecond-level delay
time. The carbon source reaches temperatures >3000 K in less
than 100 milliseconds and successfully converts into flash
graphene (FG).’

2. Joule heating materials
2.1. Graphene

In light of graphene’s remarkable properties including mechan-
ical exfoliation,***° chemical vapor deposition (CVD),** and
chemical oxidation-reduction methods,***° graphene has been
widely applied in various fields, showcasing remarkable
performance.?® Although significant advancements have been
made in graphene production technologies, large-scale produc-
tion of graphene still faces numerous challenges, primarily due
to the scale limitations and high production costs. On the one
hand, the synthesis of graphene oxide (GO), as a precursor for
graphene production, poses a significant barrier to its large-
scale commercialization. Besides, the commonly used Hum-
mers’ method®” and modified Hummer’s methods®®*® suffer
from high costs, generation of chemical waste, and poor
environmental friendliness during GO synthesis. Although
the CVD method is utilized for synthesizing high-quality
graphene,* its high cost and low yield continue to impede its
commercialization. The FJH technology provides an innovative
solution to the challenges of traditional methods by enabling
rapid, cost-effective, and environmentally friendly graphene
synthesis through direct electrical heating. FJH technology
heats materials directly with electric current, rapidly reaching
the required high temperatures in an extremely short
duration.’ Compared to traditional methods such as CVD or
chemical oxidation-reduction methods, FJH not only signifi-
cantly reduces energy consumption but also avoids the use of
harmful chemicals, effectively reducing the generation of
chemical waste. Furthermore, FJH allows for more precise
control of temperature and heating duration, which helps
enhance the quality of graphene and improves its electroche-
mical properties.

The FJH technology is widely used in the preparation of
graphene.’ Luong et al. proposed an innovative technique-FJH
to enhance the production efficiency of graphene and facilitate
its large-scale commercialization.’ This technique utilizes inex-
pensive carbon sources such as coal, petroleum coke, biochar,
carbon black, food waste, rubber tires, and mixed plastic waste
for rapid JH. It does not require a furnace, solvents, or reaction
gases and can produce gram-scale quantities of graphene in an
extremely short time at high temperatures (>3000 K) (Fig. 1a).
The product of this technique is termed flash graphene (FG),
exhibiting disordered stacking between graphene layers
(Fig. 1b-d). FG achieves yields as high as 80-90% with carbon
content sources such as carbon black, anthracite coal, or
calcined coke, with purity exceeding 99%, and no purification
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Fig. 1 (a) The schematic diagram of the FJH process, and temperature
rise curve with time during flashing. (b)—(d) The HR-TEM image of FG from
carbon black on top of a single layer of coffee-derived FG. (e) Dispersion of
FG in water—pluronic (F-127) solution (1%). The photograph shows the
supernatant after centrifugation of 4 g |™* of CB-FG and 10 g I™* of a
commercial sample. (f) The dispersion of FG in various organic solvents at
5 g ™. Reproduced with permission from ref. 9. Copyright 2020 Springer
Nature. (g) STEM image and corresponding elemental distribution of boron
(B), nitrogen (N), and sulfur (S) codoped flash graphene. Reproduced with
permission from ref. 6. Copyright 2022 American Chemical Society.

steps required, significantly enhancing production efficiency.
Due to its turbostratic structure allowing for effective exfolia-
tion, FG boasts advantages including high dispersibility and
low interlayer attraction. Thus, FG demonstrates superior dis-
persibility compared to commercial graphene, dispersing uni-
formly in water and organic solvents (Fig. 1e and f).
Additionally, it boasts a low energy cost for synthesizing FG,
amounting to approximately 7.2 kilojoules per gram. The out-
standing production efficiency and low production costs will
significantly propel applications of FG in energy storage, cata-
lysis, large-scale construction composite materials, and other
fields.

It has been demonstrated that many materials can be
effectively converted into flash graphene through FJH. The
FJH method for producing graphene can utilize not only
high-carbon materials such as wood charcoal, carbon black,
and anthracite coal*" but also various low-value carbon sources
and even waste carbon sources. These include pine bark, potato
peels, coconut shells, coffee grounds, pistachio shells, sugar-
cane bagasse, as well as bio-waste*> and rubber waste.*’ Even
plastic waste*® and the valueless pyrolysis ash generated from
the pyrolysis of plastic waste®® can also be effortlessly trans-
formed into high-purity flash graphene through the FJH
method. Plastic waste pollution stands as a pressing environ-
mental concern®® and physical recycling requires significant
human and material resources.*”*® Therefore, FJH unquestion-
ably presents a novel approach to tackling plastic waste pollu-
tion and fostering sustainable development.

By employing the FJH technique, the production yield of FG
has been increased to 1 ton per day. Building upon this
achievement, Chen et al. employed the FJH technique without
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catalysts or solvents to directly synthesize seven types of
heteroatom-doped FG in milliseconds.® These include single-
element doping (boron, nitrogen, oxygen, phosphorus, sulfur),
dual-element co-doping (boron and nitrogen), and triple-
element co-doping (boron, nitrogen, and sulfur) FG. High-
quality heteroatom-doped FG synthesis was achieved using
low-cost dopants such as elements, oxides, and organic com-
pounds (Fig. 1g). The heteroatom-doped FG displayed excep-
tional graphene quality and enhanced electronic structure,
featuring turbostraticity, expanded interlayer spacing, and
remarkable dispersibility. Further testing was conducted on
the application performance of different heteroatom-doped
flash graphene in electrochemical oxygen reduction reactions
(ORRs) and lithium metal batteries. The results demonstrated
that sulfur-doped FG exhibited the best oxygen reduction
reaction performance, while nitrogen-doped FG showed a
smaller nucleation overpotential compared to copper or
undoped FG. Additionally, the synthesized doped FG had low
energy costs, ranging from 1.2 to 10.7 kJ g~ !, making it suitable
for low-cost large-scale production. Therefore, the FJH method
provides a feasible approach for low-cost and efficient prepara-
tion of doped graphene, with significant application prospects
and scalability.

Compared to other graphene synthesis methods, FJH offers
outstanding advantages. The advantages and limitations of FJH
in comparison to other methods are summarized in Table 1.

2.2. Graphene oxide fibers (GOFs)

During the preparation process of graphene oxide fibers
(GOFs), inevitably, some defect structures are involved, such
as oxygen functional groups (e.g., carboxyl, hydroxyl, epoxide)
and extensive disruption of the sp®bonding network,’">
which significantly affect the performance of graphene. These
defect structures impair the electrical transport properties
within the graphene plane, interrupt electron hopping conduc-
tion in disordered regions, and hinder the Schottky barrier
tunneling effect at contact points,® leading to a decrease in
graphene conductivity. Currently, the primary approaches for
repairing defects include chemical reduction® and heat
treatment.>® Traditional methods often face multiple chal-
lenges when repairing defects such as high temperatures
required for extended periods, leading to high energy consump-
tion and difficulties in precisely controlling the microstructure
due to prolonged cooling processes. Moreover, it is challenging
for these methods to repair existing defects without introdu-
cing new ones, such as mild reduction of GO or structural
damage.”® JH offers a solution by instantaneously generating
temperatures above 2000 °C through electric current, which
helps to quickly repair defects in GOFs.?” Additionally, the
direction of the current can control the texture of the graphene
oxide, significantly impacting the transmission properties
along the fiber axis. Therefore, JH not only provides a rapid
processing solution but also is environmentally friendly and
energy-efficient, and significantly enhances the electrical con-
ductivity and mechanical strength of GOFs.

This journal is © The Royal Society of Chemistry 2024
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Table 1 Comparison of advantages and limitations of different synthesis methods for Graphene
Method Advantages Limitations Ref.
FJH 1. Utilizes electric current to directly convert material resis- 1. Requires precise control of current and temperature to obtain 9
tance into heat, achieving high efficiency and very rapid high-quality graphene.
synthesis, completing the process in a very short time.
2. Wide range of carbon sources, including coal, biomass, and
even plastic waste.
3. The synthesized FG has good dispersibility and low inter-
layer attraction, resulting in better dispersibility than com-
mercial graphene.
4. High quality and purity of FG.
CVD 1. Can produce high-quality single or few-layer graphene. 1. High cost, requires high purity gases and expensive metal 49
substrates.
2. Can directly grow graphene films on metal substrates. 2. High environmental requirements for the process, needing
high vacuum or high temperature conditions.
3. Suitable for large-area graphene film production.
Chemical 1. Does not require special equipment or high-temperature 1. Uses strong oxidizers and strong reducing agents, requiring 50
exfoliation reactions. attention to safety.

2. Easy to achieve large-scale production.

Mechanical 1. Produces high-purity graphene.
exfoliation

2. Does not require chemical reagents.

Noh et al. proposed a method based on JH to effectively
repair defects in GOFs (Fig. 2a).>” This method enables the
control of heating temperature by regulating the input current,
allowing rapid, environmentally friendly, and energy-efficient
restoration of the sp” lattice structure within GOFs. It also
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Fig. 2 (a) Experimental procedure for electrothermal reduction of GOF
and photoimage of radiating CGF upon electrothermal reduction (Joule
heating). (b) Raman spectra of CGF and EGF samples treated at varying
levels of maximum input currents (lex = 532 nm). (c) Comparative analysis
of different reduction methods for graphene fibers in terms of reduction
time and electrical conductivity. Reproduced with permission from ref. 57.
Copyright 2018 Elsevier.
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2. The oxidation and reduction process can lead to defects and
oxygen-containing groups, reducing the electrical conductivity
and mechanical strength of graphene.

3. Produces toxic chemical residues and large amounts of waste.

1. Easily causes material fragmentation, creating defects within 29
graphene flakes and affecting the product’s electrical and
mechanical properties.

2. The graphene produced has very low yield and poor disper-
sion in solvents.

3. Difficult to achieve large-scale production.

enables precise control over the level of sp> restoration and
material structural characteristics (Fig. 2b). The introduced
“electrothermal reduction” mechanism can be divided into
three main steps: deoxygenation, formation of structural
defects, and sp” restoration. Chemically reduced-graphene
oxide fibers treated with JH achieved a high electrical conduc-
tivity of 1020 S cm ™' (Fig. 2c), comparable to bulk graphite
(~10° S cm™"), and are compatible with continuous fiber
spinning processes. The advantages and limitations of FJH
compared to other repair methods are listed in Table 2.

2.3. Metastable 2D materials

The application of FJH in the conversion of 1T phase materials
is highly significant.®’ In addition to the differences in
chemical compositions and phase structures, the atomic
arrangement within materials significantly influences their
chemical properties.®>®® For example, transition metal dichal-
cogenide materials are commonly recognized for their layered
structure, which manifests in distinctive 1T and 2H phases. The
2H phases exhibit semiconductor characteristics, rendering
them applicable in sensing and electrical devices, while the
1T phases demonstrate metallic properties, making them well-
suited for employment in electrocatalysts and energy storage
devices.®*®° Because of their outstanding physical and electro-
chemical characteristics, molybdenum disulfide (MoS,) and
tungsten disulfide (WS,) have attracted substantial attention
in the field of energy conversion and storage.®®®” However, the
synthesis conditions for 1T MoS, are challenging, with difficul-
ties in achieving high purity of the 1T phase.®®

J. Mater. Chem. C, 2024,12,14729-14753 | 14733
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Table 2 Advantages and limitations of different methods for repairing defects in graphene oxide (GO)

Method Advantages

Limitations Ref.

FJH 1. Can achieve high temperatures (>2000 °C) instantly, 1. Requires precise control of input current, otherwise it may 57

effectively repairing defects in GO.

lead to structural and performance non-uniformity.

2. Directional electric field control can influence GO’s

texture and transport properties.

3. Environmentally friendly and energy-efficient, sui-

table for continuous fiber spinning processes.
Chemical reduction 1. Simple operation, no need for high-temperature

method reactions.

Microwave heating
method

1. Rapid heating and short processing time.
2. Material heats uniformly from inside to outside,
improving the restoration of GO.

High-temperature
annealing method

1. High degree of GO restoration.
2. Mature technology, simple operation.

The 1T phase is a metastable form of materials that can
easily transition to the more stable 2H phase during
synthesis.®® Traditional synthesis methods such as the hydro-
thermal method and CVD typically involve gentle temperature
changes and prolonged reaction times, which not only fails to
maintain the metastable 1T phase but also lead to high energy
consumption and low synthesis efficiency. In contrast, FJH
offers exceptionally rapid heating and cooling rates, with the
capability to control the reaction process within seconds or
even milliseconds. This rapid synthesis strategy minimizes the
material’s exposure to conditions conducive to phase changes,
effectively stabilizing it in the 1T phase. And it also reduces
energy loss and enhances synthesis efficiency. By precisely
controlling the heating process, this technique avoids the
phase transition issues common in traditional methods,
demonstrating excellent scalability and energy efficiency, and
providing feasibility for the rapid, large-scale preparation of
metastable materials. Using FJH, Chen et al. achieved swift
bulk conversions of transition metal dichalcogenides, MoS,
and WS,, transitioning from the 2H phase to the 1T phase
within a few milliseconds (Fig. 3a).° Negative charge doping
was reported to be effective in reducing the formation energy of
1T MoS, and stabilizing the metastable phase. Tungsten, due to
its lower electronegativity, serves as an electron donor when
tungsten powder is used as a conductive additive. The conver-
sion rate of flash MoS, increased significantly, reaching as high
as 76% with the addition of tungsten powder. First-principles
density functional theory calculations indicate that the applica-
tion of FJH, with its high current and substantial energy input,
leads to the formation of structural defects, such as S vacancies,
and the accumulation of negative charge. This process enables
the bulk conversion and stabilization of the metastable 1T
phase. Moreover, by adjusting the FJH conditions, such as
additives and reaction duration, it is possible to control and
achieve different degrees of phase conversion (Fig. 3b and c).
Compared to alternative synthesis techniques like ion inter-
calated methods, ion-assisted chemical vapor deposition, and

14734 | J Mater. Chem. C, 2024,12,14729-14753

1. Limited reduction effectiveness, incomplete restoration of the 58
sp® network.
2. Requires the use of hazardous strong reducing agents.

1. Requires precise control of microwave parameters. 59

1. Requires high temperatures for annealing. 60
2. Long repair time and high energy consumption.
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Fig. 3 (a) A schematic representation of the phase conversion by FJH.
The inset provides atomic structural representations of the 2H and 1T
phases from the side and top view. (b) and (c) High resolution XPS of Mo 3d
and S 2p spectra across a range of flash durations from 50 ms to 400 ms.
Reproduced with permission from ref. 69. Copyright 2021 American
Chemical Society.

strong magnetic hydrothermal methods, FJH not only demon-
strates rapidity and energy efficiency but also facilitates the
bulk conversion of 1T phase materials.

As shown in Table 3, compared to other reported materials,
flash 1T MoS, converted by FJH exhibits relatively low onset
overpotential and Tafel slope, indicating its high catalytic
activity and excellent reaction kinetics in the hydrogen evolu-
tion reaction (HER). As an efficient HER catalyst, flash 1T MoS,
not only enhances the efficiency of hydrogen production and
promotes the utilization of renewable energy but also improves
the performance of devices such as fuel cells, thereby advan-
cing the development and application of hydrogen technology.
This has a profound impact on the advancement of energy
storage technology.

2.4. Boron carbon nitride (BCN)

Boron carbon nitride (BCN) is a multifunctional nanomaterial
composed of boron, carbon, and nitrogen elements. Its struc-
ture and properties can be easily modulated by slight variations
in the arrangement and composition of B, C, and N atoms,
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Table 3 Comparison of the HER performance of MoS,-based electrocatalysts with different synthesis methods
Onset Overpotential Overpotential at Tafel Slope

Phase of MoS, Method (mv) 10 mA cm? (mV) (mV dec™) Ref.
1T-2H FJH 142 221 65 69
1T-2H Chemical exfoliation method 220 550 99 70
1T-2H Hydrothermal method 175 234 46 71
1T Liquid exfoliation method 160 312 145 72
2H Liquid exfoliation method 380 595 125 72
2H Hydrothermal method 230 330 45 73

allowing it to exhibit various morphological structures such as
nanoparticles, nanosheets, and nanotubes.”* BCN materials
possess abundant active sites,”>”” excellent conductivity,”®
and outstanding chemical stability. Therefore, BCN materials
have broad application prospects in energy devices such as
lithium batteries, supercapacitors, electrochemical sensors,
electrocatalysis, gas separation, and other fields. However, the
utilization of BCN materials in energy storage is constrained by
their double-layer energy storage mechanism and layered
structure.”® Additionally, the synthesis methods for BCN mate-
rials typically entail chemical reactions under high temperature
and pressure,”” which complicates the preparation process and
limits its large-scale production and application.

Canonical layered materials typically exhibit thermodynami-
cally stable stacking sequences under standard temperature
and pressure.?® Deviations from these stacking morphologies
lead to the formation of disordered lattice structures, introdu-
cing unique characteristics of disordered materials.®®*" How-
ever, due to the unfavorable formation energy and spontaneous
relaxation toward thermodynamically favorable stacking
sequences, the products primarily consist of thermodynami-
cally stable stacking order products,®”®> making the acquisi-
tion of disordered materials challenging.

The FJH method is employed in the synthesis of turbostratic
BCN and boron nitride, addressing several shortcomings of
traditional methods such as hydrothermal synthesis and CVD.
Due to the thermodynamic stability of phases like hexagonal
boron nitride (h-BN), products tend to form the most stable
layered structures under sustained heat.®>®® Traditional meth-
ods, with their slow cooling rates and prolonged processing
times, often lead to well-ordered crystalline structures and it is
hard to maintain the desired turbostratic structures. In con-
trast, FJH offers a cooling process that is 100 to 1000 times
faster than hydrothermal and CVD methods. This rapid cooling
prevents the material from transitioning to more stable phases,
allowing the stabilization of turbostratic structures within
milliseconds, significantly enhancing both energy efficiency
and synthesis speed. Chen et al. synthesized turbostratic
boron-carbon-nitride (f-BCN) and carbon-free flash BN
(f-BN) with disordered structures using a solid-state FJH
system.** This method involves heating boron-carbon-
nitrogen-containing materials to several thousand degrees Cel-
sius at ultra-fast rates (10° to 10" K s~ ') and then rapidly cooling
them at similarly fast rates, achieving the synthesis of f-BCN
and f-BN within milliseconds of reaction time (Fig. 4a and b).
Experimental results demonstrate that the synthesized f-BCN

This journal is © The Royal Society of Chemistry 2024

and f-BN materials exhibit high-quality disordered structures
and excellent performance, such as good dispersibility and
stability. Compared to commercial h-BN, dispersions formed
by f-BCN in 1 wt% Pluronic (F-127) aqueous solution exhibit
higher time stability (Fig. 4c and d). When applied in nano-
composite films coated on copper surfaces, f-BCN significantly
enhances the corrosion resistance of copper in 0.5 M sulfuric
acid (Fig. 4e-h) or 3.5 wt% saline solutions (Fig. 4i-1). Moreover,
f-BCN holds potential application prospects in energy storage,
catalysis, and materials science fields. The FJH method offers
advantages such as rapidity, low cost, and high efficiency,
providing a new pathway for the preparation of large quantities
of disordered materials. The advantages and limitations of the
FJH method compared to other BCN synthesis methods are
shown in Table 4.
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Fig. 4 (a) Schematic diagram for the formation of f-BCN from BH3zNH3
and carbon through FJH, and (b) the real-time temperature monitoring of
the sample during the FJH process. (c) and (d) The UV-vis absorption
spectrum of f-BN and commercial h-BN after different sedimentation
durations. The optical images of (e) bare Cu, (f) Cu-PVA, (g) Cu-PVA-h-BN
and (h) Cu-PVA-f-BN after electrochemical anticorrosion test in 0.5 M
H,SO4. The optical images of (i) bare Cu, (j) Cu-PVA, (k) Cu-PVA-h-BN and
() Cu-PVA-f-BN after electrochemical anticorrosion test in 3.5 wt% NaCl
(aqg). Reproduced with permission from ref. 84. Copyright 2022 Wiley-
VCH.
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Table 4 Comparison of advantages and limitations of different synthesis methods for BCN

Method Advantages Limitations Ref.
FJH 1. Ultra-fast synthesis speed and high production efficiency. 1. High equipment safety requirements. 84
2. By adjusting the electric current and voltage, the synthesis 2. Requires precise control of current and heating rate to
temperature and time can be precisely controlled, optimizing avoid excessive heat and temperature fluctuations.
the structure and performance of BCN.
3. BCN products have excellent dispersibility and stability,
better than commercial products.
4. High energy utilization rate, no need for harmful chemicals,
environmentally friendly.
CVD 1. Easily adjusts the growth conditions to prepare BCN with 1. Non-uniform particle composition due to differences in 85
different compositions and chemical structures. vapor pressure, growth rate, and nucleation process. and
2. Precursors like NH; are toxic and hazardous. 86

Hydrothermal 1. High BCN yield.
method 2. Simple and mature process, relatively low cost.

Wet-chemical 1. High purity of BCN products.
method

3. High production cost.

1. Long reaction time. 87
2. Requires post-synthesis separation and drying steps.
3. The uniformity of BCN products needs to be improved.

1. To ensure uniform growth of BCN, optimization of 88
concentration, temperature, pH, and other conditions is
required, which can be time-consuming and costly.

2. Good uniformity in size and structure of BCN products.

Pyrolysis 1. Simple operation and short processing time.

2. Good crystallinity of BCN products.

2.5. Carbon nanotubes (CNTs)

Recently, carbon nanotubes (CNTs) have attracted considerable
attention due to their unique structure and excellent proper-
ties, including ultra-high surface area and high conductivity
comparable to copper.’® The preformed network of CNT fabrics
(CNTFs) serves as ideal scaffolds for the growth of inorganic
phases such as ZnO,”> MnO,,”® Ti0,,°* MoS,,”> LFP,® etc.
These electrochemically active materials tightly integrate with
the CNTFs, offering not only large surface area, flexibility and
strong mechanical strength but also eliminating the need for
binders, conductive agents, and even current collectors. This
integration shows potential for flexible electrodes, which can
improve battery performance. However, traditional methods for
synthesizing CNTs, such as CVD and hydrothermal techniques,
face several challenges. Typically, these methods are energy-
intensive, requiring high temperatures and prolonged processing
times, making it difficult to precisely control the properties of the
final materials. Particularly, maintaining the desired nanostructure
during slow cooling phases poses a significant challenge.”” Addi-
tionally, preserving the structural integrity of CNTs and minimizing
adverse reactions such as oxidation are also challenging. In con-
trast, FJH allows for rapid heating and cooling, significantly redu-
cing total energy consumption and processing time. And this rapid
thermal treatment helps effectively stabilize the desired nanostruc-
tures, ensuring the structural stability of CNTs. Moreover, com-
pared to materials processed by traditional methods, CNTs
prepared via FJH exhibit enhanced electrical conductivity and
mechanical strength.” This improvement is attributed to the rapid
crystallization and stabilization of inorganic phases at high tem-
peratures, thereby enhancing the overall functionality of the
composites.
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1. Inevitably generates side reactions like oxidation during the 89
process. and
2. Low BCN yield. 90

Upama et al. proposed a novel method for the preparation of
CNT fabric and inorganic phase (MoS,) nanostructure compo-
site materials using JH technology, followed by a study of their
structure and properties.>® In this method, MoS, is first elec-
trochemically deposited onto a conductive CNT bundle unidir-
ectional fabric (Fig. 5a). Subsequently, the heat generated by
the direct current passing through the CNTs is utilized to
crystallize the MoS, layer from the inside out (Fig. 5¢c and d).
This enables the rapid preparation of CNTF/MoS, composites
within minutes, which is significantly more efficient than
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Fig. 5 (a) Depiction of MoS, electrodeposition using a three-electrode
configuration. (b) Comparison of electrical conductivity achieved in this
work with previous research on CNTF/MoS,, pure MoS, and other
nanocomposites. (c) and (d) Digital images of a CNTF/MoS, (60% MoS,)
sample before and after DC heating. Reproduced with permission from ref.
25. Copyright 2023 American Chemical Society.
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Table 5 Comparison of advantages and limitations of different synthesis methods for CNTs
Method Advantages Limitations Ref.
FJH 1. Through adjusting current and voltage, the synthesis temperature 1. Requires precise control of current and heating rate to 25
and time can be precisely controlled, which is crucial for CNTs avoid local overheating and temperature fluctuations,
uniformity. which can affect CNTs performance uniformity.
2. CNTs produced at high temperatures instantly have high purity,
eliminating the need for post-purification.
3. The rapid heating and cooling rates prevent unnecessary oxidation
of the CNTs network, achieving enhanced mechanical and electrical
properties compared to conventional materials with higher processing
temperatures.
CVD 1. Easy reaction control at relatively low working temperatures. 1. The low reaction temperatures result in CNTs with 98
poorer crystallinity.
2. High yield and purity of CNTs production. 2. Growth and morphology control of CNTs require
catalyst.
3. Ability to grow CNTs directly on substrates.
Laser 1. Capable of producing high-quality, high-purity CNTs in a short time 1. Requires high-energy laser, leading to high equipment 99
ablation with high yield. cost.
2. By adjusting laser wavelength and energy density, the diameter and 2. High reaction temperatures can easily lead to addi-
length of CNTs can be controlled. tional defects in CNTs.
Flame 1. Flame as a reactant provides both chemical and thermal energy, 1. CNTs produced may contain impurities and defects, 100
synthesis  producing various forms of CNTs without the need for external energy requiring further processing.
method supply.
2. By adjusting the ratio of fuel and oxidizer, reaction conditions can be 2. Precise control of reaction conditions is relatively
controlled, impacting CNTs morphology and structure. difficult.
Green 1. Uses natural products to replace expensive chemical precursors, 1. Reactions require transition metal catalysts. 101
synthesis  reducing production costs.
method 2. Does not produce toxic residues, reducing the risk of environmental 2. The process is still immature, and the purity and

pollution.

traditional wet-processed and furnace-heated methods. The JH
process is characterized by its rapid and efficient nature, with
precise temperature control. Importantly, compared to compo-
sites obtained through wet-processed with nanostructured fil-
lers, the CNTF/MoS, composites prepared via Joule heating
exhibit high electrical conductivity (1.72 (£0.25) x 10> S m™)
(Fig. 5b), high tensile modulus (8.82 £+ 5.5 GPa), and high
longitudinal tensile strength (200 + 58 MPa SG'). These
properties surpass the specific strength of steel. The electrical
conductivity of the CNTF/MoS, composite exceeds the thresh-
old of electron transport limitation observed in common bat-
tery electrodes, approaching the level achieved by eliminating
metallic current collectors. Thus, it shows potential for use in
non-metallic battery anodes, offering opportunities for
sodium-ion and dual-ion batteries. It can also be extended to
other materials and CNT composites, opening up new possibi-
lities for the advancement of high-performance composite
materials. The summary of the advantages and limitations of
the FJH method compared to other CNT synthesis methods is
shown in Table 5.

3. Applications
3.1. Battery electrodes

JH technology is notable for its rapidity, environmental
sustainability, cost-effectiveness, and adaptability among var-
ious electrode fabrication techniques.®>'%* Electrodes serve as

This journal is © The Royal Society of Chemistry 2024

quality of CNTs products need improvement.

indispensable constituents within energy storage mechanisms,
notably in metal-ion batteries encompassing lithium,'%**%*
sodium,'®>'°® potassium,'®” zinc,'®® and magnesium'® bat-
teries. Now, considerable advances have been made in elec-
trode research, the application of JH technology has showcased
distinct advantages, contributing to advancements in electrode
manufacturing processes.''°'? Here, examples of the applica-
tion of JH technology in the field of electrodes are summarized
(Table 6).

Dong et al. effectively reduced graphene oxide (RGO) using
the FJH technique, removed numerous oxygen-containing func-
tional groups and prepared defect-rich graphene without
complex functional groups within 1 millisecond."** The dis-
tinctive three-dimensional structural network significantly
enhanced the lithium-ion storage capacity and accommodated
the expansion of anode during cycling. During the FJH process,
a large amount of Joule heat is generated around the conduc-
tive paths, and this extremely rapid heating process effectively
removes oxygen-containing functional groups. Simultaneously,
the loss of some carbon atoms results in a high density of
defects on the rGO surface. These defects, which typically have
high formation energies and should not appear under thermal
equilibrium, are preserved due to the ultrafast annealing rate of
FJH, which is a significant advantage over other methods.
Moreover, the graphene generated through FJH exhibited a
mixed lithium-ion storage mechanism characterized by “inser-
tion-deposition”. Throughout cycling, the defects within the
carbon network synergistically interacted with the locally
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Fig. 6 (a) Cycling performance of F-rGO-5 at a current density of 1 A g% (b)
A schematic representation illustrating the operating mechanism of F-rGO-5
anode. Reproduced with permission from ref. 112. Copyright 2023 Elsevier B.V.
(c)—(e) SEM images of primary CC and NiCo LDH@CC. (f) Cycling performance
of NiCo-LDH@CC//Zn alkaline battery. (g) Cycling performance of NC-ZMBs.
Reproduced with permission from ref. 113. Copyright 2023 Springer Nature. (h)
Schematic description of the HTS synthesis of cathode materials. (i) and
(j) Cycling performance at 1C and rate capability of HTS-synthesized LiMNn,O,4.
(k) Cycling performance of the HTS-synthesized Li-rich layered oxide/NiO
heterostructured cathode material at 0.1C. Reproduced with permission from
ref. 114. Copyright 2022 Wiley-VCH.

formed “lithium anode” on the surface, leading to remarkable
capacity and rate performance, coupled with exceptional
cycling stability and high current carrying capacity. After 1000
charge-discharge cycles at 1 A g~', a reversible capacity of
2450 mA h g~ " was attained (Fig. 6a). Furthermore, capacity
analysis during 5000 cycles at 5 A g~ " revealed the mechanisms
for excess lithium storage and its degradation mechanisms in
lithium-ion batteries (Fig. 6b). In comparison, defect-rich
popcorn-like mesoporous carbon cages derived from lignin,
prepared via a multistep explosion strategy by thermal decom-
position of calcium oxalate, exhibit a reversible capacity of
530.4 mA h g " at a current density of 1 A g~ *."** Additionally,
defect-rich  SnO,/graphene composites synthesized by
microwave-assisted hydrothermal methods show a reversible
lithium storage capacity of 653 mA h ¢~ " at a current density of
0.06 A g~ " after 100 cycles.'* The lithium storage capacity of
graphene produced by FJH far exceeds these methods. The FJH
technology provides novel insights into the design of defect
engineering-based high-capacity electrodes and delves into the
changes of thin-layer electrodes during cycling, offering sig-
nificant understanding of the lithium storage mechanism of
defective graphene.

Li et al. proposed a simple, ultra-fast, and general synthesis
method based on Joule heating, using the high reaction
kinetics induced by the instantaneous high temperature to
synthesize 2D transition metal hydroxides (TM-LDHS) in situ
on treated conductive carbon cloth (CC) (Fig. 6c-e)."** This
method involves immersing pre-treated carbon cloth in a
transition metal salt solution and applying a high current to
the carbon cloth, which rapidly generates abundant Joule heat,
promoting the hydrolysis of metal salts and quickly forming
transition metal hydroxides on the carbon cloth. Traditional
synthesis methods, such as hydrothermal synthesis'*® and

This journal is © The Royal Society of Chemistry 2024
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co-precipitation,'” require long reaction times, and the pro-
ducts tend to agglomerate, necessitating subsequent tedious
processing to uniformly deposit the target material on the
conductive substrate. While electrochemical deposition
synthesis'®® is also a time-saving method, it inevitably leads
to concentration polarization, resulting in uneven deposition
and poor crystallinity of the target phase. In contrast, the Joule
heating process can synthesize a series of well-structured TM-
LDHs within just 13 seconds, achieving a synthesis rate of up to
0.46 cm® s~ ', surpassing the efficiency of traditional methods.
Density functional theory calculations confirmed that the Joule
heat generated around the carbon cloth in the FJH method is
much higher than the nucleation energy barrier of the metal
layered hydroxide phase. And NiCo LDH®@CC is presented as an
example, demonstrating its outstanding performance as a
cathode material for rechargeable aqueous alkaline zinc
(micro-)batteries. NiCo LDH®@CC exhibits a high specific capa-
citance (211.2 mA h g™ "), high energy density (301.7 W h kg™ ),
and excellent cycling stability (maintaining 81.4% capacity
after 5000 cycles at 15 A g~ ') (Fig. 6f). Furthermore, the in-
plane flexible quasi-solid-state zinc ion micro-battery
assembled with NiCo LDH@CC as the cathode material shows
promising capacity (92 pA h cm™?), high energy density
(301.7 W h kg™ 1), and stable cycling performance (maintaining
91.2% capacity after 300 cycles at 3 mA cm %) (Fig. 6g). This
ultra-fast, low-cost synthesis method offers a novel avenue for
fabricating metal-based layered hydroxides and presents pro-
mising prospects for future growth and development.

Zhu et al. presented a high-temperature shock (HTS) strategy
for the rapid synthesis of cathode materials using Joule
heating’'* Traditional cathode synthesis methods require pro-
longed annealing at high temperatures, whereas the HTS
process offers unique advantages over conventional methods.
The HTS process enables a one-step reaction within seconds,
directly converting precursors into final products without the
need for complex multi-step reaction processes. This approach
significantly simplifies the synthesis process and reduces
energy consumption compared to traditional methods. The
HTS process is characterized by an ultra-high heating rate
(approximately 10* °C min "), elevated calcination tempera-
ture, and rapid cooling rate (approximately 10° to 10" °C min ")
(Fig. 6h), leading to non-equilibrium reactions that enhance
rapid reaction kinetics while significantly reducing energy
consumption and synthesis time. A variety of common cathode
materials, including LiMn,0,, LiCoO,, LiFePO,, and Li-rich
layered oxide/NiO heterostructured material have been effec-
tively synthesized. Due to the ultra-high heating and cooling
rates and the very short calcination process, these materials
exhibit high-purity phases, oxygen vacancies, and ultrafine
particle sizes that promote improved electrochemical perfor-
mance. Among these, LiMn,0, synthesized via the HTS tech-
nique demonstrates superior electrochemical performance
compared to conventionally synthesized pure LiMn,O,
(Fig. 6i and j). The initial discharge capacity of LiMn,0,
was 116.9 mA h g~'. At a high charge-discharge rate of 5C,
the HTS-synthesized LiMn,O, maintained a capacity of
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78.9 mA h g7, outperforming other synthesis methods such as
solid-state combustion synthesis'*® (73 mA h g™ '), colloidal
synthesis method™® (50 mA h g~ %), and solid-state synthesis
method combined with defect engineering approach®*!
(65 mA h g7'). Both LiCoO, and LiFePO, demonstrate out-
standing cycling stability and remarkable rate capability. Addi-
tionally, the Lirich layered oxide/NiO heterostructured
material, synthesized through the HTS technique, exhibits
slightly lower discharge capacity than reported Li-rich cathode
materials in the literature. However, it showcases excellent rate
capability and good cycling stability, with no significant capa-
city decay observed after 50 cycles (Fig. 6k). The HTS process
enables the rapid synthesis of high-performance cathode mate-
rials, accelerating the progress of lithium-ion batteries.

3.2. Supercapacitors

The carbon-based material is ideal for supercapacitors and
is also an ideal candidate material for Joule heating,
which makes Joule heating technology hold tremendous
potential for application in supercapacitors. Supercapacitors
are high-performance energy storage devices with high power
density, superior safety, and long cycle life."*>”*** They can be
applied to both low-power electronic products and high-power
military equipment.’®® Thus, carbon materials stand as the
predominant and pivotal electrode active materials within
supercapacitors, and the Joule thermal technology has gar-
nered significant research attention."**"*” Table 7 summarizes
the application of Joule heating in supercapacitor materials.
Zhang et al. employed a Joule heating-based high-
temperature shock (HTS) technique to synthesize ultrafine
structure-activated porous carbon (UAPC) within 10 seconds,
without the need for prolonged high temperatures and complex
preparation processes.”® The structural characteristics pro-
duced by Joule heating include dense porosity, a stable inter-
connected framework, and a high degree of disorder. Unlike
traditional methods that may lead to the loss of N and O
elements during high-temperature treatment, Joule heating,
through rapid heating and cooling processes, effectively retains
and enriches these functional groups. This significantly
enhances the electrode’s specific surface area and pseudo
capacitance, rendering it a high-energy-density electrode with
broad application potential for supercapacitors. The specific
surface area of UAPC produced by Joule heating is significantly
higher (1384.99 m” g~ ') compared to APC produced by tradi-
tional methods (1048.66 m> g~ '). In the EMIMBEF, ionic liquid,
the supercapacitor based on UAPC exhibited an energy density
of up to 129 W h kg™, far surpassing current advanced and
commercial supercapacitors (Fig. 7a) such as the N/O co-doped
porous carbon materials prepared by one-step pyrolysis of
EDTA and K,CO;"! (17.01 W h kg™ "), and the N, S self-doped
hollow sphere porous carbon materials prepared by the KOH
activation process'®* (58.4 W h kg ). Additionally, symmetric
supercapacitors assembled with UAPC maintain 99% capaci-
tance and 100% Coulombic efficiency even after 4000 cycles at
an ultra-high current density of 100 A g~ ', demonstrating
outstanding cycling stability (Fig. 7b). The superior
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electrochemical performance of UAPC stems from its rich N,
O functional groups and ultrafine structure, which provide high
porosity and large specific surface area, thus offering pseudo
capacitance and improving surface wettability. This method
offers a groundbreaking approach to design high-performance
supercapacitors and introduces a novel pathway for the value-
added utilization of carbon materials.

Graphene, with its high theoretical surface area, high elec-
trical conductivity, stable chemical properties and excellent
mechanical properties, is a promising supercapacitor
material.">*">> Zhu et al. developed a novel synthesis method
for a material named flash nitrogen-doped graphene (FNG),
employing a one-pot, solvent-free, catalyst-free technique
known as Flash Joule Heating (FJH)."*° Within a very short
time (less than 1 s), the amorphous carbon black and urea
precursor were rapidly converted into high-quality FNG
through short electrical pulses with bright blackbody radiation
flashes. This method generates ultra-high temperatures
(>3000 K) with extremely rapid heating and cooling rates,
converting samples into FNG in a very short reaction time.
The high efficiency of this process significantly surpasses other
traditional methods that require long reaction times. The FNG
prepared by the FJH method exhibits a high degree of graphi-
tization, turbostratic structure, and minimal structural defects,
showcasing excellent electrochemical performance (Fig. 7c). It
demonstrates a large surface-area-normalized capacitance of
152.8 uF cm ™2 at 1 A ¢~ and maintains capacitance retention
of 86.1% even at an extremely high current density of 128 Ag™*
(Fig. 7d). This performance exceeds that of other synthesis
methods, such as N-doped graphene synthesized by thermal
annealing’®® (65.1 uF cm* at 0.6 A g '), N-doped graphene
synthesized by arc discharge'®” (63 pF cm 2 at 0.6 A g~ '), and
two-dimensional nitrogen-doped mesoporous carbon materials
synthesized by multistep molecular self-assembly’*®
(90.6 uF cm ™2 at 0.2 A g~ ). Furthermore, constructed symmetric
quasi-solid-state supercapacitors with the FNG electrode display
remarkable energy density (16.9 W h kg™") and maximum power
density (16.0 kW kg™'), maintaining 91.2% capacitance after
10000 cycles (Fig. 7e). These results showed the substantial
potential of FNG within the realm of supercapacitors.

Karim et al utilized millisecond current pulse Joule
heating for on-site reduction and activation of perforated
graphene, achieving the preparation of multimodal porous
frameworks."*° Traditional thermal activation methods typi-
cally require several hours of programmed heating, while
chemical etching methods, although feasible at lower tempera-
tures, necessitate hazardous chemical reagents and involve
complex purification and post-treatment processes. Compared
to traditional thermal activation and chemical etching meth-
ods, the current pulse Joule heating method significantly short-
ens the processing time to just a few milliseconds and is non-
toxic and environmentally friendly. Specifically, after a single
current pulse lasting 50 ms, dense graphene oxide films on
carbon cloth were transformed into non-restacked macropor-
ous graphene frameworks (JG@CC). Controlled perforation of
graphene (AJG@CC) was then achieved through continuous 100
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Fig. 7 (a) Ragone plots and the comparison of energy and power den-
sities with some similar reported materials in EMBMIF, electrolyte. (b)
Cycling stability of UAPC//UAPC at 100 A g~*. Reproduced with permission
from ref. 26. Copyright 2022 Wiley-VCH. (c) TEM images of flashing
graphene (FG). (d) Radar plots of FNG and CB electrodes involving area-
normalized capacitance (uF cm™2) at 1 A g~%, capacitance retention (%) at
128 A g% Rer (Q), 10 (Ms), and IR drop (mV) at 1 A g~ (e) Capacitance
retention and Coulombic efficiency of CB and FNG based quasi-solid-
state SCs over 10 000 cycles. Reproduced with permission from ref. 139.
Copyright 2022 American Chemical Society. (f) CV curves of MXene@CC,
AJG@CC electrodes, and assembled AJG@QCC//MXene@CC asymmetric
solid-state Supercapacitor (ASC) at 10 mV s~ (g) CV curves of ASC
measured over operating voltage windows from 1 to 1.6 V at 10 mV s,
(h) Bending stability test for 5000 continuously repeated bending cycles at
the angles of 90° and 180°. Reproduced with permission from ref. 140.
Copyright 2022 Elsevier.

ms ultra-short current pulses activated by KOH. By employing
transient current modulation to tailor the multi-peak porosity
and surface functionality of graphene, the fabricated electrodes
demonstrated an energy density of 52.8 yW h ecm™? and an
areal capacitance of up to 380.2 mF cm ™2 in a symmetric dual-
electrode configuration. Compared to similar products without
electrochemical activation (238.8 mF cm™?), the performance of
AJG@CC is 1.6 times higher. Furthermore, employing AJG@CC
as the cathode and titanium carbide nanosheets (MXene) as the
anode, a high-performance wearable asymmetric supercapaci-
tor was achieved. It demonstrated a high areal energy density of
107.8 pW h ecm ™2 and an extended potential window of 1.6 V at
a power density of 485 uW cm ™ (Fig. 7f and g), surpassing
symmetric devices with approximately 1 V potential window.

Even at an extremely high areal power density of 4404.54 p{W cm ™2,

it maintained a high areal energy density of 83.88 uW h cm >
Additionally, the wearable device exhibited excellent cycling stabi-
lity and outstanding operational durability, with a capacity reten-
tion rate of 94% after 10000 cycles and over 90% high-capacity
retention rate after more than 5000 repeated bending and folding

cycles (Fig. 7h).

3.3. Electrode material recycling

As a novel technology with high efficiency, minimal energy
usage, and eco-friendliness, Joule heating holds promise for
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electrode material recycling. With the rapid updating of elec-
tronic devices and the increasing popularity of electric vehicles,
the demand for lithium-ion batteries (LIBs) has consistently
experienced rapid growth. Because lithium-ion batteries (LIBs) have
a restricted lifespan, it is anticipated that a significant number of
depleted LIBs will be discarded within 5-10 years."® Facilitating
the recycling of high-value metals (e.g., Li, Co, Ni, Mn) in electrode
materials'® and the regeneration of spent graphite’® are condu-
cive to achieving sustainable development and carbon neutrality.'®>
Currently, cathodes are recycled through hydrometallurgical and
pyrometallurgical processes,"®* and anodes such as graphite are
burned or landfilled. However, hydrometallurgical processes neces-
sitate the utilization of acids, alkalis, and other chemicals, leading
to the production of significant wastewater.'®® Pyrometallurgical
methods involve the use of reducing agents, which results in
elevated energy consumption and the emission of harmful gases.

Dong et al. achieved the efficient recycling of large volumes
of spent graphite in a brief period using the modified flash
Joule heating (FJH) technique.’®® The high-temperature
environment (>3000K) ensures the efficient elimination of
the binder, components of solid electrolyte interphase (SEI),
including LiF and Li,CO;, and lithium embedded in the
graphite layer. The FJH method rapidly elevated the tempera-
ture of waste graphite to 3000 K within a very short time,
effectively repairing graphite defects and reconstructing its
crystal structure, resulting in recovered graphite with electro-
chemical performance close to that of new graphite. Simulta-
neously, the electric field directs the pyrolysis byproducts of the
conductive agent and the binder, leading to the creation of
conductive sheet graphene and curled graphene, which coat the
surface of the graphite. This enhances the electrical conductiv-
ity of the recycled graphite, surpassing that of new commercial
graphite. Another advantage of the FJH method is that it
eliminates the need for complex heating steps and strong
corrosive solvents, allowing the product to be used directly
without additional treatment. The regenerated graphite
demonstrates outstanding rate performance and cycling stabi-
lity, achieving a capacity of 350mA h g~ at 1C with a capacity
retention of 99% after 500 cycles (Fig. 8a), outperforming
regenerated graphite produced by other regeneration methods
such as the deep eutectic solvent method'®” (288.0 mA h g " at
1C) and the heat treatment method'®® (230.3 mA h g™* at 1C).
This occurs because impurities are removed during the Joule
heating phase, enhancing graphitization and interlayer spacing
(Fig. 8b and c), thereby rendering the reclaimed graphite more
compatible for lithium-ion intercalation and deintercalation.®®
Additionally, the cost of regenerated graphite obtained through
the FJH method is only 77 CNY per ton, whereas the current
price of commercial battery-grade graphite is about 30 000 CNY
per ton. The FJH method achieves the regeneration of waste
graphite not only providing significant economic benefits but
also realizing the reuse of waste resources, reducing carbon
waste and environmental pollution, making it a highly promis-
ing green regeneration technology.

Chen et al. developed an ultrafast flash recovery technique
for regenerating graphite anodes and recovering valuable
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Kong Polytechnic University and John Wiley & Sons Australia. (d) and (e)
AW and FRA microparticles. The yellow arrows delineate the boundaries of
graphite particles. AW: anode waste. FRA: flash-recycled anode. (f) Cycling
performance of FRA with a LiFePO,4 cathode at 0.5C. Reproduced with
permission from ref. 170. Copyright 2022 Wiley-VCH. (g) Cycling perfor-
mance of RG, HTG, and CG at a current density of 0.2 A g~*. RG:
regenerated graphite. HTG: spent graphite with the same heating treat-
ment but without the addition of Sn. CG: commercial graphite. (h) The
total energy consumption, and (i) the CO, emission. Reproduced with
permission from ref. 171. Copyright 2023 Wenzhou University and John
Wiley & Sons Australia. (j) Schematic of the repair process of S-LCO. S-
LCO: spent LiCoO,. (k) Cycling performance of S-LCO, R-LCO-Li-1440,
and R-LCO-Li-1440 at 0.2C. Reproduced with permission from ref. 172.
Copyright 2023 American Chemical Society.

battery metal resources.'”® The resistive SEI was decomposed
using the flash Joule heating technique and a carbon shell was
formed around graphite microparticles, preserving the intrinsic
3D layered graphite core structure (Fig. 8d and e). Simulta-
neously, simple inorganic salts such as LiF and metal oxide
nanoparticles such as Li,O and CoO are generated through the
decomposition of the SEI layer and other impurities are
retained during the ultrafast treatment process. The metals
Li, Co, Ni, and Mn can be readily reclaimed from the flash
anode products by subsequent treatment with 0.1 M HCIL. In
contrast, traditional thermal treatment methods, due to their
slow heating and cooling process, often result in metals being
ultimately discharged as vapor, leading to metal resource
wastage and environmental pollution. The anode after flash
treatment demonstrates a restored specific capacity of
351.0 mA h g ' at 0.2C and satisfactory electrochemical stabi-
lity. With a LiFePO, cathode coupling, the capacity retention
stands at 77.3% after 400 cycles at 0.5C (Fig. 8f). Furthermore,
compared to synthetic graphite production methods, FJH
significantly reduces recovery costs by approximately 85%,
and by 50% compared to traditional high-temperature

This journal is © The Royal Society of Chemistry 2024
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calcination methods. More importantly, FJH notably reduces
greenhouse gas emissions by about 98%, water usage by 92%,
and energy consumption by 96% compared to synthetic gra-
phite production. Compared to high-temperature calcination
recovery methods, FJH reduces greenhouse gas emissions by
51%, water usage by 39%, and energy consumption by 50%.
This technology not only offers substantial economic benefits
but also significantly reduces the environmental impact of
graphite production and regeneration, showing great potential
for large-scale production.

Cheng et al. developed a rapid, energy-efficient, and targeted
defect remediation method to regenerate and upgrade spent
graphite.’””" With a high capacity and low melting point, Sn was
used as a nano-scale repair agent for the targeted repair of
graphite. Flash-Joule heating delivers a high temperature of
1600 °C within 50 ms, thermally reducing loaded SnCl, on
spent graphite to molten Sn. Sn droplets preferentially nucleate
and cool on defects of spent graphite due to a stronger binding
energies between Sn and defects compared to Sn and graphite.
This process achieves the dispersion of Sn and the regeneration
of graphite. The ultra-fast heating and cooling rates of FJH
enable an effect that other regeneration methods cannot
achieve. The regenerated graphite demonstrates a substantially
higher capacity than commercial graphite and other regener-
ated graphite produced by other methods such as high-
temperature treatment and acid leaching, reaching
458.9 mA h g~' (Fig. 8g) after 100 cycles at 0.2 A g~'. This is
attributed to the precise dispersion of Sn particles and the
retained lithium storage activity following graphite regenera-
tion, showcasing excellent cycling stability. According to
EverBatt’s analysis, this approach proves to be not only envir-
onmentally sustainable (Fig. 8h) but also economically advan-
tageous (Fig. 8i) compared to traditional hydrometallurgical
recycling methods, underscoring its significant economic
promise.

Yin et al. introduced a highly efficient, one-step, nondes-
tructive approach to regenerate spent LiCoO, cathodes, taking
only 8 seconds at the optimal reaction temperature of 1440 K
through rapid Joule heating.'”> This approach achieves both
the relithiation of the cathode material and the restoration of
the crystal structure simultaneously (Fig. 8j). Systematic char-
acterization techniques indicate that the instantaneous high
temperature generated by FJH can quickly restore the crystal
structure of the cathode material while avoiding lithium loss,
which is often caused by prolonged high-temperature treat-
ments. The phase structure of the waste LiCoO, is completely
restored to its original layered structure. The optimized
repaired LiCoO, regains an initial discharge capacity of
133.0 mA h g ' at 0.1C, demonstrating excellent cycling per-
formance for over 300 cycles (Fig. 8k). Moreover, the repaired
LiCoO, exhibits superior rate capacity, surpassing the perfor-
mance of the furnace-repaired sample and comparable to that
of the pristine materials. Traditional high-temperature anneal-
ing is a common regeneration process for LiCoO,. In contrast,
this method requires prolonged high-temperature treatment,
which is time-consuming, energy-intensive, and unable to
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control lithium volatilization. The discharge capacity of LiCoO,
cathode material regenerated using this traditional method is
111.4 mA h g7, lower than the performance achieved by FJH.

3.4. Solid state electrolyte

Utilizing Joule heating for the ultrafast sintering of solid-state
electrolytes holds promising potential. As the demand for
lithium-ion batteries increases across diverse applications,
conventional designs employing liquid or gel electrolytes are
proving insufficient to meet this growing demand."’*7¢ All-
solid-state batteries have received significant attention due to
their high safety, wide voltage window, high energy density, and
long cycle life.'”” "% Solid-state electrolyte (SSE) is the most
critical component of solid-state batteries, determining the
development of all-solid-state batteries, including NASICON-
type,'#17'% LISICON-type,'®*'®> perovskite-type,'*®'®” garnet-
type,'®®®° sulfide-based superionic conductors."”>'*" Some
of the applications of solid electrolyte materials using Joule
heating are listed in Table 8.

Wang et al. utilized carbon heaters-based Joule heating to
rapidly sinter thin, porous 3D ceramic SSE scaffolds at high
temperatures (1273 K) within seconds (Fig. 9a)."®> This
approach achieves precise control over the sintering process
by controlling the sintering temperature and duration, thereby
restricting overall densification, and minimizing the loss of
volatile elements, which applies to various substrates, includ-
ing Al,O; sheets, titanium, stainless steel, and carbon paper,
demonstrating its versatility in different applications. Unlike
traditional sintering methods that require several hours, the
Joule heating method can quickly reach high temperatures,
completing the entire sintering process within seconds. This
limits grain growth and coarsening while promoting neck
growth between grains without full densification, preserving
the porous structure crucial for lithium-ion transport. This
enables the achievement of pure crystal phases and the
intended porous structure. To verify the concept, LiTFSI and
polyethylene oxide (PEO) were infiltrated into LLZTO, LLZTO
serving as a 3D porous SSE scaffold model material. This
composite SSE was then tested for its ion conductivity using
electrochemical impedance spectroscopy (Fig. 9b). The results
revealed a high ion conductivity of 1.9 x 10™* S cm ™" at room
temperature for the composite SSE, demonstrating the excel-
lent performance of the 3D porous SSE scaffold sintered using
this method. Traditional sintering methods usually demand
several hours,”” whereas Joule heating sintering merely takes a
few seconds, making it simpler, more efficient, and signifi-
cantly cutting down time costs.

Wang et al developed an ultrafast high-temperature
sintering (UHS) technique employing Joule heating for
ceramics.'® Ceramics provide outstanding mechanical, ther-
mal, and chemical stability, making them ideal candidates
for solid-state electrolyte materials. However, traditional
ceramic sintering techniques usually entail lengthy processes
at high temperatures, leading to considerable time and
energy consumption, along with substantial loss of volatile
elements.?** In an inert atmosphere, the UHS technique rapidly
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heats carbon heating elements to temperatures as high as
3000 °C, facilitating the synthesis and sintering of ceramic
materials within seconds (Fig. 9c-e). Due to the short sintering
time, the UHS technique effectively prevents the evaporation of
volatile elements and undesirable interfacial diffusion in multi-
layer structures, significantly reducing lithium loss. For
instance, in LLZTO samples, lithium loss is below 4%, whereas
traditional furnace-sintered samples experience lithium loss as
high as 99%. The technique ensures uniform temperature
distribution, high heating and cooling rates, bypassing the
low-temperature region, reducing particle coarsening, and
maintaining high sintering capillary driving force. The LLZTO
sintered with UHS technique exhibited relatively small grain
sizes of 8.5 £ 2.0 um (compared to 13.5 £+ 5 um with traditional
furnace sintering) and achieved approximately 97% high rela-
tive density. Moreover, the short sintering time effectively
prevented significant lithium loss due to Li evaporation. The
UHS LLZTO samples exhibited an ultra-high ionic conductivity
of approximately 1.0 4 0.1 mS cm ™' (Fig. 9f), surpassing that of
the majority of garnet-based SSEs. Other LLZTO sintering
methods, such as traditional furnace sintering at 1200 °C for
20 minutes, produce LLZTO samples with ionic conductivity of
8.1 x 107* S cm™'.*** Another relatively novel method, CO,
laser sintering, results in LLZTO films with an ionic conductiv-
ity of 0.26 mS cm™',>*® both inferior to the UHS technique
based on Joule heating.

Zuo et al introduced an innovative ultrafast high-
temperature synthesis (UHS) method for the direct production
of NASICON-type solid-state sodium ion conductors Naj ;Zr; ;.
Lu, 5Si,PO;, (NZLSP) from blended precursor powders.'®" Uti-
lizing Joule Heating, the method substantially diminishes
synthesis duration from multiple hours to just seconds, result-
ing in the production of pure NASICON phase samples. The
UHS technique eliminates the formation of undesirable sec-
ondary phases commonly found in traditional methods, thus
enhancing the uniformity and purity of the final material. UHS
has been demonstrated to be viable for producing the NASICON
phase only when specific dopants like Tm, Yb, and Lu are
employed. However, conventional dopants such as Mg, Zn, Y,
Hf, and La cannot be synthesized using the UHS method.
Experimental results suggest that certain dopants, such as Lu,
can generate an intermediate phase, facilitating the formation
of the NASICON phase. This process lowers the reaction barrier
and promotes uniform diffusion of elements. Moreover, NZLSP
solid electrolytes produced through UHS exhibit a remarkable
ionic conductivity of 7.7 x 10”* S cm™" at room temperature,
approximately three times greater than that of the undoped
Na3Zr,Si,PO;, (NZSP) synthesized using conventional methods
(Fig. 9g), while displaying negligible electronic conductivity.
Assembled symmetric sodium cells exhibit exceptional stabi-
lity, cycling for over 4800 hours without dendrite penetration
(Fig. 9h). Additionally, NASICON-based solid-state sodium bat-
teries exhibit enhanced discharge specific capacity and Cou-
lombic efficiency after Lu doping, showcasing improved
performance. In contrast, the 3D-NZLSP composite solid-state
electrolyte (3D-NZLSP-CSE) prepared by in situ polymerization

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 (a) Transformation of precursor powders to 3D porous SSE scaf-
folds at 1273 K for 10 s by ultrafast sintering technique. (b) Nyquist plots of
the stainless-steel/composite electrolyte/stainless-steel symmetrical cell
with temperature ranging from 298 to 333 K. Reproduced with permission
from ref. 192. Copyright 2021 Wiley-VCH. (c) Schematic of the UHS
synthesis process. (d) Photographs of the UHS sintering setup at room
temperature without applying current, and (e) at ~1500 °C. (f) Typical EIS
measurement of the UHS-sintered garnet SSE, made with a sintering
temperature of 1500 °C for 10 s. Reproduced with permission from ref.
16. Copyright 2020 The American Association for the Advancement of
Science. (g) Room-temperature EIS plots of NZSP and NZLSP SSEs. (h)
Prolonged galvanostatic cycling of Na|NASICON|Na symmetric battery
with NZSP and NZLSP SSEs at a current density of 0.1 mA cm™2. Repro-
duced with permission from ref. 181. Copyright 2023 Wiley-VCH.

on a 3D ceramic framework requires annealing at 1000 °C for
24 hours, making the process cumbersome and time-
consuming compared to the UHS method based on Joule
heating. The 3D-NZLSP-CSE, when applied to solid-state
sodium batteries, exhibited an ionic conductivity of 4.825 X

*s ecm™*, which is lower than that of NZLSP synthesized by
the UHS method.?® Utilizing Joule heating, the UHS technique
offers an efficient, time-saving, and energy-efficient method for
the swift synthesis of NASICON-type solid-state electrolytes.
This advancement facilitates the exploration and utilization
of intricate functional materials.

3.5. Current collectors

The current collector materials prepared with Joule heating
assistance can significantly enhance the performance of
lithium-ion batteries (LIBs), which is an essential component
of LIBs. Commercial batteries still use traditional current
collectors, with aluminum foil for the cathode and copper foil
for the anode. To achieve superior performance in the next
generation of LIBs, it is crucial to enhance the performance of
the current collector.>’” For example, reducing the weight ratio
of the current collector, enhancing its electrical conductivity,
minimizing contact resistance, and improving corrosion resis-
tance are beneficial for improving the capacity, rate perfor-
mance, cycling stability, and energy density of LIBs.>*®>%

Lin et al. used a transient Joule heating device powered by a
capacitor as the heat source for vapor-phase dealloying (VPD),
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Fig. 10 (a) Cycling performance and (b) rate discharge performance of
lithium-ion batteries assembled with Joule-heated samples. (c) The elec-
trochemical active surface area of Joule-heated samples was obtained
from different capacitance preparations. Reproduced with permission
from ref. 210. Copyright 2023 Elsevier B.V. (d) Joule heating at 2750 K
for 1 min in vacuum can effectively reduce the RGO. (e) The conductivity of
RGO film before and after the 2750 K reduction by the Joule heating. The
inset shows the linear scan of the |-V curve. Reproduced with permission
from ref. 216. Copyright 2016 American Chemical Society. (f) and (g) SEM
images of the pristine CNF and welded CNF. (h) The conductivity of
pristine CNF film (CNFs), welded CNF film (w-CNFs), a single fiber CNF
(s-CNF), and a Joule heated single fiber CNF (j-CNF). Reproduced with
permission from ref. 217. Copyright 2016 American Chemical Society.

achieving the rapid formation of three-dimensional nano-porous
copper in mere seconds.”’® These copper nano-porous materials
serve as vital functional components across various fields, particu-
larly in energy storage,”'*"” catalytic reactions,”™ filtration
separation,*"* adsorption,**” etc. During the Joule heating process,
the high temperature generated by the instantaneous release of
large currents can effectively promote the evaporation of zinc from
brass, forming a porous copper structure. As the capacitance
increases, the dezincification of the VPD increases, reaching a
maximum removal of 25% of Zn. Moreover, Joule heating can
complete the high-temperature treatment of samples within milli-
seconds. This extremely rapid heating and cooling process helps
reduce the exposure time of samples to high temperatures, thereby
minimizing oxidation and coarsening of the pore structure. The
electrochemical active surface area of the porous copper samples
prepared by Joule heating reaches a maximum of 317.6 times that
of the original copper with a capacitance of 0.44 F (Fig. 10c). At a
capacitance of 0.44 F, the VPD current collector achieved a max-
imum specific capacity of 435 mA h g~ * (Fig. 10a), 115.7% of the
theoretical value of a graphite electrode, which exhibits superior
performance compared to that of commercial copper foil. However,
the rate performance of batteries utilizing VPD current collectors
mostly fell short compared to those employing commercial copper
foil (Fig. 10Db).

The weight proportion of traditional metal-based current
collectors in batteries is high, leading to an amount of
reduction in energy density.”'® Hence, it is vital to develop thin
films that possess stable properties, are lightweight, resistant to

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4tc01736f

Published on 07 August 2024. Downloaded by National Institute of Biological Sciences on 3/10/2025 2:40:31 AM.

Journal of Materials Chemistry C

corrosion, and exhibit high conductivity, serving as current
collectors. Graphene is a promising material for current collec-
tors due to its high conductivity, remarkable chemical stability,
and lightweight properties.?**"2** Chen et al. fabricated a highly
conductive reduced graphene oxide (RGO) film using a
solution-based filtration process, followed by thermal
reduction at 773 K and current-induced annealing (Joule heat-
ing at 2750 K for less than 1 minute) (Fig. 10d).>*® The high
temperature generated by Joule heating effectively eliminates
defects in graphene oxide (GO), promotes thermal reduction of
GO and improves the crystal structure of individual RGO
nanosheets, resulting in a highly crystalline graphene structure.
A significant advantage of the Joule heating process is the
extremely high local temperatures generated when current
passes through areas of higher resistance, which not only
promotes the reduction of GO but may also form cross-links
at defect sites. It also leads to the highly stacked and densified
structure of RGO nanosheets, facilitating the cross-linking of
RGO layers, thereby achieving a record-breaking high direct
current electrical conductivity (3112 S em ™) (Fig. 10e). This
conductivity is significantly higher than that of RGO films
prepared by chemical reduction or thermal reduction methods
(usually less than 1000 S cm™'). Moreover, the RGO film
exhibits a low thickness of 4 um, a low sheet resistance of
0.8 Q sq ", excellent flexibility and a stable structure, making it
suitable for use as an ultralight current collector.

To address the issue of poor physical contact between
nanostructures, Yao et al introduced a novel technique
to construct a 3D interconnected carbon matrix through
the formation of covalent bonds between carbon nano-
structures.>'” The high temperature generated by Joule heating,
with an ultrafast heating rate of 200 K min™", elevated the
temperature of carbon nanofiber (CNF) films to above 2500 K.
This high-temperature environment promotes the graphitiza-
tion process, enabling the formation of highly crystalline
carbon structures in a much shorter time than traditional
furnace heating methods. Simultaneously, Joule heating causes
welding of graphite carbon bonds between adjacent nanofibers,
forming a continuous 3D carbon network (Fig. 10f and g). This
3D network improves physical contact between nanostructures,
enhancing conductivity. The original electrical conductivity and
sheet resistance of the pristine CNF film were 0.0133 S cm™"
and 18400 Q sq ', respectively. In contrast, the electrical
conductivity of the carbon matrix after Joule heating treatment
increased by four orders of magnitude to 380 S cm™* (Fig. 10h),
with a sheet resistance of 1.75 Q sq~*. The electrochemical
performance and mechanical properties were significantly
improved. Compared to traditional 2D planar current collec-
tors, the 3D porous structure of the Joule-heated CNF film
facilitates the penetration of cathode materials such as
LiFePO,, significantly reducing the electronic conduction dis-
tance during electrochemical reactions. This demonstrates the
potential application of the Joule-heated CNF film as a current
collector. Furthermore, the heating treatment of CNF films by
the Joule heating method has the advantages of speed, high
production efficiency, and low energy consumption.

This journal is © The Royal Society of Chemistry 2024
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4. Prospects for the future

Joule heating, as an energy-efficient and controllable heating
method, demonstrates significant potential in the synthesis of
energy storage materials and has broad application prospects.
However, the application of this technology also faces several
notable challenges, which currently lack targeted in-depth
research. Addressing these challenges will be crucial for advan-
cing Joule heating in energy storage applications.

(1) Localized overheating problems: during the Joule heating
process, the current tends to flow along the path of least
resistance, which can lead to localized overheating in certain
areas of the material, thus affecting its uniformity and overall
performance. This problem is particularly prominent in mate-
rials with uneven conductivity, such as composites. To address
this problem, improvements can be made to the Joule heating
apparatus by using patterned or layered electrode structures to
optimize current distribution and employing multiple current
inputs to achieve more uniform heating. Additionally,
advanced control algorithms can be combined to dynamically
adjust the current intensity and distribution, ensuring precise
and uniform heating.

(2) Precise temperature control problems: Joule heating
directly heats the material through current, raising its tempera-
ture to high levels within a very short time, resulting in an
extremely rapid reaction process. The fast-heating rate can
make precise temperature control challenging, especially when
synthesizing high-precision materials or those with specific
morphologies that require exact temperature control. More-
over, temperature fluctuations during the heating process can
introduce new structural defects, affecting the material’s elec-
trochemical performance. Future research should incorporate
high-sensitivity and fast-response temperature sensing technol-
ogies into the Joule heating system and develop feedback-based
control systems. These systems should provide precise real-
time temperature monitoring and automatically adjust the
current to maintain the desired heating temperature.

(3) Scalability problems: Joule heating is currently primarily
applied in small-scale laboratory research, where it shows great
potential. However, achieving large-scale production remains
challenging. Since Joule heating relies on the current flowing
through the material to generate heat, processing large batches
of samples requires high thermal conductivity of the materials.
If the samples have low thermal conductivity, it can result in
uneven temperature distribution, causing incomplete reactions
in some parts and affecting the uniformity and performance of
the samples. To solve this problem, further optimization of
the Joule heating system is necessary. This can include combin-
ing it with other heating technologies, such as microwave
heating or induction heating, to improve temperature unifor-
mity when processing large quantities of materials. Addition-
ally, adopting the modular heating unit design can ensure that
each Joule heating unit can be independently controlled. This
design allows for scalability by adding or reducing the number
of heating units to maintain product consistency and
performance.
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(4) Safety problems: since Joule heating requires the use of
high-power DC currents or large-capacity capacitors, it is essen-
tial to incorporate automatic power-off and alarm systems to
promptly respond to electrical faults and reduce the risk of
electric shock to operators. Flash Joule Heating is accompanied
by intense bursts of blackbody radiation, thus, caution must be
exercised to prevent the handling of flammable or explosive
samples. Operators must wear standard-compliant protective
eyewear and insulated gloves.

By addressing these challenges and exploring new research
directions, the effectiveness and applicability of Joule heating
technology in the preparation and application of energy storage
materials will be significantly improved, bringing more possi-
bilities to the development of energy storage technologies.

Now, the commercialization of large-scale production
of high-quality turbostratic flash graphene (FG) has been
achieved. The demonstration plant established by Universal
Matter Inc in Canada commenced operations in the fourth
quarter of 2023, achieving a graphene production capacity of 1
ton per day. Its highly advanced FJH process has successfully
produced graphene with the highest purity grade. Although
the FJH technology remains in the research and develop-
ment phase, there is confidence that as the technology
matures gradually, it will transition toward larger-scale
commercialization.

5. Conclusion

This paper reviews the most recent advancements in energy
storage research based on Joule heating, especially the current
research status in the preparation of graphene and other 2D
nanomaterials. Besides, this study provides a comprehensive
overview and analysis of the utilization of this technology
across diverse applications, including electrodes, supercapaci-
tors, electrode material retrieval, solid-state electrolytes, and
current collector treatment. The discussion encompasses dif-
ferent raw materials, process parameters, and material char-
acteristics. The development and application of Joule heating
offer fascinating benefits and chances in the field of energy
storage, with plenty of space for expansion in the future.
However, to promote the wider application and large-scale
commercialization of this technology, close collaboration and
relentless innovation between the scientific and industrial
sectors are still required. Overcoming various limitations and
challenges of Joule heating technique is essential to signifi-
cantly contribute to advancing sustainable energy development
and achieving global energy transition.
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