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ABSTRACT: Heating techniques have underpinned the progress of the material and
manufacturing industries. However, the explosive development of nanomaterials and
micro/nanodevices has raised more requirements for the heating technique, including but
not limited to high efficiency, low cost, high controllability, good usability, scalability,
universality, and eco-friendliness. Carbothermal shock (CTS), a heating technique derived
from traditional electrical heating, meets these requirements and is advancing at a high
rate. In this review, the CTS technique, including the material to support CTS, the power
supply to generate CTS, and the method to monitor CTS, is introduced, followed by an
overview of the progress achieved in the application of CTS, including the modification
and fabrication of nanomaterials as well as many other interesting applications, e.g.,
soldering/welding of micro- and macroscopic carbon materials, sintering of ceramic
electrolytes, recycling of Li-ion battery, thermal tips, actuators, and artificial muscle.
Problems and challenges in this area are also pointed out, and future developing directions
and prospects are presented.
KEYWORDS: carbothermal shock, flash joule heating, methodology and application, material synthesis, device fabrication, waste recycling,
high-throughput synthesis, mass production

1. INTRODUCTION
The improving heating technique has supported the progress of
material preparation, manufacturing, and human society ever
since. The usage of fire heating brought light and warmth to
ancient human beings and prompted the development of food
processing and pottery craft.1,2 Then, with the improving
temperature of fire heating, porcelain, bronzeware, and ironware
weremade by ancient craftsmen.3 Inmodern society, the heating
technique advanced with the progress of science and technology
and thus supported the industries of modern metallurgy, heat
treatment, ceramics, equipment manufacturing, chemical
engineering, medicine, etc.4−6 Nowadays, the emergence of
advanced nanomaterials and micro/nanodevices has attracted a
lot of attention from academia and industry. Their precise and
controllable fabrication or manufacturing puts higher require-
ments on the heating technique. For example, to fabricate lateral
two-dimensional (2D) heterostructures with multiple distinct
material blocks, e.g., WS2−WSe2−WS2−WSe2 and WS2−
MoS2−WS2, Zhang et al. designed a complicated step-by-step
thermal chemical vapor deposition (CVD) process with a tube
furnace to avoid the formation of 2D transition metal
dichalcogenide alloys.7 Excessive thermal degradation or
uncontrolled nucleation will take place between sequential

growth steps because the low heating and cooling rates of the
conventional tube furnace make it unachievable to realize a
quick temperature swing. This has become the key obstacle to
the controllable growth of monolayer heterostructures with
sharp interfaces. To solve this problem, the authors adopted a
reverse gas flow from the substrate to the source during the
temperature swing to prevent the unintended supply of the
chemical vapor source at undesired temperatures and eliminate
the uncontrollable nucleation.7 Yet, if a heating method or
equipment can realize the rapid temperature swing, the growth
procedure can be radically simplified even for the synthesis of
much more complicated 2D lateral heterostructures. Besides,
the quick preparation of device-quality 2Dmaterials is crucial for
their future application. Some researchers have focused on the
ultrafast growth of 2D transition metal dichalcogenides
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(TMDCs), e.g., MoS2 and WS2.
8,9 However, the heating rate of

conventional tube furnaces is quite low. It is hard to precisely
distinguish the growth time of the obtained TMDCs. Big errors
may exist in the assessed growth speed, and it is difficult to
implement the quick preparation of 2D materials when taking
the slow heating and cooling processes into account. Hence, an
ultrafast heating technique is required to quickly prepare 2D
materials.
Low-cost, high-speed, and large-batch preparation or

manufacturing is the first prerequisite for the practical
application of nanomaterials and micro/nanodevices, but a
rapid, scalable, and eco-friendly manufacturing process remains
elusive. Taking the industrial fabrication of graphene or, more
precisely, reduced graphene oxide (rGO) as an example, the
chemical exfoliation process consumes lots of electric energy,
water, and other chemical reagents (KMnO4, H2O2, H2SO4,
HCl, C6H8O7, etc.) to get graphite oxide (GO), and further
chemical or thermal reduction is required to reduce GO into
rGO. This method is not in line with the green manufacturing
strategy. Besides, the quality of the chemically exfoliated rGO is
not good enough to exert the utmost performance of graphene
for many applications, such as conductive additives. The
bottom-up methods, especially CVD, can yield high-quality
nanomaterials, such as graphene, black phosphorus, transition
metal dichalcogenide, etc. However, it is quite hard to achieve
the mass production of these nanomaterials via this bottom-up
method because of the low yield and high cost, and they also do
not echo green manufacturing owing to their high energy
consumption.
Recently, a state-of-the-art heating technique has been

developed by using carbon materials as the heating elements,
which is called carbothermal shock (CTS), flash joule heating
(FJH), or high-temperature shock (HTS).10−12 Usually, CTS
and HTS are realized based on electric power sources that can
output high-power direct or alternating current, while FJH relies
on capacitor banks to provide the required electricity.13,14 The
essences of CTS, FJH, and HTS are the same. They are all
realized based on the electrical Joule heating effect. So, CTS is
used to refer to this innovative heating technique. The robust sp2
C−C bonding ensures an ultrahigh heating temperature of up to
4000 K.15,16 The ultrahigh temperature achieved by CTS can
force the molting or even evaporation of most materials, laying a
solid foundation for the high-temperature synthesis of various
materials. The ultrahigh temperature can also cause extremely
high crystallinity or graphitization of carbon nanomaterials,
facilitating the delicate modification of functional carbon
materials. Meanwhile, the low mass density and specific heating
capacity yield ultrafast heating and cooling rates, which can
reach the level of 105 K/s.17 Such a high heating/cooling rate will
facilitate the formation of special materials at nonequilibrium
conditions that are hardly realized by conventional heating
methods. Besides, an interesting remote Joule heating effect
exists in the carbon nanomaterials�carbon nanotubes (CNTs)
and graphene.18 The electric current conducted in CNTs and
graphene can couple to the vibrational modes of neighboring
materials. This effect makes the heat transfer from the carbon
nanomaterial to the neighboring materials more efficient,19

which further improves the heating efficiency of this cutting-
edge heating technique. CTS can also cause highly efficient
nonradiation heating, generating localized internal heat in
targeted objects.20 Hence, with low energy consumption, CTS
can realize the ultrafast synthesis of nanomaterials and the
ultrafast fabrication of devices within seconds or even milli-

seconds. Moreover, defective sites on the surfaces of carbon
heating elements can serve as barriers to suppress agglomeration
and coalescence of nanomaterials by surface energy minimiza-
tion and thus facilitate the fabrication of nanomaterials,
especially nanoparticles and single atoms.21 By tailoring the
carbon-based heating element, localized heating can be realized
with arbitrary heating configuration from nano/microscale to
macroscale.18,22,23 All these fantastic features make CTS
favorable in the fabrication or modification of nanomaterials
and micro/nano machining with high efficiency, low cost, and
low energy consumption.
Here, we systematically summarize recent progress in the

CTS technique and its applications in various fields. As shown in
Figure 1, we first briefly introduce how to realize CTS, including

the materials to support CTS, the power supply to generate
CTS, and measurement methods to monitor CTS. Then, we
move on to the application of CTS in the modification of
graphene and other 2D materials and then to the synthesis of
zero-dimensional (0D), one-dimensional (1D), and 2D
materials. We also summarize the application of CTS in several
other interesting areas, including the soldering/welding of
micro- and macroscopic carbon materials, sintering of ceramic
electrolytes, recycling of Li-ion batteries, thermal tips, actuators,
and artificial muscles. Finally, the prospects of CTS are outlined.
We point out the developing directions of CTS, including the
precise control of CTS, the revelation of the mechanism behind
CTS, the machine-learning guided synthesis, and the mass
production of nanomaterials. We believe that this review will
help fledglings to get an overall understanding of this heating
technology. It will broaden the horizons of veteran researchers
to bring CTS into practical applications in the future.

2. REALIZATION AND MONITORING OF CTS
2.1. Materials to Support CTS. Various conductive carbon

materials have been used to generate CTS, including CNT,24

graphene,25 rGO,26−28 carbon nanofiber (CNF),10,29,30 carbon
fiber,31,32 and carbonized biomass (e.g., woods).33,34 Owing to

Figure 1. Schematic diagram to show the core content of this review.
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the robust sp2-hybridized C�C bonds, the highly crystalline
carbon materials, especially CNT and graphene, can sustain an
extremely high temperature of up to 4000 K.35 Besides, the mass
density and specific heat capacity of carbon materials are much
lower than the conventional heating elements made of ZrO2,
SiC, and MoSi2. So, carbon materials’ heating and cooling rates
are much higher than alloy materials. For instance, the heating
and cooling rates of the CNT- or graphene-based heating
elements reach 103−105 K/s.17,36 Moreover, the assembly of
carbon materials usually possesses excellent mechanical
performance, including high modulus, strength, and flexibility.
The mechanical strength of pure CNT fiber has reached 5.18
GPa, and it can be arbitrarily bent.37 These fantastic features
make nanocarbonmaterials easily constructed into free-standing
or self-supporting heating elements with arbitrary shapes by
fiber knitting/soldering, film clipping, or 2D/3D printing. For
example, by knitting CNT fibers and soldering the joints, Zou et
al. have constructed complex CNT-based heating elements with
various 2D and 3D constructions.22 Graphene-based heaters
were fabricated by 2D ink printing.38,39 Graphene-based probes
and miniaturized reactors were constructed by 3D printing.23,28

Conventional carbon materials, e.g., carbonized wood, carbon
fiber, and carbon cloth, can also be used to generate CTS.31,40,41

For example, carbonized Balsa wood, one of the most typical
carbonized biomass, was used as the heating element to generate
a high temperature of >2000 K, and the vascular system of the
wood directly served as the microreactor for the CTS
preparation of nanoparticles.33

Next, the heating dimension can be adjusted by increasing the
size of these heating elements toward the real application of CTS
in the fabrication of micro- and nanomaterials and devices.
Besides, the configuration of heating elements should be
dedicatedly designed to realize a high heating uniformity and
thus guarantee the consistency of products and their perform-
ances. The stability of carbon-based heating elements should be
evaluated and further improved to elongate the life expectancy
and raise the reliability of CTS heating sources. So, more efforts
are still in demand to generate reliable in situ CTS from
microscale to macroscale to meet the requirements of the
scalable synthesis/fabrication of micro- and nanomaterials/
devices.
2.2. Power Supply to Generate CTS. An efficient power

supply is the other prerequisite for precisely controlling the
heating parameters. High-power electrical current and micro-
wave irradiation are the two main sources to support ultrafast
carbothermal shocks.
2.2.1. High-Power Electrical Current. The high-power

current source is the most used power supply to generate
CTS.42 The input current will force electrons to collide with the

lattice, which can significantly enhance the lattice vibration to
raise the temperature of carbon heaters. The maximum
temperature, heating rate, and burst length of CTS can be well
regulated by adjusting the value, ramping rate, and width (time
period) of the pulse current. Benefiting from the low mass of
carbon atoms and the strong sp2-hybridized C�C bonds,
carbon materials’ maximum heating temperature and heating/
cooling rates are much higher than conventional alloy heaters.
The highest temperature of 3500 K is realized using graphene as
the heating element,25 and the temperature ramping and cooling
rates exceed 105 K/s.43 It is also easy to roughly estimate the
generated temperature according to the input power. As
reported by Wang et al., the average temperature rose from
about 1500 to 2000 K while the input current power increased
from about 125 to 600 W.33 For the real application, the
relationship between the temperature and input power should
be established, which will help to realize the precise control of
the temperature progress of CTS. Besides, such a high heating
temperature can only be achieved under a high vacuum or inert
atmosphere. Trace amounts of oxygen will cause the
degeneration or even the failure of thin carbon-based heaters.
So, ultrahigh-temperature CTS proposes high demands for the
environmental atmosphere. Only low-temperature CTS (T <
the thermal oxidation temperatures of carbon heaters) can be
performed in the air or an oxidizing atmosphere. Next,
antioxidation coatings can be deposited onto carbon-based
heaters to extend the application of high-temperature CTS into
oxidizing conditions,44,45 which will also enhance the processing
capacity of CTS to handle oxidizing materials.
2.2.2. Microwave Irradiation.Microwave is another feasible

power supply to generate CTS. Carbon materials, e.g., CNT,
graphene, GO, rGO, and carbon fiber, are good microwave
susceptors. They can convert electromagnetic energy to intense
thermal energy.31,46−49 The microwave heating mechanism of
these carbon materials is quite different from that of a solution
caused by the dipole rotation of polar solvent molecules. No
freely rotatable dipoles exist in these electron-rich carbon
materials. It is the motion of electrons that generates the heat
through Joule heating. In other words, the microwave electric
field causes the motion of electrons, enhances the collision of
electrons with the lattice, and thus causes the Joule heating of
carbonmaterials. Taking CNT as an example, Ester Vaźquez and
Maurizio Prato discussed the interaction between CNT and
microwave.46 The imperfections and impurities in CNTs damp
the transverse vibration mode to generate Joule heating with an
ultrahigh energy flux density. This microwave-motivated heating
method generates extremely short thermal shocks of 1600 K
within just 100 ms,49 and it has been used to grow various
nanomaterials.50 For example, since 2006, nanoparticles (NPs),

Figure 2. Comparison of the two power supplies.Merits and demerits of (a) the high-power electrical current and (b) themicrowave irradiation.
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e.g., Au and Pt NPs, have already been decorated on the surface
of CNT through themicrowave-assisted CTS.51,52 However, the
controllability of microwave-triggered CTS synthesis is much
lower because of the difficulty in the direct assessment of the
generated temperature from the input power.
Figure 2 summarizes both the merits and demerits of the two

power supplies. With the use of high-power electrical current,
most of the electrical energy can be converted into thermal
energy, and an extremely high heating temperature can be
reached in the carbon-based heating element. However, the
temperature generated by the current is not uniform. Usually,
the temperature gradually lowers from the center to the
periphery of the heating element. In contrast, the temperature
generated by microwave irradiation is uniform, which will
benefit the CTS-triggered controllable synthesis of nanomateri-
als. However, only part of the microwave irradiation can be
absorbed by carbon materials. Its energy efficiency is lower than
the current-supplied CTS, and so is the temperature. Besides,
with the quick turn on/off of current or the use of pulse current,
the heating and cooling rate of CTS is higher than that realized
with the input of microwave irradiation. The heating dimensions
can be easily enlarged by increasing the size of the carbon
heating element and the input energy. This feature is critical for
the future large-scale applications of CTS. Besides, the electrical
current-supplied CTS can be used to fabricate nanomaterials
and many other interesting applications, e.g., actuator and
thermal tip. So, the possible application area of electrical current
supplied CTS is wider than the microwave-triggered one.
2.3. Methods to Monitor CTS. Accurate measurement of

the temperature procedure is essential for the precise control of
CTS and its application in different fields. Key parameters of
CTS, including the maximum temperature (Tmax), heating rate
(Κh), cooling rate (Κc), shock-on and shock-off duration (τon
and τoff), should be monitored to get a thorough understanding
of the CTS technology and its effects on the modification and
synthesis of nanomaterials. Throughout recently published
works, contact and contactless methods were used to character-
ize the temperature procedure of CTS, including thermocou-

ples, infrared thermometers, temperature detecting systems
based on photomultiplier tube arrays, and color ratio pyrometers
based on high-speed cameras.
2.3.1. Thermocouple. The utilization of thermocouples can

get the precise temperature of CTS in a wide range from room
temperature to 2500 °C, depending on the material of the
thermocouple. It has been applied in the carbothermal reduction
of Al2O3, ZnO, and SiO2, as well as the fabrication of ZnN and
SiC.53−55 A micropipette thermocouple with a tiny sensing tip is
used to detect the temperature gradient across the suspended
CNT film (Figure 3a).56 The sensing tip size varies from 2 to 5
μm, which yields a high spatial resolution. Meanwhile, this
micropipette thermocouple has a high accuracy and canmeasure
thermal fluctuation with a resolution of ±0.01 K. However, the
drawbacks of thermocouples are obvious. First, it takes a certain
time to reach the heat balance, as sufficient heat exchange should
be completed between the thermos-element and the object
under test. So, there is a delay in the temperature measurement,
which makes thermocouples unsuitable to measure high-
frequency thermal shocks or get the real-time temperature
procedure of CTS. Second, thermocouples can be easily affected
by the external electromagnetic field. The existence of high-
power current pulses and microwaves will disable the
thermocouple. So, thermocouples are not universal in measuring
the temperature profile of CTS.
2.3.2. Infrared Thermometer. As one of the most commonly

used contactless temperature measuring methods, infrared
thermometers can quickly collect the high temperature up to
3723 K (3500 °C). Many researchers have adopted infrared
thermometers to measure the temperature procedure of
CTS.41,57,58 The operation is very simple, as shown in Figure
3b. Usually, several infrared temperature probes are needed to
ensure accuracy and cover the temperature range from room
temperature to the desired ultrahigh temperature. It will cause
many inconveniences for the real application of CTS, especially
somemicrozone reactions. Besides, the response time of infrared
thermometers is more than 20 ms. So, it can detect the highest
temperature of CTS but cannot accurately depict the rapid

Figure 3. Typical temperature monitoring methods of CTS. (a) Micropipette thermocouple. Reprinted with permission from ref 56. Copyright
2013 AIP Publishing. (b) Infrared thermometer and the detected temperature evolution. Reprinted with permission from ref 41. Copyright
2022 American Chemical Society. (c) Temperature detecting system based on photomultiplier tube arrays and the detected temperature
evolution. Reprinted with permission under a Creative Commons CC BY License from ref 11. Copyright 2022 Springer Nature. (d) Color ratio
pyrometer based on high-speed camera and the mapped temperature distribution. Reprinted with permission from ref 33. Copyright 2020
Elsevier.
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heating and cooling process of CTS or the high-frequency
temperature change. The detected heating and cooling rates are
only 300 K/s (Figure 3b).41 Recently, with the advancing
infrared-sensitive materials, the maximum detecting temper-
ature and response speed of infrared thermometers have
improved significantly, reaching the level of 3600 °C and 1 ps
(response time), respectively.59,60 Customized infrared ther-
mometers or imaging systems targeted are in urgent demand to
monitor the temperature evolution or even the temperature
distribution of CTS in real-time.
2.3.3. Temperature Detecting System Based on Photo-

multiplier Tube Arrays. Using a 16- or 32-channel photo-
multiplier tube (PMT) array, the spectral radiance from the
heating element can be collected in a certain wavelength range
(Figure 3c).11,61 Then, the emission spectra can be fitted to the
graybody radiation equation (eq 1) to get the temperature.

( )
L T

hc
( , )

2

exp 1hc
k T

2
gray

5
B

= Ä
Ç
ÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑ (1)

where Lλ, λ, T, c, kB, h, εgray, and γ are the radiance, wavelength of
the emitted light, temperature, light speed, Boltzmann constant,
Planck constant, constant emissivity, and scaling constant
considering the unknown coupling factor, respectively. Owing
to the ultrafast response of PMT (at the level of several
nanoseconds),62 this temperature detecting system can record
the real-time temperature procedure of CTS. For example, Deng
et al. reported an ultrafast CTS heating rate of 104 K/s (Figure
3c),11 and Xie et al. demonstrated that the heating rate reached

105 K/s by monitoring the real-time temperature programwith a
PMT system.61 These researches have confirmed that the PMT
system is one of the most suitable methods to monitor the
temperature profile of CTSs.
2.3.4. Color Ratio Pyrometers Based on High-Speed

Camera. High-speed cameras can record the video of CTS
processes at thousands of frames per second (e.g., 4000 frames/s
captured by the Vision Research PhantomMiro M110 camera),
and then temperature measurement can be performed using
color ratio pyrometers based on the recorded frames (Figure
3d), which can be calibrated by blackbody infrared light source
to ensure the accuracy.33,63 Raw pixel values extracted from
video files using a custom MATLAB script are demosaiced to
recover the values for the red, green, and blue channels at each
pixel. Then, to determine the temperature, three ratios of
different color channels (green/red, blue/green, and blue/red)
for theoretical pixel intensity will be calculated with the
following equation:

I
I

L T

L T

( , , ) ( ) d

( , , ) ( ) d
i

j

i i

j j

=
(2)

where I, ψ, ε, λ, and T are the channel intensity, channel gain,
emissivity, wavelength, and temperature, respectively. χ is the
spectral response of the channel as a function of wavelength,
respectively. The radiance L is given by eq 1. Calibration factors
(Cij = ψi/ψj) can be applied to these ratios and matched to the
theoretical curves with a minimization algorithm by using the
following equation:

Figure 4. CTS-induced reduction of GO. (a) A two-step reduction of GO film via CTS. (b) The temperature procedure of a CTS process, (c)
radiance spectra of the rGO film at different temperatures, in which the inset shows an optical image of the rGO film heated to 3000 K, (d, e)
SEM images to show the top view (d) and cross-section (e) of the 3000-K-reduced rGO film, (f, g) high-resolution SEM images to show the
surface morphology of the 1000-K-reduced (f) and 3000-K-reduced (g) rGO films, (h) Raman spectra, (i) XPS spectra, and (j) XRD patterns of
rGO films reduced at 1000, 2000, and 3000 K, and (k) room-temperature conductivities of rGO films reduced at 1000 K, 2000 K, and 3000 K.
Reprinted with permission from ref 74. Copyright 2018 Elsevier.
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Finally, the temperature can be calculated by fitting the
emitted light spectra according to the gray body radiation (eq 1).
As the shot frame per second of high-speed cameras can reach
millions or even higher, this method can easily trace CTS’s
ultrafast heating and cooling procedure. Meanwhile, the
temperature distribution throughout the heating element can
also be depicted (Figure 3d), which will help to precisely control
the CTS process. So, color ratio pyrometers are another
powerful method to monitor the temperature profile of CTS.
The cost and dimension of the equipment are the two main
challenges to integrate the high-speed camera into the CTS
system.
These four temperature monitoring methods have their own

advantages and disadvantages, which are applicable to different
applications of CTS with different requirements. For example,
thermal couples can be used tomonitor carbon heating elements
operated at “low temperatures”, such as defogging devices,64

flexible heating fabric,65 and those in situ nanomaterial synthesis
systems without the need for ultrahigh temperatures and
ultrafast thermal shocks.54 Temperature-detecting systems
based on photomultiplier tube arrays and color ratio pyrometers
based on high-speed cameras are highly efficient in dealing with
high temperatures, making them suitable for detecting ultrahigh
temperature and ultrafast thermal shock. But they are less
effective in the low temperature region, which needs the
complement of thermocouples or infrared thermometers. The
advance of infrared-sensitive materials have improved signifi-
cantly to 3600 °C and 1 ps (response time), respectively.59,60 So,
with the improving infrared temperature measurement technol-
ogy, infrared thermometers and photodetection systems will
become the optimal method to monitor the temperature
evolution of CTS with high spatial and temporal resolutions,
which are almighty in low, high, and ultrahigh temperature
regions.

3. APPLICATION OF CTS
3.1. Modification of Materials. With the ultrahigh

temperature and superfast ramping/cooling rate, CTS can be
used to modify the composition, morphology, structure, and
properties of various nanomaterials, e.g., graphene oxide (GO),
CNT, and 2D TMDCs. Early in 2002, Avetik et al. have utilized
microwave heating to purify CNTs.66 Zou et al. used Joule
heating to remove organic molecules inside CNT assemblies to
modify the mechanical properties of CNT fibers.67 However,
these works have not exerted the utmost potential of CTS in
material modification as the heating temperature and ramping/
cooling rate are rather limited in these works. By increasing the
input power, ultrahigh temperatures can be generated to reduce
GO, further modification of rGO, and structure and phase
transition of 2D TMDCs.
3.1.1. GO Reduction.As the early exploratory works reported,

GO can be effectively reduced once the temperature reaches
about 1050 °C in an argon atmosphere or 800 °C in a hydrogen
atmosphere.68,69 These high temperatures can be easily reached
by CTS in a vacuum or under nonoxidizing conditions. Hence,
CTS becomes a feasible method for the effective mass
production of rGO.70−72 For example, as schematically shown
in Figure 4a, with the input of a high-power current pulse (50ms
in duration), CTS with tunable high temperatures (1000−2000

K) is generated in the GO−CNT hybrid to fulfill the reduction
of GO, in which CNTs were added to make the GO−CNT
hybrid conductive.73 Compared with the conventional heating
method, CTS not only motivates the reduction of GO but also
maintains the aperiodic porous structure and flexible feature of
the hybrid material. To be specific, the structural defects are
repaired, the aromatic structures are recovered by CTS, and
meanwhile, CNT strands interweave in the hybrid to create
nanopores (>50 nm in size). The obtained porous GO-CNTare
favorable for mass transport. Interestingly, organic constituents
and functional metal particles with higher melting points are
prevalent in the reduced GO−CNT hybrid after the CTS
treatment, which is crucial to improve the electrochemical
performance of this hybrid material.73 Therefore, the CTS-
reduced GO−CNT shows excellent electrochemical perform-
ance with the well-modified component and porous micro-
structure. The specific capacitance of this GO−CNT electrode
reached 45 F/g, coupled with a high capability.73

The conductive additives can be abandoned by preannealing
GO at a relatively low temperature via conventional furnace
heating to make GO conductive. Then, ultrafast CTS treatment
can be performed on the preannealed GO to complete the full
reduction at an elevated temperature. As reported byWang et al.,
GO films are preannealed at 1000 K for 1 h in an argon-filled
furnace to make it electrically conductive with a conductivity of
7 S/cm.74 Then, a direct current (DC) is applied to the
preannealed sample to generate CTS with the maximum
temperature reaching 2000−3000 K. Figure 4b shows this
two-step reduction method via CTS, while Figure 4c shows the
pyroluminescence of the rGO film during the CTS reduction
process and the corresponding radiance spectra obtained at
different temperatures. Figures 4d and 4e show the top view and
cross-section of the 3000-K-reduced rGO film. The rGO flakes
were randomly oriented in the plane and densely layer-by-layer
stacked in the vertical aspect. It should be noted that the
temperature of CTS greatly affected the morphology of the
obtained rGO film. Lots of wrinkles existed in the 1000-K-
reduced film, while the 3000-K-reduced one was quite smooth
(Figures 4f and 4g). The crystallinity of the as-obtained rGO
films increased with the temperature of CTS as reflected by the
increased Raman intensity ratio of IG/ID, the reduced core level
of O 1s in the XPS spectra, and the sharper XRD peak (Figures
4h−j). Meanwhile, the conductivity of the rGO film improved
with the increasing temperature of CTS. As shown in Figure 4k,
the room-temperature resistances of the obtained rGO films
improved to 750 S/m, 2650 S/m, and 6300 S/m after being
reduced by CTS at 2000, 2500, and 3000 K, respectively. The
high electrical conductivity of the rGO film reduced at 3000 K
originated from the high crystallinity as reflected by the
decreased intensity ratio of Raman D and G peaks (ID/IG =
1.05 for the 1000-K-preannealed GO and 0.1 for the 3000-K-
reduced rGO) and the significantly increased C/O atomic ratio
(7.8 for the 1000-K-preannealed GO and 130.6 for the 3000-K-
reduced rGO).74

GO reduction can also be realized via CTS without the help of
conductive CNTs or preannealing treatment.75,76 For the
continuous GO film formed by drop-casting, Yao et al. observed
an accelerated current increase when a voltage was applied to the
film and swept from 0 to 30 V.75 Or with a constant voltage (30
V for 77 s), the current increased from ca. 1 × 10−8 A to ca. 5 ×
10−5 A. The intensity ratio of Raman D and G peaks decreased
after the current treatment. All these results demonstrated that
the electric stimuli caused the reduction of GO film through this
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clean and dry method. And the obtained rGO can be directly
used as efficient electrodes in organic photoswitching devices.
However, this CTS reduction of GO was performed in air, and
the maximum temperature of CTS was quite low (<100 °C). So,
the crystallinity of the obtained rGO was relativity low, as
reflected by the strong Raman D peaks. Interestingly, in another
work, Ekiz et al. found that the low-temperature CTS realized by
small current pulses could realize the reversible reduction and
oxidation of GO.76 GO at the positive contact was oxidized,
whereas GO at the negative contact was reduced when a bias of
±2.5 V was applied. The oxidation and reduction of GO were
reversed by inverting the bias. These CTS-reduced GO can be
applied as functional materials in various applications including
energy and opto-bioelectronic devices.
When using microwave irradiation as the energy input, both

the introduction of foreign conductive heating elements and the
preannealing treatment can be discarded, further improving the
convenience and lowering the cost of the CTS-triggered GO
reduction.77−80 Moreover, some rewarding phenomena will
further extend the application of microwave-induced CTS in the

reduction of GO. For example, O.-K. Park et al. revealed that
defects inside GO were repaired by the intercalated benzene
during the microwave-induced CTS process.81 The strong π−π
interaction made benzene tightly adhere to the surface of GO,
and these low-molecular-weight benzenes decomposed into
acetylenes following the reaction of C6H6 → 3CH2 when being
heated up by the surrounding GO sheets with the help of the
high-power microwave. Then, through the carbon atom
incorporation and H2-releasing process, the formed acetylenes
could bond to the carbon atoms at the divacancy sites to form
covalent C−C bonds. Consequently, defects in the obtained
rGO were well repaired as reflected by the declined Raman 2D
peak.81 Acetylene has been confirmed to be one of the most
promising carbon sources to repair defects in graphene sheets.82

So, the crystallinity of this CTS-treated rGO dramatically
improved. However, it should be noted that the high-power
microwave can also destroy the graphene lattice and generate
more structural defects.83 So, by controlling the input
microwave power, the crystallinity of rGO can be carefully
tailored within a few seconds.

Figure 5. CTS-induced phase transition of MoS2. (a) Schematic of the setup for the 2H-1T phase transition of MoS2 via CTS, (b) atomic
structure of 2HMoS2 and (c) 1TMoS2, (d) the 2H-1T phase ratio versus CTS treating time, (e) polarization cures of 2H and 1TMoS2, and (f)
the relationship between electrochemical overpotential at 10 mA/cm2 and the CTS treating time. Reprinted with permission from ref 86.
Copyright 2021 American Chemical Society. (g) Schematic of the coaxial 1T-MoS2/carbon felt decorated with Pt NPs, (h) morphology of the
1T-MoS2/carbon felt, and (i) the distribution of Pt NPs on MoS2 flakes. Reprinted with permission from ref 88. Copyright 2023 American
Chemical Society.
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Overall, CTS not only becomes an efficient means to fulfill the
bulk reduction of GO via the deoxygenation reaction but also
provides an effective method to regulate the defect level of the
obtained rGO according to specific demands. With the
improving CTS technique, more complicated surface mod-
ification will be done to rGO, such as the in situ doping of
heteroatoms and the graft of functional groups. More
importantly, owing to the easy implementation of CTS, the
production of rGO can be easily scaled up to realize large-scale
industrial manufacturing.
3.1.2. Further Modification of RGO. The ultrahigh

carbothermal temperature can further modify the morphology,
structure, and property of rGO assemblies produced by other
reduction methods, e.g., chemical and thermal reductions. For
instance, the rGO film obtained by annealing GO film at 773 K
in an argon atmosphere exhibited a smooth surface morphology
after being further treated by CTS at an ultrahigh temperature of
2750 K. The crystallinity of the CTS-treated rGO film improved
greatly, as reflected by the dramatically reduced Raman ID/IG
ratio. Meanwhile, the film’s conductivity increased by 76-fold
from 40 S/cm to 3023 S/cm after the CTS treatment.84 The
authors attributed the improved electrical conductivity to two
main reasons: (i) the improved crystallinity of rGO as the
defects were self-healed at such high temperatures; (ii)
interlayer bridging bonds between neighboring rGO layers
which were formed at the defective sites, e.g., vacancies, grain
boundaries, voids, line defects, and so forth. The DFT
calculation confirmed that when heated from 300 to 1420 K,
the adjacent rGO layer was not bonded as the interlayer sliding
took place between the top and bottom rGO layers, which was
driven by thermal fluctuation. At higher temperatures, interlayer
bridging bonds formed as the interlayer sliding closed the
defects in the top and bottom layers. With the interlayer
bonding, this highly conductive rGO film also showed high
flexibility, making it a promising candidate for the ultralight
current collector in various batteries.84

Combining the roll-to-roll fabrication technique, Liu et al.
continuously fabricated graphene films from the chemically
reduced rGO films via CTS.85 To be specific, the GO film was
first blade-coated onto the glass substrate from the GO
dispersion and chemically reduced by hydroiodic acid at 90
°C. Then, the obtained rGO film was repeatedly washed with
ethanol and further thermally reduced at 300 °C. Finally, the
rGO film was cut into strips to undergo the CTS treatment
through a continuous roll-to-roll method. When CTS-treated at
an ultrahigh heating temperature of 2835 °C, impurities were
removed, and defects were repaired. The rGO strips were fully
converted into graphene strips with excellent flexibility as well as
high electrical and thermal conductivities of 4.2 × 105 S/m and
1285 W/(m·K), respectively. So, CTS provides a time-saving,
energy-efficient, and cost-effective method to realize the mass
production of graphene films and thus lay a solid material
foundation for the scale-up applications of graphene in thermal
management, energy batteries, and flexible electronic devices.
3.1.3. Phase Transition of 2D Materials. CTS can motivate

the phase transition of 2D TMDCs. As reported by Chen et al.,
MoS2 and WS2 were converted from the 2H phase into the 1T
phase within milliseconds via CTS (Figures 5a−c).86 To be
specific, MoS2 or WS2 was mixed with 5 wt % carbon black to
perform the CTS treatment. The converted 1T phase MoS2 and
WS2 were confirmed by Raman, high-resolution transmission
electron microscopy (HR-TEM), and high-angle dark-field
scanning TEM (HAADF-STEM). Changing the conductive

additive from carbon black to tungsten increased the conversion
efficiency significantly to 76%. It was attributed to tungsten’s
strong electron doping effect because it lowered the formation
energy of 1T-MoS2 and stabilized this metastable phase.87 The
conversion ratio could also be regulated by changing the
duration of CTS. As shown in Figure 5d, the ratio of 1T-MoS2
increased with the increasing duration, contributing to the
improved electrochemical properties of the product (Figures 5e
and 5f).
More efforts were made to establish the relation between

conversion ratio and CTS parameters. As reported by Son et al.,
a coaxial 1T-MoS2/carbon felt was directly fabricated by a
similar CTS conversion (Figures 5g and 5h), and the ratio of
converted 1T-MoS2 increased with the stepwisely elongating
CTS duration.88 The authors also confirmed that the charge
transfer dramatically promoted the 2H-1T phase transition as
the conversion ratio was finite until Pt precursor, H2PtCl6, was
added. During this conversion process, Pt nanoparticles with
diameters of 10−15 nmwere uniformly decorated on the surface
of MoS2 flakes (Figure 5i). Hence, Pt-decorated 1T-MoS2 with
high ORR activity was fabricated via CTS, which can be used in
seawater batteries with an ultralong lifespan.88 The CTS
treatment can also improve the interfacial interaction between
CNT andMoS2. TheCTS generated by CNTs forced the inside-
out crystallization of MoS2 and yielded a robust interface
between CNTs and MoS2 flakes electrodeposited on the CNTs’
surface.89 The obtained composites showed high electrical and
mechanical properties. The modulus, strength, and axial
electrical conductivity reached up to 8.82 ± 5.5 GPa/SG, 200
± 58 MPa/SG, and 1.72 × 105 S/m, respectively, making this
CNT/MoS2 composite a good candidate for battery electrodes.
Though only the 2H-1T phase transition of MoS2 has been

reported, however, considering that most of the found TMDCs
have two or more phases, CTS will extend its application in the
phase modification of TMDCs. At present, the researchers have
not yet figured out howMoS2 and other TMDCs change during
the ultrafast CTS process. More efforts are still needed to
understand the thermodynamic and kinetic mechanisms of the
phase transition process and, thus, to guide the controllable
phase transition of TMDCs. Next, the controllability of this
ultrafast modification process can be further improved with the
introduction of various control parameters, e.g., temperature,
heating duration, gas composition, and pressure, and in situ
doping engineering of these nanomaterials besides TMDCs can
be accomplished by CTS with the introduction of doping agents
to further modify the composition, defect level, and phase
structure of obtained rGO, TMDCs, and other nanomaterials
for better performances.
3.2. Synthesis of Nanomaterials. Owing to the ultrahigh

temperature it can reach, CTS can activate the decomposition
and reaction of almost all chemical substances, making it
applicable in synthesizing nanomaterials with different dimen-
sions. Together with the ultrahigh ramping and cooling rate,
CTS can expand both the source of raw materials and the
composition of the products.
3.2.1. Growth of 0D Materials. 3.2.1.1. Nanoparticles. CTS

has shown tremendous potential in the low-cost and scalable
manufacture of miscellaneous nanoparticles (NPs).90−92

Currently, microparticles or melt salt/metallo-organic com-
pounds have been introduced into the carbon matrix as the
precursors to fabricate NPs following the top-down or bottom-
up strategies, respectively. For example, in 2006, Chen et al.
reported that silicon, tin, and aluminum particles with diameters
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on the order of a few micrometers embedded in the rGO matrix
were converted into NPs with diameters of 10−15 nm in less
than 1 min via CTS (1550−1800 K).93 Figures 6a−e show the
fabrication process, the source�microparticles, the product�
NPs, and their size distributions. The short synthesis time
effectively suppressed the agglomeration of the formed NPs.
Once the hold time of CTS was elongated to 1 h, the size of as-
synthesized Si NPs increased to 50 nm. In another work
published by the same team, the authors proposed the formation
mechanism of NPs in the rGOmatrix during the CTS process.21

Taking Al NPs as an example, they elaborated that the Al
microparticles melt and vaporized under the Joule heating-
induced high temperature. When cooled at an ultrahigh speed,
the Al vapor aggregated and condensed to formNPs. During this
process, the inevitable defects (e.g., vacancies, grain boundaries,
and voids) in the rGO matrix served as effective barriers to
constrain the migration of NPs within one domain demarcated
by neighboring defects (Figure 6f). Hence, the agglomeration of
Al was prevented to form Al NPs with the desired nanoscale
size/diameter.
For the bottom-up strategy, melt salt or metallo-organic

compounds are introduced into the carbon matrices through
drop casting or immersing. For example, the ethanol solution of
CuCl2 was drop-casted onto cellulose, and then the hybrid was
supported on a carbon paper to perform the CTS treatment.42

After being treated by CTS at 830 °C for 1.5 s, Cu NPs were
formed and densely distributed on the surface of cellulose
(Figure 7a). By changing the hold time of CTS, the average size
of formed Cu NPs was regulated. The average size decreased
from 52 to 35 nmwhen the hold time increased from 0.4 to 1.5 s,
but further increasing the hold time could not decrease the
particle size (Figure 7b). Another work systematically studied

the size and distribution control of the as-synthesized NPs.94

The high-concentration defects in the CNF matrix promoted
the uniform distribution and miniaturization of the formed Pt
NPs (Figure 7c). The particle size decreased from 77.4 nm on
the defect-less CNF-1273K (CNF carbonized at 1273 K) to 4.8
nm on the defect-rich CA-CNF (CO2-activated CNF-1273K).
Besides, the metal precursor’s loading amount also affected the
Pt NPs’ size. By decreasing the precursor loading from 5 to 0.1
μmol/cm2, the particle size substantially decreased from about

Figure 6. Top-down fabrication of nanoparticles. (a) Schematic to show the fabrication process, (b) microparticles embedded in rGO matrix
and (c) their size distribution, (d) as-fabricated nanoparticles and (e) their size distribution. Reprinted with permission from ref 93. Copyright
2016 American Chemical Society. (f) Defects-constrained formation mechanism of nanoparticles. Reprinted with permission under a Creative
Commons CC BY License from ref 21. Copyright 2016 Springer Nature.

Figure 7. Bottom-up synthesis of nanoparticles. (a) Schematic of the
synthesis process and (b) the as-synthesized Cu NPs with different
holding times of CTS. Reprinted with permission from ref 42.
Copyright 2021 AAAS. (c) Particle size control via defect
engineering and (d) particle size control via precursor loading
engineering. Reprinted with permission from ref 94. Copyright
2019 American Chemical Society.
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4.8 to 0.8 nm (Figure 7d). Hence, with a low precursor loading,
high-density and ultrasmall Pt NPs were loosely packed on the
surface of the CA-CNF matrix, which would aggrandize the
active sites for various catalytic applications.
Further, through precursor design, compound or alloy NPs

were synthesized via CTS.27,41,95−104 Deng et al. reported that
various interstitial transition metal carbide (TiC, ZrC, HfC, VC,
NbC, TaC, Cr2C3, MoC, and W2C) and covalent carbide (B4C
and SiC) NPs were produced from low-cost precursors.11 The
noncarbon precursors (Ti, Zr(OH)4, HfO2, VO2, NbCl5, TaCl5,
Cr, MoCl3, WO3, B, or SiO2 powder) were mixed with the
carbon black to accomplish the CTS growth process. The
heating temperature reached ∼2700 K and ∼3000 K with
different applied voltages, and the discharging time was only 50
ms. Then, the sample cooled down at a high rate of 104 K/s to
get the carbide NPs. The formation of carbide nanoparticles
might follow the inverse gas−solid reaction interface theory. As
the vapor pressure of the noncarbon precursors is higher than
that of carbon (carbon sublimes at an extremely high
temperature of ∼3900 K105), the noncarbon precursors were
volatilized by CTS and reacted with the solid carbon source to
form the carbide NPs with higher catalytic activity than products
formed from traditional carburization process. Besides, CTS
could accomplish the phase-selected synthesis of molybdenum
carbide NPs. By increasing the voltage, i.e., the heating
temperature, pure β-Mo2C, α-MoC1−x, and η-MoC1−x were
synthesized. The ab initio calculation results demonstrated that
the carbon vacancies dominated the energy landscape of the
Mo−C system and drove the topotactic transition from β-Mo2C
to α-MoC1−x and then η-MoC1−x. More importantly, the
ultrafast CTS process permitted the formation of these
metastable phases and helped to retain these metastable phases
kinetically.
Except for the metal carbide, binary alloy NPs were also

synthesized. Using H2PtCl6·6H2O and CoCl2 solution as the
precursors, bifunctional Pt−Co alloy NPs with different
compositions were in situ synthesized by changing the precursor
ratio on the carbon felt.98 By adjusting the duration time of CTS
(1−10 s) and the precursor concentration (0.01−0.04 M), the
size and distribution of the synthesized Pt−Co NPs were well
controlled. Also, the Gibbs free energy (ΔG*O) for the catalyst
surface to bind O intermediates was modulated by changing the
component of the nanoparticle. The Pt−Co NPs with the
optimal component exhibited a ΔG*O of 2.34 eV, close to the
optimal oxygen-binding strength. Seawater battery with this
alloy-NP-loaded carbon felt as the current collector yielded an
improved overpotential and cycle endurance for OER and ORR
reactions.98

More significantly, CTS can fulfill the synthesis of high
entropy alloy (HEA) NPs by taking advantage of the ultrahigh
heating temperature and the ultrafast heating and cooling rate.
In 2018, Yao et al. reported the CTS synthesis of NPs with
binary to octonary components.10 As shown in Figure 8a, the
mixture of metal salt MClxHy (M is Pt, Pd, Ni, Fe, Co, Au, Cu, or
Sn, among others) solutions were loaded onto a conductive
carbon support, e.g., carbon nanofibers (CNFs). The ultrahigh
temperature of 2000 K generated by CNFs caused the complete
decomposition of these metal salts and prompted the formation,
fission, and fusion of liquid metal particles (Figure 8b). So, a
solid solution formed during the 55 ms thermal shock protocol
when binary to octonary metallic elements were mixed to
maximize the mixing entropy. Then, the ultrafast cooling rate
facilitated the kinetic control over the thermodynamic mixing

regimes and enabled the formation of crystalline solid-solution
NPs. In other words, the ultrafast cooling process, quite literally,
“freezes” the mixing state of the liquid particles, leading to the
formation of HEA NPs (Figures 8c and 8d). So, via CTS,
multicomponent NPs with desired chemistry (composition),
size, and phase (solid solution or phase-separated) were
successfully synthesized by controlling the parameters (sub-
strate, temperature, shock duration, and heating/cooling rate).
Unary to octonary NPs were synthesized in this work (Figure
8e).10

Inspired by this innovative work, many researchers have
focused on the CTS synthesis of HEA NPs and provided many
encouraging results in the controllable fabrication and
application of HEA NPs.29,61,107 First, CTS fabrication can
greatly extend the elemental composition of HEA NPs. Usually,
the formation of bulk alloys is guided by the Hume−Rothery
alloying rule.108 The compositions of alloys are limited to similar
elements, i.e., elements with atomic size difference (δ) < 15%,
similar structure, valences, and electronegativity. A small mixing
enthalpy (ΔHmix) of <37 meV (3.57 kJ/mol) is the safe upper
limit for the uniform alloy.109 A similar empirical rule guides the
formation of multicomponent HEA NPs fabricated via conven-
tional methods, such as wet chemistry,110 ball-milling,111 arc
melting,112 etc. The limitations include −15 kJ/mol < ΔHmix < 5
kJ/mol, δ < 5%, and similar confinement.109,113,114 Therefore,
the composition of HEA NPs fabricated by conventional
methods is restricted in a certain region. Fortunately, CTS
motivates a nonequilibrium reaction due to its ultrahigh heating
temperature and ultrafast thermal quenching process. It
overcomes the restriction of immiscibility in selecting the

Figure 8. CTS synthesis of HEA NPs. (a) Precursors loaded on
CNFs, (b) CTS generated by CNFs, (c)HEANPs in situ synthesized
on the surface of CNFs, (d) schematic to show the structure of HEA
NPs, and (e) the octonaryHEANPswith 8 elements. Reprinted with
permission from ref 10. Copyright 2018 AAAS. (f) HEANPs with 15
elements. Reprinted with permission from ref 106. Copyright 2021
Elsevier. (g) HEANPs with 21 elements. Reprinted with permission
under a Creative Commons CC BY License from ref 58. Copyright
2022 Oxford University Press. Both the scanning electron
microscope (SEM) and energy dispersive X-ray detector (EDX)
images are displayed in (e−g), while the high-angle annular dark
field-scanning transmission electron microscope (HAADF-STEM)
image of the NPs was shown in (e).
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elemental composition of HEA NPs.115 Thus, a variety of
elements have been incorporated together via CTS, including
the AlCoCrCuFeNi,61,116 FeNiCoCrMn,29,32 noble alloy
systems,107,117 and their derivatives, e.g., high entropy metallic
oxide (HEO)32,118 and high entropy metallic carbide (HEC).95

The number of mixed elements is progressively increasing. Yao
et al. reported the successful synthesis of octonary HEA NPs
(PtPdCoNiFeCuAuSn),10 and they further mixed 15 elements
(PtPdRhRuIrAuCuFeCoNiCrMnWMoSn) to form HEA NPs
(Figure 8f).106 Very recently, an ultramixedHEANP systemwas
realized by incorporating 21 elements (FeCoNiCrYTiV-
CuAlNbMoTaWZnCdPbBiAgInMnSn) together (Figure
8g).58 It is foreseeable that more elements will be mixed in
HEA NPs via CTS.
Second, CTS can control the size of the as-synthesized HEA

NPs. The duration of CTS and the heating/cooling rate greatly
affect the size, distribution, and structure of the obtained HEA
NPs. Narrow size distribution and uniform dispersion of HEA
NPs were achieved across the carbon support by adjusting the
key parameters of CTS and the defect level of the carbon
support.10 The size of HEA NPs increased with the increasing
duration of CTS, and the decreasing cooling rate would cause
the phase separation, aggregation, structural crystallinity, and
nonuniform particle dispersion of the HEANPs. In addition, the
surface defects of the carbon support, especially the O*
residuals, would drive the movement of liquid metal by O*
harvesting and thus the fusion of liquid NPs to form single-phase
alloys. So, the defect level and distribution would directly affect
the size distribution and site dispersion of the formed HEANPs.
In another work, through the defect engineering of the carbon
support and the optimization of precursor loading, the particle
size of as-synthesized HEA NPs was robustly tuned from >50
nm to <1 nm with the increasing defects, and meanwhile, the
dispersion density was greatly improved.94 Song et al. revealed
that except for O* residuals, the sp3-hybridized C�C also
helped tominiaturize the size of as-synthesized HEANPs.42 The
high content of sp3-hybridized C�C bonds contributed to the
formation of the uniformly dispersed ultrasmall HEANPs on the
carbon supports and caused a high surface coverage.
Third, CTS can fulfill the structure-controlled synthesis of

HEA and other NPs. By controlling the CTS parameters,
especially the maximum temperature (Tmax), Lu et al.
synthesized interesting Janus homologous heteronanoparticles,
in which transition metal (TM) alloys and transition metal
sulfides (TMS) were sewed together to form the TM/TMS
heterostructures (Figures 9a−d). Unary to quaternary TM/
TMS NPs, e.g., Co/Co9S8, Fe/FeS, Ni/Ni3S2, FeNi/(FeNi)9S8,
FeCo/(FeCo)S, CoNi/(CoNi)9S8, FeCoNi/(FeCoNi)9S8, and
FeCoNiCu/(FeCoNiCu)9S8, were synthesized on the surface of
CNFs by varying the component of precursors. The sulfuration
and carbothermal reduction coexisted and competed with each
other, which caused the formation of the Janus heterostructures
at the proper temperatures. Taking Co/Co9S8 as an example, it
formed in a moderate temperature range of 980−3600 K, and
meanwhile, the proportion of Co increased with the rising
temperature (Figure 9e). At temperatures of ≤980 K or >3600
K, only Co9S8 or Co existed, respectively. With this well-
controlled Janus homologous heterostructure, this work
provided an efficient method to modify the electrochemical
performance of these TM/TMS NPs by tuning the active sites
and their synergistic effect for oxygen reduction and evolution
reactions (ORR and OER).

Utilizing the difference in the vapor pressures of Fe and Co at
high temperatures, core−shell structured CoFePx-Fe nano-
particles were fabricated via CTS (Figure 9f).120 Carbonized
basswood with numerous vessel channels was used to generate
CTS, and a current pulse was applied to the carbonized wood for
0.5 s to trigger the ultrashort CTS with maximum temperatures
of 1200−1400 K. The ethanol solutions containing Fe(NO3)3,
Co(NO3)2, and trioctylphosphine oxide were dispersed in the
carbonized bass wood to serve as the precursors. At high
temperatures, phosphorus atoms quickly bonded with the
carbon matrix via oxygen displacement, and then Co and Fe
solidified, alloyed, and bonded with the P atoms anchored on the
carbon matrix to form metal phosphide nanoparticles. Since the
vapor pressure of Fe is 4 times that of Co, partial Fe deposited
more slowly than Co and thus coated on the surface of the
preemptively agglomerated CoFePxNPs to form the core−shell
structure. The inner CoFePx core possessed excellent activity
toward OER, while the Fe shell (about 2 nm) protected the
CoFePx core and dramatically enhanced its stability without
degrading the catalytic activity.120

All the research works mentioned above have identified the
power of CTS in the controllable synthesis of NPs. It can
effectively prevent the agglomerating and coarsening of formed
NPs and guarantee good dispersity on the surface of carbon
matrices.121 Through the careful design of precursors (elemen-
tary composition and amount), carbon matrix (defect
concentration), and key parameters of CTS (temperature,
heating/cooling rate, duration, number of shocks, and pressure),
it is very efficient to tune the composition, size, structure, and
distributions of the as-synthesized NPs via CTS and thus modify
their properties according to the requirements of different
applications. In other words, CTS can implement the
customized preparation of NPs for specific applications, such

Figure 9. Structure-controlled synthesis of NPs via CTS. (a)
Schematic of the Janus homologous heteronanoparticles, (b)
morphology of the heteronanoparticles, (c, d) distribution of Co
(c) and S (d) in the heteronanoparticles, and (e) temperature-
controlled structural evolution of the nanoparticles. Reprinted with
permission from ref 119. Copyright 2022 John Wiley and Sons. (f)
Core−shell CoFePx-Fe nanoparticle, including its structure,
morphology, and elemental distribution. Reprinted with permission
from ref 120. Copyright 2019 Elsevier.
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as ORR,122 OER,123 hydrogen evolution reaction (HER),124

CO2RR,
125 photothermal therapy,126 etc. These superiorities

will encourage the intense research of the CTS synthesis of
functional NPs and bring it into real applications.
3.2.1.2. Single Atom (SA). SA has become one of the most

popular research frontiers and attracted lots of attention in fields
of heterogeneous catalysis,127 energy storage and conversion,128

environmental remediation,129 biosensing and biomedicine,130

etc. The controlled synthesis of SAs is the first and foremost
prerequisite to delve into these applications. Recently, CTS has
shown its competence in the controlled fabrication of
SAs.131−134 Compared to the wet chemistry methods (e.g.,
sol−gel and ion-exchange),135 thermochemical methods,136 and
electrochemical methods,137 CTS can realize the ultrafast
synthesis of various SAs and the control over the density and
distribution of formed SAs. Meanwhile, it can prevent the
isolated SAs from thermodynamically spontaneous agglomer-
ation and thus stabilize the formed SAs. So, CTS will accelerate
the research and application processes of SAs.
As reported by Yao et al.,30 Pt SAs were in situ decorated on

the surface of CNF via CTS with the salt precursor (H2PtCl6)
(Figure 10a). The temperature of the periodic on−off heating
was controlled at 1500−2000 K, and the duration of the on-state
was 55 ms while the off-state was 550 ms (Figure 10b). CTS
disassembled the Pt clusters, and just after one thermal shock,
high-density SAs together with Pt nanoclusters were observed
on the surface of CNFs, as shown by the HAADF-STEM images
(Figure 10c). The amount of SAs increased with the increasing
number of thermal shocks. Almost only SAs existed and were

distributed uniformly on the CNFs after ten shocks (Figure
10d). This evolution was further confirmed by the macroscopic
extended X-ray absorption fine structure (EXAFS) character-
ization. Both the Pt−Pt bond (Pt cluster) and Pt−C bond (Pt
SA) were observed after one thermal shock, while almost only
Pt−C bonds existed after 10 thermal shocks. The high
temperature and short shockwave heating were necessary for
forming SAs. Generally speaking, the high temperature provided
the activation energy to disperse Pt atoms and bond them with
the carbon matrix, while shockwave heating prevented the long-
range diffusion and agglomeration of these atoms. Besides, the
defects in CNF were also crucial for the formation of SAs as they
bound the mobile single atoms onto the carbon matrix. So, high-
density SAs formed on the surface of CO2-activated CNFs with
improved defect concentration and the presence of micropores
(i.e., carbon vacancies). Moreover, the covalent Pt−C bond
between SAs and CNFs endowed these SAs with high structural
stability. Pt SAs and Pt−C bonds survived from harsh
conditions, e.g., a long-time high-temperature condition of
1273 K. So, these CTS-synthesized SAs supported on
conductive CNFs are very favorable for catalyst applications
like CO oxidation and methane conversion in which high
temperature exists.
CTS has been proved to be a facile and universal method for

the synthesis of different SAs (e.g., Pt, Co, and Ru) on different
substrates (e.g., CNF, rGO, C3N4, and TiO2) by changing the
precursors and heating method (current or microwave
irradiation).30 Except for these monoplasmatic SAs, Xing et al.
also reported the synthesis of atomic CoNx moieties in the

Figure 10. Synthesis of SAs via CTS. (a) Schematic to show the synthesis process and the structure of the CNF-supported SAs, (b) temperature
profile of the CTS process, while the inset picture shows the light-emitting CNF filmwhich has been heated up to 1500K, (c)morphology of the
cluster + SAs and (d) pure SAs synthesized with one and ten thermal shocks, respectively. Reprinted with permission from ref 30. Copyright
2019 Springer Nature. (e) Schematic to show the atomic CoNx moieties supported on the graphene, (f) morphology of the CoNx moieties, and
(g) elemental composition analysis of the CoNx moieties. Reprinted with permission from ref 138. Copyright 2022 Springer Nature.
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graphene matrix.138 Within the 2-s CTS process, nitrogen and
cobalt atoms were codecorated into graphene at the defective
sites (Figure 10e). Co and N atoms were uniformly distributed
throughout the graphene flake, as depicted in Figures 10f and
10g. Further, the XPS characterization confirmed the bond
between Co and N by the deconvoluted peak, which arose from
N−Co/pyridinic N at 398.5 eV. These highly active CoNx
moieties made the hierarchically porous graphene-based Co−
N−C single-atom monoliths a good electrode for the hydrogen
evolution reaction.
The CTS-synthesis technique of SAs is developing rapidly.

Researchers have an initial understanding of its kinetics and
mechanism. However, the synthesis process of SAs is similar to
that of the aforementioned NPs. The key parameters that
determine the form of the product, i.e., NP or SA, need to be
ascertained. Besides, only monocompositional SAs were
synthesized in the works mentioned above. To extend the
functionality of SAs, the technique to synthesize bi- or even
multicompositional SAs should be developed. Moreover, the
map to show the effect of the composition, concentration, and
distribution density on the performances of SAs should be
drawn to guide the CTS synthesis of SAs supported on carbon
matrices. All these efforts will dramatically improve the
serviceability of CTS-synthesized SAs in different areas, such
as catalysis, environmental remediation, biosensing, and
biomedicine.
3.2.2. Growth of 1D CNT.CTS generated by carbonmaterials

can, in turn, serve as the energy motivation to activate the
growth of CNTs. Wang et al. reported the ultrafast CTS growth

of CNTs on the surface of carbonized silk fabric (CSF) within
just one second (Figure 11a).17 The mixed ethanol solution of
two nitrate salts, e.g., Co(NO3)2-Cu(NO3)2, Fe(NO3)3-Cu-
(NO3)2, or Ni(NO3)2-Cu(NO3)2, was loaded on the heating
element of CSF to catalyze the growth CNTs and provide the
carbon source. As shown in Figures 11b−e, fluffy CNTs (12.6
nm in diameter and 1.5 μm in length) were grown on the surface
of CSF fibers when the CSF was heated up to 1700 K at a ramp
rate of 105 K/s with the pulse voltage input (40 V for 50 ms).
During this process, the applied voltage, i.e., the heating
temperature, rather than the duration of thermal shock,
controlled the formation of CNTs. As revealed by the authors,
liquid alloy catalyst droplets formed from the nitrate salts only
when the input voltage was high enough (40 V) to generate a
high temperature (1700 K). CO2 gas released from the CSF
surface and generated by the carbon metabolism reaction drove
the quick move and split of the liquid alloy droplets to form the
uniformly distributed catalytic NPs. Then, with the absorption
of carbon fragments formed from the pyrolysis of ethanol, CNTs
were catalytically grown with a high efficiency and at a high
speed (Figure 11f). The whole CTS growth was completed in 50
ms or less. Following this strategy, CNTs were grown on
different carbon matrixes and with different catalysts (Figure
11g). All these results showed CTS’s high efficiency and
feasibility in the growth of CNTs.17

Interestingly, another work reported that CNTs can be
synthesized using high-entropy oxide (HEO) as the catalyst to
form the HEO−CNT nanocomposite and the reduced nano-
composite (rHEO−CNT).139 The authors found that HEO

Figure 11. Synthesis of 1D CNT via CTS. (a) Schematic to show the growth process, (b) temperature profile of the CTS, (c) the fluffy
morphology of the CNT-covered CSF after the growth, (d) Raman spectra of the original CSF and the CNT-covered CSF, (e) TEM image of the
as-grownCNT, (f) schematic illustration of the growthmechanism, and (g) CNTs grown on different carbonmatrix andwith different catalysts.
Reprinted with permission from ref 17. Copyright 2022 Springer Nature.
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nanoparticles showed high catalytic efficiency. An unexpectedly
high yield of CNTwas achieved.With the use of 100mg of HEO
nanoparticle, 1.5 g of rHEO−CNT or 1.2 g of HEO−CNT
nanocomposites were produced with or without H2 gas as the
reductant. The HEO NPs can also act as the electrochemistry
catalyst when the HEO−CNT or rHEO−CNT nanocomposite
is used in different electrochemical reactions. The HEO NPs
were well encapsulated inside the as-grown CNTs, making them
quite stable in electrochemical reactions. So, combining the high
electrical conductivity, high surface area, good mechanical
stability, and excellent electrochemical redox activity, the
HEO−CNT nanocomposite showed great potential in the
application of electrochemical capacitors.139 Unfortunately, the
HEONPs were fabricated by using the sol−gel autocombustion
technique while the CNTs were grown through a conventional
furnace CVD process in this work. The synthesis process
involved many complicated steps and was highly time- and
energy-consuming. As mentioned above, both the HEO and
CNT can be synthesized via CTS. So, by taking advantage of
CTS, CNTs can be ultrafast synthesized in one pot through
sequential operations, i.e., loading of catalyst precursors�CTS
synthesis of HEO�injection of carbon source�CTS growth of

CNTs, and the mass production can be achieved by repeating
the growth sequence.
These works have demonstrated the efficacy of CTS in

synthesizing 1D materials. However, only CNT has been
successfully grown via CTS. It figuratively forms an interesting
“from carbon to carbonene” growth route. Next, intense studies
are needed to go beyond the “from carbon to carbonene” growth
and realize the CTS synthesis of other 1D materials. A thorough
study is in urgent demand to comprehend the reaction kinetics
and growth mechanism behind this ultrafast synthesis process.
Meanwhile, more works are needed to extract the key growth
parameters that determine the growth result, and strict
regulation on the extracted parameters will enhance control
over the dimensions of synthesized 1D materials, e.g., diameter,
length, wall number, and wall thickness.
3.2.3. Growth of 2D Materials. The controllable synthesis of

2D materials has been intensely studied in the past several years,
which will lay the solid foundation for their application as
structural and functional materials in electronic, optoelectronic,
catalytic, and energy devices. Now, CTS has provided an
ultrafast route to synthesize 2Dmaterials with special structures,

Figure 12. CTS synthesis of 2D materials. (a) Schematic to show the growth setup of FG, (b) HR-TEM of the coffee-derived FG, (c) Raman
spectra of the coffee-derived graphene, (d−f) morphologies of FG derived from carbon black (d), anthracite coal (e), calcined coke (f), and
coffee (g). Reprinted with permission from ref 143. Copyright 2020 Springer Nature. (h) BCN, its structural schematic, morphology, and
elemental distribution shown by BF-STEM, HAADF-STEM, and EDS images, and the exfoliated BCN grown via CTS. Reprinted with
permission from ref 144. Copyright 2022 American Chemical Society. (i) Porous graphene, its structural schematic, and its morphology and
structure shown by the SEM and TEM images. Reprinted with permission from ref 145. Copyright 2023 John Wiley and Sons.
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such as porous, cage-like, and flat graphene, from low-cost
precursors or even wastes.
Recently, CTS has been intensely employed in synthesizing

high-quality graphene film by conducting current through the
metal substrates, and mass production has been achieved
through a roll-to-roll method.140−142 The application of CTS
also facilitates the ultrafast growth of graphene powder and
framework (the products are usually called flash graphene, FG).
For example, using CTS, Luong et al. synthesized high-quality
FG on the gram scale from low-cost carbon sources, such as coal,
petroleum coke, biochar, carbon black, discarded food, rubber
tires, and mixed plastic wastes.143 The growth setup is shown in
Figure 12a. Amorphous conductive carbon powder was loosely
condensed in a quartz or ceramic tube by two electrodesmade of
copper, graphite, or other conductive refractory material. A
capacitor bank was used to generate high-voltage electric
discharges to heat the carbon source to 3000 K within 100 ms.
During this short process, the carbon black was converted to
turbostratic FG (Figure 12b). Raman characterization demon-
strated that the product from carbon black had an intense 2D
peak and extremely lowDband, and the intensity ratio of 2D and
G bands (I2D/IG) reached 17 (Figure 12c). The X-ray diffraction
pattern showed a well-defined (002) peak at the diffraction angle
2θ = 26.1°. Meanwhile, the high-resolution transmission
electron microscopy (HR-TEM) showed the highly crystalline
feature of the as-obtained FG, in which the turbostratic structure
with an average size of 13 nm was observed. All these
characterization results demonstrated that high-quality FG was
successfully synthesized during the short CTS-activated reaction
process (reaction time <1 s).
Other precursors, including coffee, charcoal, biochar, humic

acid, keratin (human hair), lignin, sucrose, starch, pine bark,
olive oil soot, cabbage, coconut, pistachio shells, potato skins,
rubber tires, mixed plastic, polyethylene terephthalate (PET or
PETE), high- or low-density polyethylene, polyvinyl chloride,
polypropylene, and polyacrylonitrile, were also converted into
FG. However, the microstructures of the FGs obtained from
different precursors were quite different (Figures 12d−g). For
example, the carbon-black-generated FG showed a porous
structure with a surface area of about 295m2/g and a pore size of
<9 nm (Figure 12d). Similar results were observed in calcined
petroleum-generated FG, whose average size increased to about
17 nm (Figure 12f). In contrast, anthracite coal and coffee were
converted into folded FG sheets with average sizes of 0.5 and 1.2
μm (Figure 12e and 12g), respectively. And the product was a
mixture of monolayer and turbostratic FGs. Ignoring this
difference, CTS provides a universal method to fabricate FGs.
More importantly, Luong et al. realized the gram-scale
production of FG in less than one second. The yield was high,
about 80% to 90%, depending on the precursors’ carbon
content. The electric energy cost for this CTS conversion was
about 7.2 kJ/g, much lower than that of conventional CVD
synthesis. So, it provides a practical method to realize the mass
production of high-quality graphene with low cost and low
energy consumption via CTS.
Inspired by this work, graphene was produced from various

low-cost or even waste materials, such as rubber and various
plastic waste.25,146−152 However, the precursor type, composi-
tion, structure, and the CTS parameters greatly affect the
morphology and elemental composition of the products.
Though some works demonstrate that the high temperature
generated during the CTS process fully removed the noncarbon
atoms (e.g., hydrogen, oxygen, chloride, and nitrogen) from the

precursors, e.g., poly(vinyl chloride), to produce intrinsic
FG,148,151 flash nitrogen-doped graphene (FNG) was synthe-
sized via CTS by using the mixture of carbon black and urea as
the precursor (Figure 12h).144 More heteroatom-doped FGs
were synthesized via CTS with different dopants.153 Single-
element-doped FG (boron, nitrogen, oxygen, phosphorus,
sulfur), two-element-co-doped FG (boron and nitrogen), and
three-element-co-doped FG (boron, nitrogen, and sulfur) were
successfully synthesized by using elements (M), oxides (MOx),
or organic compounds (CxHyM) as the dopants. Compared to
the intrinsic FG, these heteroatom-doped FGs not only had
similar good quality, expanded interlayer spacing, and superior
dispersibility but also showed greatly improved electrochemical
performances, especially for the sulfur-doped FG.153

Except for the elemental composition and atomic structure,
the microstructure of the as-synthesized graphene can also be
modified via CTS. For example, Zhou et al. successfully
synthesized porous graphene frameworks (Figure 12i).145 To
realize this, sucrose and zinc nitrate hexahydrate were mixed and
reacted at 180 °C in air to generate porous carbon. Then, the
product was annealed at 750 °C in a tube furnace with the
protection of Ar gas. At this point, porous carbon was produced
with quite low crystallinity. After being immersed in the dilute
hydrochloric acid to remove ZnO, the porous carbon was loaded
in a quartz tube to perform the CTS treatment with different
discharging voltages. A short thermal shock with a duration of
300−1000 ms fully converted the amorphous porous carbon
into highly crystalline porous FG. The crystallinity was well
controlled by tuning the duration of CTS. Both micro- and
mesopores existed in the as-synthesized porous FG with a
specific surface area of 503 m2/g, while nanopores ruptured
during the short CTS process. The synthesized porous graphene
showed superior electrical conductivity, which will facilitate the
formation of the conductive network when being added to
composite materials with a low filling content. The high
electrical conductivity, porous structure, and tunable defect level
made this porous graphene a good candidate for electro-
magnetic wave absorption.
In short, CTS provides a simple, low-cost, ultrafast, and

environmentally friendly method to convert different carbon-
rich materials into graphene. It is easy to realize the mass
production of graphene, and the energy consumption was quite
low, in the range of 1.2−23 kJ/g for CTS,153,154 while the energy
consumption is at a high level of 500−1640 kJ/g for the
graphene powder exfoliated through the conventional Hummers
method and 1.7−199 kJ/cm2 for the CVD-grown graphene
film.155−157 Besides, CTS can convert low-cost material or even
waste into graphene, which will help to dispose waste materials
and upcycle the value of wastes. It not only echoes the concept of
green manufacturing but also provides significant economic
advantages and environmental benefits to fulfill a circular
economy. For the CTS synthesis of other nanomaterials, e.g.,
HEA NPs, SA, and CNTs, although there are no quantitative
reliable data to illustrate the mass production ability and energy
consumption, the production can be easily scaled up, and the
energy consumption must be kept at a low level owing to the
ultrafast synthesis process, the localized in situ heating mode,
and the high heating efficiency of carbon heating elements. So, it
is foreseeable that CTS will find its wide application in the mass
production of nanomaterials. At present, the CTS synthesis
technique is still in its infancy. More efforts are needed to
address the ambiguity and uncertainty in the kinetics of and the
growth mechanisms behind the ultrafast high-temperature
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reactions to further improve the controllability over the CTS
synthesis of nanomaterials, e.g., to realize the composition/size-
controlled synthesis of HEA NPs or the diameter/chirality-
controlled synthesis of single-walled CNTs.
3.3. Sustainable Management of Solid Waste.With the

rising income, population, urbanization, and industrialization, a
lot of municipal solid waste (MSW) is generated every
day.158,159 1.9−2.01 billion tons of MSW is produced worldwide
per annum, and the amount is expected to increase to the range
of 3.04−5.09 billion by 2050.160−162 Most of these MSW is
progressively concentrated inmetropolitan areas. A conservative
estimate, more than 33% of the MSW is not handled in an
ecologically sustainable method.163 The huge amount of MSW
is causing great economic losses and drastically impacting the
environment and human health.164 The sustainable manage-
ment of MSW has become one of the urgent world-class
problems to be solved. The emergence of the CTS technique
provides several alternative approaches to realize the sustainable
treatment of MSW (e.g., plastic and rubber) and many other
wastes (e.g., biomedical and agricultural wastes).
3.3.1. Upcycling of Plastic and Other Carbonaceous

Wastes. As mentioned above, the ultrahigh heating temperature
and ultrafast heating/cooling rate endow CTS with the ability to
convert different carbonaceous wastes into FG with a
surprisingly low level of energy consumption.143 Following
this strategy, various carbonaceous wastes, including plastic,

rubber, asphaltenes, and biomasses, can be upcycled in an eco-
friendly way.146,148−151,165−168 The concrete implementing
method has been introduced in Section 3.2.3, and nano- or
microscale FG with different morphologies can be obtained
within only several shocks. Except for these waste materials,
other carbonaceous materials, such as leaves, wood wastes,
vegetable wastes, rice husks, papers, and textiles, can also be
converted into FG. The gross amount of carbon in solid wastes
now has exceeded 1300 Mt and is expected to be over 2100 Mt
(2.1 × 1012 kg) in 2050.169 CTS has the power to fulfill the waste
valorization by upcycling these solid wastes into high-valued FG,
and meanwhile, it can avoid the shortcomings of the
conventional waste disposal methods, e.g., landfilling, open
dumping, incineration, and pyrolysis. For example, landfilling
and open dumping occupy many territories and seriously pollute
the environment because many kinds of contaminants are
released, including but certainly not limited to greenhouse gases,
hazardous gaseous pollutants, volatile organic compounds, and
toxic leachate.170−173 For incineration, though it can signifi-
cantly reduce the mass and volume of waste by 70−80% and
80−90%, respectively, and thus ease land scarcity, it generates a
lot of polluting gases, including SOx, NOx, COx, and
polyaromatic hydrocarbon.170,174,175

It is ecologically and economically beneficial to upcycle solid
waste into high-valued FG via CTS. Jia et al. have pointed out
that this upcycling method can greatly decrease the overall life-

Figure 13. Depolymerization of plastics via CTS. (a) The whole setup for the CTS-triggered depolymerization of plastics, (b) schematic to show
the process andmechanism of the CTS-triggered depolymerization, (c) schematic to show the depolymerization process of PP, (d) temperature
maps to show the temperature gradient and evolution of the heater and reactor layers, (e) temporal temperature profiles recorded at four
representative regions to show the temperature evolution process, (f) SEM images to show the wicking and vaporization process of PP, (g)
comparison of the C3H6 monomer yield between the CTS-triggered depolymerization and conventional catalyst-free pyrolysis, and (h)
comparison of the C3H6 monomer yield between CTS-triggered depolymerization and other methods with the utilization of different catalysts,
reaction media and processes. Reprinted with permission from ref 177. Copyright 2023 Springer Nature.
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cycle environmental impacts by more than 10 folds compared to
the conventional approaches.167 To be specific, the climate
change impact based on the production of 1 g graphene from the
four biomass feedstocks, i.e., sawdust, wheat, straw, corn straw,
and rice straw, calculated through the ReCiPe 2008 method is
only in the range of 2.73−11.5 g CO2e per g for CTS-
synthesized FG. But for other graphene fabrication methods, the
climate change impact falls in the range of 49−407 g CO2e at the
lab scale and 28−407 g CO2e at the commercial scale,
respectively. The fossil depletion impact is about 1.81−3.97 g
oil-eq, while it is at a high level of 43.8−102 g oil-eq for the
traditional technologies at the lab scale. Other impacts,
including terrestrial acidification impact, metal depletion, and
particulate matter formation, are also at a low level, all less than
10% of that of the traditional graphene fabrication methods. In
another work, Wyss et al. demonstrate that the cumulative
energy demand (CED), the global warming potential (GWP),
and the cumulative water use (CWU) needed to upcycle vehicle
waste plastic into FG via CTS reduce by 88%, 85%, and 93%,
respectively, in comparison with the ultrasonication synthetic
method of graphene. Compared to the chemical exfoliation
method, CTS also affords an 80%, 80%, and 97% reductions in
CED, GWP, and CWU, respectively.176

Recently, Prof. Hu’s team proposed another breakthrough
route to recycle plastic waste via CTS, i.e., to depolymerize
plastics into constituent monomers for subsequent repolyme-

rization.177 Figure 13a shows the whole setup, while Figures 13b
and 13c schematically depict the process and mechanism of the
CTS-triggered depolymerization of plastics. A porous bilayer
carbon felt is set above and in contact with the solid plastic
reactant (Figure 13a). The top layer serves as the heating
element, while the bottom layer acts as the reactor layer. When a
pulsed electrical current is applied to the top heater layer, the
Joule heat will be generated and conducted from the top layer to
the bottom reactor layer and then to the underlying plastic
reactant (Figure 13b). The plastic then will melt and decompose
continuously at sufficiently high temperatures as the molten
plastic can wick upward inside the porous carbon felt with the
driven capillary force. Figure 13c schematically shows the
depolymerization of polypropylene (PP) into propylene. To be
specific, the evolution of the spatial temperature gradient
generated by a pulse voltage (22 V for 0.11 s and 0 V for 0.99 s) is
exhibited in Figure 13d. The temporal temperature profiles were
recorded at four different regions, including the interfacial
region between the heater reactor layers (red trace) as well as the
top, middle, and bottom sections of the reactor layer (pink,
green, and blue traces, respectively), as shown in Figure 13e. The
temperature gradient ranges from 475−600 °C at the interfacial
region to about 320 °C at the bottom section of the reactor layer.
And the maximum heating temperature recorded at the
interfacial region evolves from about 475 to 600 °C when the
current is turned on and then back to 475 °C.

Figure 14. Recycling of LIBs. (a) Schematic to summarize the recycling strategies. (b) Regeneration of spent graphite anode, during which the
spent thick graphite was converted into thin graphite, and the SEI layer was removed. Reprinted with permission under a Creative Commons
CC BY 4.0 License from ref 178. Copyright 2022 John Wiley and Sons. (c) Reuse of valuable metals. The spent cathode NMC was turned into
catalytically activeNi/Ni-MnCo-O composites. Reprinted with permission from ref 180. Copyright 2022 Springer Nature. (d) The extraction of
valuable metals from the spent cathodes. NCMwas reduced to Li2O, Co, Ni, andMnO by CTS, and then thesemetals were leached by water and
dilute acid to fulfill the high-efficiency recycling. Reprinted with permission from ref 181. Copyright 2023 John Wiley and Sons.
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The vertically distributed spatial temperature gradient and the
periodic high peak temperatures are critical for the continuous
melting, wicking, vaporization, and reaction of the underlying
plastic. They enable a high degree of depolymerization and
suppress unwanted side reactions. So, a high C3H6 monomer
yield of 35.5% ± 6.2% for PP is achieved without further
optimization. As shown in Figures 13g and 13h, this yield is
much higher than other catalyst-free pyrolysis methods and even
many optimized with-catalyst methods. For poly(ethylene
terephthalate) (PET), this CTS-triggered depolymerization
can also give a high monomer yield of 43%. Next, with the
introduction of catalysts and the further modification of the
material properties of the reactor layer (e.g., pore shape, pore
size and distribution, and surface energy) and the heating
program (e.g., heating duration, frequency, maximum temper-
ature, and temperature distribution), the product yield can be
further improved, and meanwhile, the energy cost can be further
reduced. When moving beyond the proof-of-concept demon-
strations, this CTS-triggered depolymerization strategy holds
great potential for converting many solid wastes, including
plastics, biomass, and other supramolecules, to their monomers
for the next sustainable and energy-efficient manufacturing of
value-added chemicals.
3.3.2. Recycling of Li-Ion Battery.With the wide-scale use of

Li-ion batteries (LIBs), lots of batteries have been scrapped now
and there will be more spent batteries in the future. It has
become a world-class problem to recycle and reuse these dead
Li-ion batteries efficiently with low power consumption, low
time consumption, and high environmental friendliness. CTS
has show great potential in this area and will be a vital force to
recycle and reuse the carbon electrode and valuable metals, as
schematically shown in Figure 14a. As reported by S. Dong et al.,
the binder and solid electrolyte interphases (e.g., LiF and
Li2CO3) in the graphite anode were removed by thermal
decomposition or volatilization after being treated by CTS.178

Meanwhile, the high-temperature CTS converted the spent
graphite into flash graphite (F-RG) with a reconstructed
structure, reduced impurity, and larger surface area (Figure
14b). The regenerated F-RG recovers the multiplier and cycle
performance or even shows higher performance. The energy and
energy consumption are quite low to recycle the spent graphite
anode in this way, which is at the level of 112 kJ/g and 77 CNY/
ton. This work highlights a promising CTS method to recycle
spent graphite anodes and reuse them in LIBs. In another work,
Luo et al. confirmed that the regenerated defect-rich graphite
has a high charging specific capacity of 323 mAh/g, out-
performing commercial graphite with a charging specific
capacity of 120 mAh/g.179 Zeng et al. reported that the
supercapacitor made of porous carbon electrodes recycled by
CTS has a high energy density of 35 Wh/kg and a high power
density of 875 W/kg in EMIMBF4 ionic liquid. These results
demonstrate that CTS-triggered recycling will not only help to
solve the problem of environmental pollution and relieve
environmental stress caused by spent LIBs but also create greatly
improved economic benefits owing to the high application value
of regenerated products.
For the valuable metals, two different strategies are used to

recycle them from the spent cathodes or anodes via CTS. The
first is to convert themetals into catalytically active materials and
reuse them in other electrochemical applications. As reported by
Zheng et al., the spent cathodes (LiNi0.8Mn0.1Co0.1O2, NMC for
short) were turned into Ni/Ni-MnCo-O (N/NMCO) via
CTS.180 The regenerated composite exhibits a high catalytic

activity and can be directly used in oxygen evolution, oxygen
reduction, hydrogen evolution reactions, and Zn-air batteries.
To realize this, the spent cathodes were loaded onto a carbon
cloth to perform the CTS treatment, i.e., heated up to 750 °C for
1−2 s at a heating/cooling rate of 104−105 K/s. During this
process, part of the metastable Ni3+/Ni4+ ions in the spent NMC
were reduced to zerovalent Ni NPs while the other part of Ni3+/
Ni4+, Co3+/Co4+, and Mn4+ cations became their respective
oxides, and hence the N/NMCO composite formed after the
short CTS treatment (Figure 14c). Significantly, the quick
thermal shock not only lowered the power consumption but also
facilitated the formation of NPs and the coexistence of mixed
transition metal oxides. All these beneficial structural and
componential features made the regenerated N/NMCO
nanocomposite highly catalytically active in HER, ORR, OER,
and Zn-air battery, surpassing the performance of convention-
ally used Ir/C, Pt/C, etc.180 Moreover, as reported by other
works, the rapid calcination realized by CTS can lower the
concentration of surface oxygen vacancies, reduce the content of
Mn3+, and suppress the formation of surface reconstruction
layers in the synthesized LiNi0.5−xMn1.5+xO4 cathode,

182 and the
ultrafast nonequilibrium high-temperature shock can introduce
Li−Fe antisite defects and tensile strain field into the lattice of
LiFePO4 cathode, which will create more diffusion channels and
promote the isotropic two-dimensional interchannel Li+
hopping toward better charging performance and cycling
stability in LIBs.183 So, CTS has become a powerful method
to recycle and reuse spent batteries, especially in the
regeneration of electrode materials.184

The second strategy is to extract valuable metals from the LIB
cathodes. Taking the spent LiNi0.3Mn0.5Co0.2O2 (NCM352)
cathode as an example, after being CTS treated at 2200 °C for 20
s in the argon atmosphere, it decomposed and reduced to Li2O,
Co, Ni, and MnO.181 Then, Li was selectively water-leached
with an efficiency of >90% (Figure 14d). Other metals, i.e., Co,
Ni, and MnO, were subsequently recycled through dilute acid
leaching with efficiencies of >98%. For this recycle strategy, the
temperature and duration of CTS are very important to improve
the leaching efficiency. NCM325 was fully reduced to Li2O, Co,
Ni, and MnO only when the applied current reached 180 A
(∼2100 °C) for 30 s or 200 A (∼2200 °C) for 20 s. However,
higher CTS temperatures (>2200 °C) caused the evaporation of
Li and the encapsulation of Li or Li2O in the calcined products,
which lowered the leaching efficiency. The authors have
confirmed that with optimal parameters, CTS can recycle
various spent Li-ion batteries, including NCM111, Li-
Ni0.5Co0.2Mn0.3O2, LiNi0.6Co0.2Mn0.2O2, LiNi0.8Co0.1Mn0.1O2,
LiCoO2 (LCO), and LiMn2O4 with high leaching efficiencies.181

Recently, many works have recycled or reused Li-ion batteries
via CTS and confirmed the superiority of this strategy.185,186

Interestingly, to recycle valuable metal, the graphite anode can
be directly used as the heating element to generate CTS, further
improving resource utilization and reducing the cost of treating
dead batteries.185 Overall, the use of CTS in the regeneration
and recycling of Li-ion batteries can lower energy and time
consumption, simplify operation steps, improve efficiency, and
reduce pollution as well as greenhouse gas emissions. As
estimated by Chen et al., the water consumption, energy
consumption, and greenhouse gas emission to produce 1 kg
CTS-recycled graphite anode are 20.06 L, 14.3 MJ, and 1.85 kg,
respectively. All these values are lower than that of natural
graphite from mined ore (105.94 L, 35.34 MJ, and 4.9 kg),
synthetic graphite prepared from hard coal and crude oil (247.55
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L, 371.25 MJ, and 105.94 kg), and calcination-recycled anode
(33.0 L, 28.76 MJ, and 3.78 kg).187 So, CTS will become one of
the most promising and reliable techniques to solve the world-
class problem of recovering spent Li-ion batteries. Next, this
recycling method’s recovery efficiency and environmental
conservation should be further evaluated to confirm whether it
echoes the green manufacturing strategy before its practical
application by resource recycling companies.
3.3.3. Urban Mining. Electrical and electronic equipment

(EEE) is improving people’s way of life and has become
contemporary in the contemporary world. The quantity of
electrical and electronic equipment utilized worldwide increased
by 2.5 Mt annually.188 When looking at another facet of EEE,
53.6 Mt electronic waste (e-waste) was generated in 2019
worldwide from damaged or obsolete devices, and the number
will reach 74.7 Mt by 2030.189 E-waste contains a lot of valuable
and dangerous metals, and the concentrations of some precious
metals in e-waste are much higher than those in ores.190

Recycling valuable metals from e-waste, i.e., urban mining, has
become very important for the circular economy.
CTS is starting to show its power in the area owing to its low

energy consumption and pollutant discharge. Deng et al.
reported the realization of recycling precious metals and the
removal of toxic metals from a typical e-waste, i.e., a printed
circuit board (PCB) removed from a discarded computer.191 As
shown in Figure 15a, the PCB was pulverized into powder,
mixed with about 30 wt % carbon black, and then loaded into the

quartz tube to perform the CTS treatment. The abundant
precious metals in PCBs, including Rh, Pd, Ag, and Au (Figure
15b), evaporated at a high temperature of >3000 K. Then, the
metal vapors were transported under vacuum and captured by
condensation in the cold trap. The recovery yield of Ag was
about 40%, while the yield of Rh, Pd, and Au were at a low level
of 3% (Figure 15c). To improve the recovery yield, halides were
added to raise metal atoms’ vapor pressure by forming metal
halides. The authors found that the F- and Cl-containing
additives significantly improved the recovery yield of Rh, Pd, and
Ag but contributed little to the recovery of Au. The effect of NaI
on the recycling of Rh, Pd, and Ag was inferior to the F- and Cl-
containing additives, but it improved the recovery yield of Au to
>60%. Taken together, high recovery yield (>60% for Rh, >60%
for Pd, >80% for Ag, and >40% for Au were achieved with the
addition of the mixture of NaF, NaCl, and NaI (Figure 15d).
Besides the evaporative separation strategy, a pressurized

setup was also adopted to trap precious metal atoms (Figure
15e). And then by leaching with dilute acids, precious metals
were recycled from the residual CTS-treated solids. Compared
to the leaching of the raw PCB materials, the recovery yield of
the CTS-treated PCB increased by about 4.17, 2.90, and 56.0
times for Rh, Pd, and Ag, respectively (Figure 15f). However, the
recovery yield of Au decreased due to the formation of covalent
Au−C bonds. A further long-time and energy-consumption
calcination was required to improve the recovery yield of Au. So,
with both the CTS and calcination treatments, the recovery

Figure 15. Urban mining via CTS. (a) Schematic of the evaporative separation strategy, (b) concentrations of precious metals in PCB, (c)
recovery yield of precious metals by evaporation-based extraction, (d) recovery yield of precious metals with the additive mixture of NaF, NaCl,
and NaI. Y0 and Y are the recovery yields obtained without and with additives, respectively, (e) schematic of the pressurized strategy, (f, g) the
concentration of precious metals and improved recovery yield caused by CTS (f) and CTS + calcination (g). Y0 and Y are the recovery yields
obtained by leaching the raw PCB and the treated PCB, respectively, (h) removal efficiency and collection yield of heavy metals, (i, j) the
concentration of Hg (i) and Cd (j) in the residues after multiple CTS treatments. Reprinted with permission under a Creative Commons CCBY
License from ref 191. Copyright 2021 Springer Nature.
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yields of Rh, Pd, Ag, and Au were increased by 3.11, 2.64, 28.5,
and 7.24 times, respectively (Figure 15g). Both the economic
efficacy and environmental efficiency of this strategy are inferior
to that of the direct evaporation-based extraction strategy.
Toxic heavy metals in e-wastes, such as Cd, As, andHg, can be

selectively separated. The concentrations of these heavy metals
in PCBs are at the level of 0.1−20 ppm, which have exceeded the
safe limits of heavy metals in soils for agriculture. After the CTS
treatment, these heavy metals were greatly removed from the
residual solids and collected by condensation in the cold trap.
The removal efficiencies were >80% for Hg and Cd, >50% for
Pb, and >35% after one cycle of CTS treatment (Figure 15h).
Concentrations of these toxic heavy metals can be further
reduced by multiple CTS treatments. As shown in Figures 15i
and 15j, the concentrations of Hg and Cd both went below the
safe limits for agriculture.
In a nutshell, CTS began to show its power in recycling

plastics, Li-ion batteries, and e-wastes. The ultrahigh temper-
ature and ultrafast heating/cooling rate make it omnipotent in
dealing with these wastes to regenerate valuable organics,
minerals, and metals with high efficiency and low energy
consumption. Next, it is foreseeable that the recyclable wastes of
this rapid recycling strategy will be extended, and the recovery
efficiency can be improved with other efforts. For instance, Deng
et al. remediate multiple pollutants in soil via CTS.192 All the
heavy metals are vaporized while persistent organic pollutants
are graphitized by the CTS-induced high temperature. This
ultrafast CTS treatment can also retain soil mineral constituents,
increase infiltration rate and exchangeable nutrient supply, and
thus improve soil fertility and germination rates of crops.192 For
the CTS upcycling of organic wastes, catalysts used in

conventional pyrolysis, hydrogenolysis, and photocatalysis
methods can be introduced to further boost its efficiency.193

However, a strict contamination assessment should be
performed, especially on the gaseous byproducts, to confirm
the environmental friendliness of this rapid CTS recycling
strategy before its practical application.
3.4. Other Interesting Applications. Besides modifying

and synthesizing nanomaterials, CTS can be used in many other
applications, including the soldering of carbon materials,
sintering of ceramic electrolytes, thermal tips, artificial muscles,
and actuators. Here, we will discuss these applications in detail.
3.4.1. Soldering or Welding of Micro- and Macroscopic

CarbonMaterials. Soldering is one of themost reliable methods
to firmly join two or more workpieces together and thus restore
the joint’s mechanical and electrical performance. However,
unlike metals and thermoplastic polymers, carbon materials
cannot be melted. The traditional fusion soldering technique
does not work for carbon materials. CTS provides feasible
methods to solder carbon materials through the reconstruction
of carbon lattice or the growth of nanocarbonmaterials. In 2000,
Terrones et al. reported the coalescence of CNTs (Figure
16a).194 Since then, many researchers have verified that Joule-
heating-induced high temperature can cause the coalescence
and joining of different CNTs.195−198 Sumio Iijima et al.
observed that two CNTs with the same diameter were tip-to-tip
joined together, just like plumbing water pipes, to form a long
seamless CNT within 0.5 s (Figure 16b).196 They demonstrated
that the combined effect of Joule heating and electro-migration
caused the joint of CNTs. Joule heating provided the activation
energy for the joint of CNTs, while electro-migration prompted
the generation and migration of topological defects and the

Figure 16. Soldering of carbon materials via CTS. (a) Coalescence of neighboring CNTs. Reprinted with permission from ref 194. Copyright
2021 Springer Nature. (b) Tip-to-tip joint of CNTs. Reprinted with permission from ref 196. Copyright 2008 Springer Nature. (c) Soldered
cross-linking CNFs. Reprinted with permission from ref 282. Copyright 2016 American Chemical Society. (d) Soldered cross-linking single
CNTs. Reprinted with permission from ref 201. Copyright 2001 American Chemical Society. (e) Soldered CNT fibers with different
geometry.22 Reprinted with permission from ref 22. Copyright 2017 Elsevier.
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interaction of local atoms. The formed defects can survive for
tens of seconds,197 and thus facilitate the tip-to-tip joint of
CNTs. Wall-to-wall coalescence of double-walled CNTs was
also observed.198,199 Through the in situ TEM observation,
Zhao et al. observed the zipping and unzipping process of two
neighboring double-walled CNTs when they were electrically
heated up to 2000 °C, and the two CNTs were coalesced
together following the wall-to-wall configuration.199

Other carbon materials, e.g., CNFs and graphene, were also
soldered via CTS. As reported by Yao et al., when
polyacrylonitrile (PAN) based CNFs were heated up to a high
temperature of >2500 K at a rate of ∼200 K/min, hydrogen and
nitrogen defects were activated, and then Bergman cyclization
took place to form covalent bonds between adjacent CNFs with
the removal of H andN.200 Through these reactions, CNFs were
further carbonized and the adjacent nanofibers were welded
together to form 3D continuous carbon networks (Figure 16c).
Confirmed by the Raman and TEM characterizations, the outer
amorphous carbon shell of the PAN-based CNFs was converted
into highly crystalline graphitic structures aligned along the
longitudinal direction, and the formed carbon layers well
bridged the neighboring CNFs at the cross-linking points,
yielding an improved electrical conductivity of 380 S cm−1 and
mechanical performance (the tensile strength increased from
0.31 to 3.86 MPa while the toughness improved from 1.265 kJ/
m3 to 20.65 kJ/m3).200 So, robust CNF joints were constructed
via CTS. In another work, macroscopic graphene films were
soldered with different configurations via the same CTS
soldering technique.202 The authors confirmed that during the
CTS soldering process, the reactivity of carbon atoms at
defective sites increased, and lots of dangling bonding formed at

a high temperature of 2000 °C. It prompted the formation of
interlayer covalent cross-linking around the defect sites.
Benefiting from this effect, high adhesive strength and low
contact resistance were restored at the joint of the welded
graphene films. Other complex 3D architectures can also be
constructed from 2D tailor-cut graphene sheets via CTS.202

Carbon materials can also be soldered via CTS with the
deposition of carbon materials at the joint sites. As reported by
Banhart in 2001, two crisscross CNTs were soldered together by
the deposited amorphous carbon (Figure 16d).201 However,
though high mechanical properties can be restored at the joints,
the deposited amorphous carbon cannot guarantee a good
intertube electrical performance. As mentioned above, CTS can
activate the growth of highly crystalline carbon materials. It
provides a feasible way to connect two CNTs or CNT fibers
mechanically and electrically with the newly grown highly
crystalline carbon materials. As reported by our group in 2017,
carbon nanofibers, carbon nanowalls, and amorphous carbon
were grown at the joint of two overlapped CNT fibers via an
electrothermal-induced deposition process (essentially, it is a
CTS process).22 SEM and TEM characterizations confirmed
that a long carbon nanofiber was grown and firmly anchored in
the CNT fibers. Then, clusters composed of short CNFs, carbon
nanowalls, and amorphous carbon grew around this long CNF,
and finally, a continuous and strong “rope” was formed to tie the
two CNT fibers. With the growth of numerous “ropes”, the two
CNT fibers were robustly soldered together with fully recovered
or even enhanced mechanical and electrical performances. And
joints with different configurations, e.g., 1D line, 2D cross-
linking, 3D skeleton, and even complex programmed circuits,
were built through this quick soldering method (Figure 16e).

Figure 17. Sintering of ceramic solid electrolytes. (a) Schematic to show the sintering process of ceramic electrolytes via CTS, (b) photographs
of the CTS sintering setup before heating (left panel) and heated at 1500 °C (right panel), (c) morphology evolution of the LLZTO ceramic
during a 10-s CTS sintering, (d) cross-section view of the fractured CTS-sintered and conventional furnace-sintered LLZTO, (e) schematic to
show the accelerated materials discovery enabled by computational prediction and rapid synthesis, (f) the predicted garnet compositions with
different stabilities, (g) schematic to show the rapid and batch sintering of ceramic electrolytes via CTS in just ∼10 s, and (h) garnet materials
sintered via CTS technique and predicted by computation. Reprinted with permission from ref 118. Copyright 2020 AAAS.
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Following this strategy, with the introduction of the iron catalyst
(ferrocene), the deposition of nanocarbons also took place on
the surface of other carbon materials and thus to solder the
overlapped carbon materials, which confirms the university of
this CTS-triggered soldering technique.
So far, nano-, micro-, and macro-scale carbon materials have

been soldered via CTS, demonstrating the effectiveness of CTS
in tailing and constructing complicated carbon structures at
different scales. With the further improving CTS technique,
especially the further reduction of heating size, micro/nano-
scale carbon-based circuits and architectures can be constructed
in the future, which is in line with the developing CNT- and
graphene-based electronic and optoelectronic devices. But
carbon-based circuits and devices are in their infancy. Practical
applications are required to verify the reliability of the CTS
soldered points, especially the mechanical strength, electrical
conductivity, and long-term stability.
3.4.2. Sintering of Ceramic Electrolytes. Oxide ceramic

electrolyte is one of themost appropriate solid electrolytes (SEs)
to construct all-solid-state Li- and Na-ion batteries owing to its
high ionic conductivity, chemical stability, and wide electro-
chemical window.203 High temperature and long time are
essential to densify SEs through conventional sintering
techniques. However, there is a high risk of causing the
volatilization of active Li or Na ions and the introduction of
impurities during the long-time and high-temperature sintering
process.204 A reliable sintering method is in great demand to
manufacture high-performance SEs and bind SEs with electro-
des. Wang et al. have confirmed that CTS is appropriate to
fabricate various ceramic electrolytes in seconds.118 Taking Ta-
doped Li6.5La3Zr1.5Ta0.5O12 (LLZTO) as an example, the whole
sintering procedure involved the mixing and pressing of
precursors and the CTS sintering to get the final LLZTO
electrolyte as schematically shown in Figure 17a. Two parallel
strips of carbon paper were used as the heating element to
generate CTS, between which the pressed green pallet of the
precursor mixture was loaded (Figure 17b). After being heated
up to 1500 °C (maximum 3000 °C) at a ramping and cooling
rate of 103−104 °C/min and 104 °C/min, respectively, LLZTO
ceramic electrolytes were sintered with a relatively small grain
size of 8.5 ± 2.0 mm and a high relative density of ∼97%.118

Figure 17c shows the morphology evolution of the LLZTO
electrolyte during a 10-s CTS sintering. The precursor pallet
eventually became a densified LLZTO electrolyte. The cross-
section views of the fractured CTS-sintered show a much more
densely packed structure (left panel in Figure 17d) than the
conventional furnace-sintered LLZTO (right panel in Figure
17d).
The heating temperature and ramping rate are crucial to

control the grain size of the as-grown ceramic SEs. At low
temperatures, although coarsening and densification of
precursor particles competed during the sintering process,
surface diffusion dominated the reaction and thus caused the
coarsening of grains rather than densification. In contrast, at
high temperatures, grain boundary and bulk diffusion played the
leading role and thus led to the fast densification of ceramic SEs.
The fast-heating rate shortened the low-temperature process
and surpassed the grain coarsening while maintaining the higher
capillary driving force for sintering. Besides, the ultrafast CTS
sintering restrained the volatilization of Li atoms and helped
retain most Li atoms. The Li loss was less than 4% after the CTS
sintering, whereas 99% of the Li atoms were removed in the
conventional furnace-sintered LLZTO.118

The combination of computational prediction and ultrafast
CTS sintering accelerated the exploration of more ceramic
electrolyte materials (Figure 17e). The authors listed the
compounds calculated by density functional theory calculation,
and their phase stability was described by the lower energy value
above the hull (Ehull) in Figure 17f. Then, owing to the great
universality of CTS to sinter various ceramic SEs, many ceramic
electrolytes were sintered. Figure 17g schematically shows that
100 ceramic pellets were cosintered using a 20 × 5 matrix setup
within an area of just 12 × 3 cm2. So, this CTS-triggered
sintering can be used in the high-throughput screening of bulk
ceramics. Five different ceramics, including Li7Pr3Zr2O12
(LPrZO), Li7Sm3Zr2O12 (LSmZO), Li7Nd3Zr2O12 (LNdZO),
Li7Nd3Sn2O12 (LNdSnO), and Li7Sm3Sn2O12 (LSmSnO), were
successfully sintered as shown in Figure 17h. Besides, bilayer or
even multilayer electrolytes were cosintered together without
detectable side reactions or cross-diffusion, which retained the
excellent performance of each layer.When incorporated with the
3D printing technique, CTS realized the sintering of ceramic
structures with complex geometries, which were further stacked
to form a more complex 3D lattice designed for different
applications (e.g., the stacking of honeycomb structures
featuring Al-doped SiOC for piezoresistive response and Co-
doped SiOC for magnetic response to form a magnetic flux
sensor).118

Similar works were also conducted by other researchers to
sinter Li7La3Zr2O12 (LLZO), Li1.3Al0.3Ti1.7(PO4)3 (LATP),
Na3Zr2Si2PO12 (NZSP), and SiC-based electrodes with different
power inputs (current or microwave irradiation) and different
CTS parameters (temperature, duration, and heating/cooling
rate).57,95,205,206 For instance, LLZTO was also sintered using
microwave-induced CTS. High relative density (94.5%), Li
retention (94%) as well as the cosintering of the LLZTO
electrolyte layer and LATP electrode were all realized.57 So,
CTS becomes a powerful method to fabricate ceramic and other
SEs, and the performance of these SEs can be easily modified by
changing the composition and the CTS parameter. With the
scaled-up batch production or the roll-to-roll sintering method,
CTS also has the potential to fulfill the industrialization and
commercialization of various SEs.
3.4.3. Thermal Tips. Thermal tips are a kind of tiny hot-point

drills that can convert electrical energy into highly centralized
heat efficiently and generate localized high temperatures at the
microscale or even nanoscale.207 It is the key unit of the thermal
scanning probe photolithography (TSPL) system. With a setup
to scan the thermal tip on the sample surface, TSPL can
implement efficient direct-write patterning to create dense high-
resolution features on material surfaces.208,209 During pattern-
ing, the thermal tip is scanned in contact with material surfaces
to trigger highly localized reactions, and meanwhile, topography
can be visualized by the scanning probe microscopy imaging
system in real time. All these fantastic features of TSPL make it
versatile in the surface modification of materials or the
fabrication of micro- and nanodevices.210−212 The heating
temperature of the thermal tip controls the localized reaction,
while the tip size determines the machining precision of TSPL.
That is, the capability of the thermal tip determines the overall
performance of TSPL. The maximum sustainable heating
temperature and the processing speed of the conventional
metal tips are restricted by their low melting point and heating/
cooling rate. Now, TSPL are usually used in biomedical,
nanomagnetic, and nanoelectronic fields to deal with biological
tissues, to produce local field cooling, and to remove heat-labile
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resist now.208,211,213 The machining precision of TSPL has
reached sub-10 nm.214 It has been used to fabricate high-
performance 2D devices�edge-contact MoS2 FETs.

215 How-
ever, TSPL is only used to pattern organic resists now. With the
development of CTS, the carbon-based tip will bring a vital force
into this field. The ultrahigh temperature (>3000 K) and
ultrafast heating/cooling rate (105 K/s) will enable themask-less
patterned growth or modification of materials to realize the
direct construction of nanodevices.
In 2021, Zhi et al. published an important work in which a 3D-

printed rGO-based thermal probe was made to realize the
patterned deposition of Pt nanoparticles with high spatial
(submillimeter scale) and temporal (milliseconds) resolu-
tions.28 rGO probes were constructed with different sizes,
shapes, and geometries (Figures 18a−f). They all have smooth

surfaces and cellular porous internal microstructures (Figures
18c and 18d). The smooth surface facilitated the smooth
movement of the tip on the sample surface, while the cellular
microstructure not only maximized the structural robustness to
maintain its shape,216,217 but also facilitated the control over the
electrical conductivity of the thermal tip, which contributed to
the efficient heating and operability of the rGO thermal probe.
The thermal probe that featured a microtip possessed excellent
heating capabilities. It could be heated up to 3000 K at an
ultrahigh ramping rate of about 105 K/s, and ultrashort
durations of milliseconds were achieved to generate the
controllable thermal shock. So, it is an ideal thermal source for
nonequilibrium heating and to activate the material synthesis,

localized surface modification, and micro/nano-manufacture in
a flexible “direct writing” process without the need for masks.28

Thermal tips based on CNT and carbon fiber were also
fabricated. The outstanding axial thermal conductivity and high
mechanical strength make it the perfect thermal probe to
measure the nanoscale thermophysical properties.220 Owing to
the ultrasmall radius of the single CNT, the spatial resolution of
CNT-based thermal tips can reach up to the nanometer scale,
the limit defined by fundamental constraints such as the mean
free path of heat carriers.221,222 For example, an extremely high
thermal spatial resolution of 30 nm was achieved while the
topography resolution reached 20−30 nm for a CNT thermal
tip.220 It was used to study thermal transport in microscale
interconnects and few-layer graphene. It would facilitate the
direct writing of complex structures and the manufacture of
customized materials with high resolutions.220 Recently, Xie et
al. reported that the carbon-fiber tip can even generate uniform
large-area volumetric plasma at atmospheric pressure with a
temperature of up to 8000 K.223 The generated hot plasma has
surpassed many conventional atmospheric plasmas in spatial
uniformity, stability, and heating temperature range. This tip can
realize rapid temperature switches between 10,000 and 6000 k
within 1 s, which can generate a miraculous nonequilibrium
condition for the synthesis of extreme materials, including
ceramics, alloys, and CNTs.223 This will further extend the
application range of CTS-enhanced thermal tips.
Now, many works have demonstrated the nanofabrication of

2D devices using TSPL. For example, Liu et al. reported the
nanocutting of 2D materials to construct arbitrarily shaped
nanostructures with a resolution of 30 nm via TSPL.218 During
this process, the chemical bonds were thermomechanically
cleaved, while the polymer layer underneath the 2Dmaterial was
rapidly sublimated by the thermal nanotip (Figures 18g and
18h). Conde-Rubio et al. combined hot-tip patterning and Ar+
milling to etch 2D materials. Followed by metal deposition and
the lift-off procedures, edge-contact MoS2 FETs were fabricated
via TSPL.215 This device fabrication method can also be applied
to other 2D materials, e.g., graphene224 and MoSe2.

225

Besides, the Joule heat generated by the thermal tip can
activate the localized chemical reaction and thus directly
fabricate patterned micro- or nanodevices. For example, devices
based on metal chalcogenide semiconductors were directly
grown from the metal−organic precursors via TSPL patterning
(Figure 18i).219 To be specific, during the TSPL patterning
process, the thermally treated metal−organic precursors
decomposed to form insoluble metal chalcogenides while the
untreated region remained soluble. Then, devices with well-
patterned structures were directly obtained by washing away the
untreated soluble parts. However, the machining precision and
processing capability of TSPL at present is inferior to
conventional UV light lithography (UVL) and two-photon
absorption lithography (TPAL), as shown in Figures 18i and 18j.
It must be admitted that the spatial resolution of TSPL is now far
below that of photolithography. The further miniaturization of
thermal tips is one of the direct methods to improve the
resolution of TSPL. So, the fabrication technique of thermal tips
should be further improved. The limiting dimension of thermal
tips can reach the level of the diameter of a single CNT or the
thickness of monolayer graphene. Both the CNT and graphene-
based thermal tips have high thermal conductivity. The
resolution of carbonene-based thermal tips has the potential
to reach the limits defined by fundamental constraints, e.g., the
mean free path of heat carriers and Kapitza contact

Figure 18. Carbon-based thermal tips. (a) Structure of a graphene-
based thermal tip, (b) overall shape and size of this thermal tip, (c)
overall surface morphology and (d) interior morphology of this
thermal tip, (e) the same thermal tip heated by different currents,
and (f) heated thermal tips with different shapes. Reprinted with
permission from ref 28. Copyright 2021 John Wiley and Sons. (g)
Schematic to show the nanocutting of 2D TMDC via TSPL, and (h)
TSPL treated MoTe2 flake and the MoTe2 nanosquare structures
with 50 nm side (top right and bottom left) and 70 nm (top left and
bottom right). Reprinted with permission from ref 218. Copyright
2020 JohnWiley and Sons, Ltd. (i) Sb2S3 structure created by TSPL,
and (j) double-layer 3D honeycomb Sb2S3 structure. Reprinted with
permission under a Creative Commons CCBYLicense from ref 219.
Copyright 2020 John Wiley and Sons.
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resistance.220,221,226 In the future, with the improving techniques
of CTS and thermal tip, especially the improvement in precision
and accuracy of the heating temperature and dimension, the
machining precision of TSPL can be improved, and the “lab-on-
chip” preparation of electronic and optoelectronic devices will
be realized via TSPL.
3.4.4. Actuators and Artificial Muscle. Actuators and

artificial muscles can change their shape or volume in response
to external stimuli. Here, actuators refer to those carbon-based
soft “motors” that can generate rotation motions and be widely
utilized in various fields, e.g., robotics and sensors. Artificial
muscles are soft actuators that can produce axial rectilinear
motion, and they have attracted lots of attention owing to their
ultrafast response, large stroke, and high output power.227−232

CTS generated in carbon materials is an effective stimulus to
activate the tensile and rotational movement of actuators and
artificial muscles. As reported by Baughman et al. in 2012, by
infiltrating and confining paraffin wax inside the nanopores of
the twist-spun CNT fibers, the formed CNT/wax actuator
generated high-force and large-stroke actuations when stimu-
lated by the ultrafast CTS generated by the current passing
through the CNT fiber.233 The working mechanism of the
actuator is very simple. The intermittent Joule heat generated by
the CNT fiber would make the wax change between solid and
melting states and thus generate a volume change of about 20%.
The helical geometry of CNT fiber helped to convert the volume
change into torsional rotation and tensile contraction. High-
performance actuators were fabricated from this simple
structure. Benefiting from the ultrafast heating and cooling
rate of CTS, the actuator spun at a high average rotation speed of
11,500 rpm and delivered 3% tensile contraction at 1200 cycles/
min. Soon after, the same team improved the stability of the
actuator, which spun at a speed of 9800 rpm without noticeable
oscillation.228 The specific mechanical powers were increased to
5.3 W/g for the actuator based on CNT-wrapped sewing
thread229 and 1.98 W/g for a sheath-run artificial muscle.234

Wang et al. reported that the bilayer actuator based on CNT
and BN can switch at frequencies from sub-Hertz to about 30Hz
by quickly heating the actuator to 2000 K within 100 ms.235 The
actuator was fabricated by sequential filtration of CNT and BN
nanosheets. The formed CNT film not only offers excellent
mechanical support for the BN layer but also serves as the
heating element to generate CTS. The actuator with a length of
9.5 mm yielded a deflection of >3 mm. Besides, owing to the
high thermo-mechanical stability of CNT and BN, this actuator
worked steadily for over 10,000 cycles with negligible
degradation in an inert gas environment.
In short, CTS can act as the efficient stimuli to drive the fast

tensile, rotational, and deflectional movement of actuators and
artificial muscles, enabling the construction of smart and
interactive soft robotic systems. It will facilitate the application
of these devices in engineering and biomedical fields. It should
be noted that CTS-triggered actuators or artificial muscles rely
on the thermal response of different materials. So, except for the
mechanical work output, the energy consumption should be
reduced by lowering the working temperature. To achieve this
goal, the working medium, e.g., the phase change material
embedded inside the carbon-based actuators or artificial
muscles, and the architecture of the actuators or artificial
muscles must be well designed.

4. FUTURE PROSPECTS
4.1. Precise Control of CTS. The low controllability is the

main issue that limits the further development of the CTS
technique. Consulting all the applications listed above, the
heating and cooling procedure is critical for the synthesis of
nanomaterials, recycling of waste materials, fabrication of
nanodevices, and other applications in functional devices. For
example, the nucleation and growth are controlled by the
temperature procedure during the chemical vapor deposition
process of low-dimensional materials.236,237 So, accurate control
over the temperature program, not only the maximum
temperature and heating/cooling rate, but also the finely
controlled heating/cooling procedure, and temperature field
are necessary to exert the utmost performance of CTS in the
fabrication and modification of nanomaterials or devices. The
pressure change is also crucial for the CTS-triggered
modification and synthesis of nanomaterials. However, the
ultrahigh heating temperature, ultrahigh heating/cooling rate,
and transient pressure change (i.e., barometric shock) of CTS
make it difficult to precisely modulate all these key parameters
using existing temperature and pressure measuring techniques.
The commonly used power supplies, including capacity
discharge and microwave irradiation, have their inherent
shortcomings in the fine regulation of the temperature
procedure of CTS.11,143,178,191 Besides, the dramatically
changed temperature must cause transient and localized changes
in pressure and gas volume during the CTS process. The
response speed of a highly sensitive state-of-the-art barometer
based on MEMS piezoresistive cantilevers is only 10 Hz.238 It
still cannot catch up with the transient barometric shock and
give the real-time pressure evolution. So, the overall
controllability over CTS is currently lagging behind traditional
heating techniques, and researchers have not understood the
mechanism behind the CTS-triggered shock chemistry
(especially CTS-triggered localized transient chemical vapor
reaction) due to the absence of temperature and pressure
information.
A high-precision energy supply and high-performance

temperature monitoring system are the prerequisites for highly
controllable CTS. Specially designed high-power pulse gen-
erators are needed to fulfill the controllable material synthesis
and other functional applications. Very recently, with the help of
a DC power supply equipped with a solid-state relay device,
Dong et al. have realized programmable pulsed heating and
quenching (PHQ) with finely regulated peak temperatures and
heating/cooling profiles.239 The carbon heater can be repeatedly
and precisely heated to 2400 K for 0.2 s and then cooled to
ambient temperature within 0.8 s by switching the electrical
power on and off. The temporal temperature pattern is provided
in this work. This high-efficiency heating technique ensures
nonequilibrium thermochemical reactions with high selectivity.
Taking CH4 pyrolysis as the model reaction, a high C2-product
selectivity of about 80% has been reached via PHQ, while the
selectivity is only 40% for the conventional continuous heating
method. Besides, the temperature field of CTS can also be well
regulated by the geometric structure design of carbon heaters. As
mentioned in Section 3.3.1, a spatial temperature gradient is
achieved in the bilayer heater made of porous carbon felts. Such
temperature gradient promotes the continuousmelting, wicking,
vaporization, and reaction of plastics, which enables the eco-
friendly recycling of plastic wastes.177 But unfortunately, faster
programmable heating and quenching have not been reported
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yet to provide more information for the mechanism revelation of
the shock chemistry.
Researchers have just begun to study the effect of pressure

shock on the CTS-triggered synthesis of materials and
fabrication of devices. As estimated by Deng et al., the localized
pressure reached about 5 atm, and the localized gas velocity was
up to 800 m/s during the transient CTS process.191 It definitely
affects the modification and growth of the aforementioned
nanomaterials as well as the fabrication of nanodevices. In the
latest work, Huang et al. confirmed that the mechanical
barometric shock significantly affects the graphitization of
carbon materials.240 The pressure quickly rises to 21.64 MPa
and then drops to the equilibrium level within 76 ms. Such a
transient barometric shock disrupts the π−π interactions in the
aromatic chains, causing the formation of hybrid-structured
carbon composed of crystalline and amorphous carbon with the
help of high-temperature thermal shock (maximum temperature
at 3273 K, heating rate of 105 K/s, and cooling rate of 104 K/s).
The obtained hybrid-structured carbon material exhibits
excellent electrochemical properties when served as andodes
of Li-ion batteries, e.g., 208.6 mAh/g in capacity and 81%
retained performance after 3000 charge−discharge cycles.240

More theoretical and experimental works are still needed to
figure out how the transient temperature, pressure, and volume
fluctuations affect the nucleation, growth, decomposition, and
volatilization of different materials. The control parameters,
including the peak temperature, heating/cooling rate, pressure,
etc., should be added to the scope of regulation simultaneously
to further improve the controllability of CTS and expand its
technological advantages in the aforementioned applications or
go to other application fields.
Moreover, with the fine-controlled CTS, the process−

structure−property relationships should be mapped to guide
the synthesis or modification of nanomaterials. Several works
have dug into this area, but not deeply. For example, some
theoretical calculations have predicted the composition-
structure−property relationship of HEA NPs.241−243 And
experimentally, Ding et al. directly observed the atomic
composition and structure differences of two different HEA
alloys.244 The five elements were randomly distributed in the
face-centered cubic CrMnFeCoNi Cantor alloy, while the five
elements in the face-centered cubic CrFeCoNiPd alloy
aggregated with a wavelength of incipient concentration waves
of 1−3 nm. Such pronounced composition fluctuations resulted
in nanoscale alternating tensile and compressive strain fields,
caused the increase in stacking-fault energy, and finally
generated a higher yield strength without compromising the
strain hardening and tensile ductility of the CrFeCoNiPd alloy.
The authors established an atomic-scale composition-structure-
mechanical property rule for this HEA NPs. The rapid
manufacturing capability of CTS will help to figure out the
process-structure−property relationships of other materials,
which will significantly extend the impact of CTS in nanoma-
terial manufacturing.
4.2. Revelation of the Mechanism behind CTS. Usually,

the whole CTS process is finished within a few seconds or even
milliseconds, making it hard to review the underlying
mechanism with conventional methods. We now lack enough
knowledge about the mechanism of this cutting-edge thermal
manufacturing method to guide the precise control of the
component, morphology, and structure of the synthesized
nanomaterials or regenerated wastes. So, in the next phase,

efforts should be made to ravel out this issue and realize the
highly controllable synthesis or modification of nanomaterials.
With the help of in-situ characterizations, researchers have

some early snapshots into the real-time evolution of the
nanomaterials during the CTS process. For example, Hettler
et al. monitored the CTS reduction process of GO through in-
situ TEM characterization.70 They found that the CTS
reduction of GO took place in a localized manner only when
the input power density reached the threshold value. In another
work, Huang et al. observed the formation of NPs on the carbon
substrate during the CTS process and captured the kinetic
process with high spatial and time resolution.245 They
demonstrated that the interaction between the substrate and
NPs dominated the formation process and led to the uniform
dispersion and high stability of the obtained HEA NPs.
However, we have not found detailed information about the
in situ TEM characterization. In a similar work, Hettler et al.
confirmed that the ultrashort heating time and the strong
bonding between HEA NPs and graphene nanosheets sup-
pressed the migration and subsequent agglomeration of the
formedNPs.246 Or in other words, the GO nanosheets anchored
the formed HEA NPs and thus guaranteed the narrow size
distribution and uniform dispersion of HEA NPs. However,
these works are insufficient to reveal the underlying mechanism
of CTS-triggered manufacture clearly. For example, though the
atomic-level resolution scanning transmission electron micros-
copy (STEM) coupled with energy dispersive Xray spectroscopy
(EDS) analysis revealed the homogeneous mixing state in the
HEA NP,247 further theoretical and experimental works are still
needed to figure out the mechanism and key parameters to
control the component, morphology, and structure of the
products.
4.3. Machine-Learning Guided Synthesis. Machine

learning (ML) is a cutting-edge subfield of artificial intelligence
and has become a powerful method for the fundamental study of
material science.248−250 It offers an efficient and important tool
to analyze the existing materials, predict the properties of
different materials, and accelerate the material design
process.251−254 Taking HEA as an example, many researchers
have utilized ML to guide the discovery, phase prediction, and
property design of HEA.255−261 For example, Huang et al.
employed three different ML algorithms, i.e., K-nearest
neighbors (KNN), support vector machine (SVM), and artificial
neural network (ANN), to explore the phase selection rule with
a comprehensive experimental data set containing 401 HEAs,
which includes 174 kinds of solid solution, intermetallic
compound (IM), and mixed SS and IM phase. They found
that ANN gave the highest accuracy in classifying the SS, IM,
and mixed SS + IM phases.256 Chang et al. then used the ANN
algorithm to predict the composition of AlCoCrFeMnNi-based
HEAs to achieve high hardness.262 The ML prediction revealed
that three candidates could have an optimum hardness of 670
HV, and the experimental data confirmed this prediction.
Similarly, to search for HEA with high hardness, Wen et al.
proposed a property-orientated design strategy combining ML,
and they predicted 17 AlCoCrCuFeNi-based alloys that were
harder than the existing HEAs used for training the model.255

These works have shown the efficiency of ML in searching for
HEAs with desired properties.
The combination of ML and CTS has sparked the enthusiasm

of material scientists and will fuel the rapid expansion of the
application of CTS in different fields. Beckham et al. utilizedML
to guide the CTS synthesis of graphene.263 Graphene
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synthesized from different starting materials, e.g., carbon black,
plastic waste-derived pyrolysis ash, pyrolyzed rubber tires, and
metallurgical coke, were analyzed by wide-area Raman mapping,
which was chosen as the principal metric of characterization, to
evaluate the yield of graphene. The obtained >20,000 Raman
spectra were used as the database to train six ML regression
models using 5-fold cross-validation, including linear regression
(LR),264 Bayesian (BR),265 multilayer perceptron (MLP),266

decision tree (DT),267 random forest (RF),268 and eXtreme
Gradient Boosting (XGB)269 regression models. RF and XGB
performed better (root mean squared error and r2 score of 12.7%
and 0.7808 for RF and 11.3% and 0.8051 for XGB).
Five features, i.e., charge density (CD), material type (M),

area under the time−current curve divided by the sample mass
(AIT), the maximum current divided by the sample mass (IMax),
and final current divided by themaximum current (IF/IMax) were
used to train the ML models. The most accurate XGB model
revealed that CD was the most critical one that affected the yield
of graphene. A high CD should be employed to get a high
graphene yield. The carbon source, i.e., M, also greatly affected
the final yield. Metallurgical coke particles with large particle
sizes offered the lowest yield. The authors gave a partial analysis
in this work. Graphene yield increased with the increasing values
of the three features (CD, AIT, and IMax). And then, the yield
plateaued at higher values. This result demonstrated that the
reaction kinetics changed from the surface reaction-controlled
nucleation at a low energy density to the diffusion-controlled
regime at a high energy density. The diffusion-controlled
reaction might make it possible to control the size of synthesized
graphene crystals.263

Then, the authors used theML-predicted parameters to guide
the synthesis of graphene from pyrolyzed rubber tires. A high
yield of 79% was achieved with no prior knowledge about the
starting material.263 This work presents the power of the

combination of ML and CTS in synthesizing graphene.
However, the controllable factor in this work is limited. If
high-power pulse current is employed to generate CTS, more
features, including peak current, rise/fall time, frequency, duty
ratio, and duration, can be input to train the MLmodel and thus
give a detailed prediction tomake the CTS synthesis of graphene
and other 2D materials more controllable in the crystallinity,
morphology, lateral size, and layer number.
Next, high throughput prediction (HTP)270 and high

throughput characterization (HTC)271 can be integrated with
ML-guided CTS synthesis of nanomaterials. The combination
of CTS’s ultrafast synthesis ability, ML’s high efficiency in
determining growth parameters, HTP’s high efficiency in
searching for customized materials to meet the requirements
of specific applications, and HTC’s ultrafast characterization
capacity provides an highly efficient approach for the screening
of desired materials with optimized composition, structure, and
desired performances for specific application. It will boost the
exploration of advanced nanomaterials and help to find a way to
realize the controllable synthesis of customized nanomaterials,
especially high-entropy materials with extreme diversity in
composition and phase structure.
4.4. Mass Production. CTS has been validated as an

efficient and economical method to synthesize low-dimensional
nanomaterials. To extend its practical utility, the production
capacity of CTS should be upgraded to realize the low-cost mass
production of desired materials. This will be one of the key
research directions in the next phase. Some forefront works have
provided several feasible strategies to realize the mass
production of HEA nanoparticles and graphene via CTS.
The first one is similar to the floating CVD growth of

CNTs.272−274 Precursors (usually solutions of metal salts) are
carried by the gas mixture to pass through the high-temperature
reacting region to continuously synthesize HEA NPs.26,275

Figure 19. Mass production of nanomaterials realized via CTS. (a) Floating CVD-based mass production of nanoparticles, including its setup,
mechanism schematic, the carbonized wood used to generate CTS, the microchannels that served as the microreactors, and the HEA products.
Reprinted with permission from ref 33. Copyright 2020 Elsevier. (b) Roll-to-roll fabrication of graphene film. Reprinted with permission from
ref 85. Copyright 2019 Elsevier. (c) Roll-to-roll fabrication of graphene fiber. Reprinted with permission from ref 277. Copyright 2022 John
Wiley and Sons. (d) Batch production of Ru nanoparticles with the 3D printed rGO reactor. Reprinted with permission from ref 23. Copyright
2020 John Wiley and Sons.
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However, the finite heating temperature of conventional tube
furnaces is not high enough to support the synthesis of arbitrary
HEA NPs, and the energy consumption is high. To solve this
problem, Wang et al. used carbonized wood as the heating
element to fulfill the continuous synthesis of HEA and HEO
nanoparticles via CTS with a high heating temperature (Figure
19a).33 The vessel channels with diameters of about 200 μm in
the carbonized balsa wood right served as the microchannel
reactors. The compact size enabled homogeneous heating,
reduced the residence time, and thus provided a superior heating
capability, e.g., heating temperature of >2000 K, duration of
milliseconds, and uniform temperature distribution inside these
microchannel reactors. Then, with the continuously supplied
precursors, HEA and HEO NPs with desired components and
sizes were continuously synthesized inside these microchannel
reactors.33 In another work reported by Qiao et al., two carbon
papers are set face-to-face with a small gap (1−3 mm) and
heated up to 3200 K to serve as a fly through high-temperature
reactor with a large reaction space and a uniform temperature
gradient.276 Precursors (Pt salts) loaded on carbon black can be
quickly converted into Pt NPs via a shock reaction when they
flow down through the heated reactor (1400 °C) under the force
of gravity and carrier gas. The obtained Pt NPs are uniformly
anchored on the surface of carbon black with an average size of
about 4 nm. The particle size can be further improved to 7 nm by
raising the heating temperature to 1700 °C.276 These two works
offer a highly feasible method to realize the mass production of
NPs via continuous fly-CTS reaction.
Second, the roll-to-roll manufacturing technique has been

widely used in the growth and transfer of 2D materials
(especially graphene and TMDCs) at present,278−283 and it
can be further modified to incorporate with CTS to fulfill the
mass production or massive modification of nanomaterials. For
example, feeding current into the rGO film or fiber, the
generated high temperature converted the rGO film and fiber
into the highly crystalline graphene film or fiber (Figures 19b
and 19c).85,277 The rotating rollers made this CTS treatment
continuously proceeded to realize the mass production of
graphene film and fiber. In another roll-to-roll fabrication
process, current was conducted in the continuously transferred
copper film, and graphene was directly grown on the heated
copper substrate with the continuously supplied H2 and CH4.
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Owing to its easy implementation, this continuous fabrication
strategy can realize the mass production of the aforementioned
HEA NPs and SAs as well as other 1D and 2D nanomaterials on
the carbon matrix.
Large-scale batch production is another alternative method to

realize the mass production of nanomaterials via CTS, and it has
been realized in carbon-based reactors. In 2020, Qiao et al.
constructed a versatile miniature rGO reactor by 3D printing
and applied it to synthesize Ru nanoparticles (Figure 19d).23

This rGO reactor can be heated up to 3000 K with an ultrafast
heating and cooling rate of about 104 K/s. RuCl3 loaded inside
the channels of the mesoporous carbon can be ultraquickly
converted into Ru NPs with an average size of about 2 nm at
about 1500 K within 500 ms. The yield reached 50 mg/batch in
this miniature reactor,23 which can be further scaled up by just
magnifying the reactor and the input electrical energy. These
works have revealed the potential of CTS in themass production
of nanomaterials. To realize this goal, it requires the deep
cooperation of the material scientists, equipment manufacturers,
producers, and users to establish a whole set of practicable
production techniques.

5. CONCLUSION
In this review, we systematically introduce the CTS technique
and its wide application in the synthesis and modification of
nanomaterials as well as the fabrication of micro/nano-devices.
Recent progress, future developing directions, and prospects
have been summarized, from which we can outline the two main
superiorities of CTS. First, the rapid reaction, high efficiency,
and mass production ability will boost the low-cost and green
manufacturing of nanomaterials and micro/nanodevices.
Second, the wide range of heating temperatures, ultrafast
heating and cooling rate, nonequilibrium reaction process, and
extremely efficient manufacturing capabilities can promote the
exploration of desired materials via CTS. However, there are still
some problems and challenges related to the CTS technique.
The first challenge is to investigate the transient CTS process
and its mechanism. Specially designed measuring systems are
required to monitor the transient temperature evolution and
barometric shock, providing more information for fully
understanding the reaction kinetics and growth mechanism
behind the CTS-triggered synthesis of nanomaterials and the
fabrication of devices. The second issue is how to realize the
precise control of the morphology and structure of as-
synthesized nanomaterials. More control parameters should be
extracted to further improve the controllability of CTS-triggered
reactions. Now, the high-speed thermal shock always facilitates
the formation of small-size solid particles or lamellae. More
efforts are needed to explore CTS’s capacity in synthesizing
nanomaterials with different configurations, such as large-scale
2D, hollow, and core−shell structures. Besides, the machining
accuracy of carbon heaters, including thermal tips, flat, 2D-
patterned, and 3D-structured carbon heaters, should be further
improved for better control over the temperature field. All these
efforts will make CTS an innovative heating technique for the
synthesis of nanomaterials and the fabrication of nanodevices.
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VOCABULARY
Carbothermal shock, a heating technique that relies on the rapid
Joule heating and quenching ability of carbon materials to
generate ultrahigh temperature and ultrafast heating/cooling
rates; Single atom, a single isolated metal atom or single
transparent metal complex modified on a suitable carrier with
high catalytic activity; High entropy alloy, an alloy contains five
or more principal metallic elements in near-equiatomic
proportions and have a single-phase crystal structure; Upcycling,
a term refers to the creative reuse or the process of transforming
byproducts, waste materials, and useless or unwanted products
into other valuable materials or products; Urban mining, to
regard human habitat and the built environment as a source of
raw materials, extract resources and recover/reuse wastes
generated by human activities; Thermal tip, a tip that can
convert electrical energy into highly centralized heat efficiently
and generate localized high temperatures at micro- or even
nanoscales; Machine-learning guided synthesis, the use of
artificial intelligence to accelerate the synthesis of materials by
optimizing the synthesis process according to the prediction
given by the well-trained machine learning model
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