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Functional nanomaterials play a pivotal role in energy fields owing to their unique properties. In recent years, the
carbothermal shock (CTS) technique, as an emerging synthesis method, has shown huge potential and broad
prospect in creating high-performance nanomaterials. Herein, recent progresses in the preparation of functional
nanomaterials using the CTS technique are reviewed. The development history, equipment and advantages of
high-temperature CTS techniques are first described. Then, the versatile nanomaterials that prepared using this
method, including nanoparticles, carbon-based nanomaterials, compound nanomaterials, are thoroughly sum-
marized. Next, the latest developments of CTS-synthesized functional nanomaterials in applications, such as
catalysts, and rechargeable batteries are also presented. Finally, we present perspectives and offer research di-

rections that can yield considerable benefits to the advancement of this promising technology.

1. Introduction

Functional nanomaterials with diverse morphologies, sizes, and
compositions have shown huge potential in physical, chemical, envi-
ronmental fields, etc. [1,2] Conventional synthesis methods for nano-
materials can be briefly classified into two kinds: one is “top-down”, that
is to say, smashed macroscopic materials using lots of techniques, and
another is “bottom-up”, namely, build up materials from molecule-
s/atoms. However, these traditional methods often fail to obtain meta-
stable nanomaterials with unique physical and chemical properties
owing to their mild heating and cooling conditions [3]. Recently, some
effective ultrafast synthesis strategies, such as flash Joule heating (FJH)
[4], laser ablation (LA) [5-7], magnetic induction heating (MIH) [8],
microwave irradiation (MW) [9], flame synthesis (FS) [10], plasma
sputtering (PS) [11], carbothermal shock (CTS) [12], and others, have
gained vast attentions from researchers. In comparison with traditional
methods, these ultrafast synthesis strategies have offered extraordinary
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kinetic processes, providing ample possibilities and brilliant prospects
for synthesizing metastable materials [13-17]. In addition, these ultra-
fast strategies can conveniently obtain nanomaterials within extremely
short timeframes (milliseconds or seconds), leading to the creation of
metastable structures with noticeable deviations from thermodynamic
equilibrium [12,18]. Remarkably, the atomic mobility and aggregation
is strikingly hampered because of the exceedingly short heating time,
bringing about the creation of inundant structural defects, such as dis-
locations, stacking faults, twin boundaries, Frenkel defects, and
Schottky defects, among others [19-21]. These non-equilibrium char-
acteristics intensively determine the properties of the eventual mate-
rials, such as their electrocatalytic activity, charge storage capability,
and sensing response ability.

Our objective in this work is to deliver a comprehensive analysis of
the latest advancements in research regarding the CTS technique for
synthesizing functional nanomaterials (Fig. 1). The development his-
tory, equipment, and advantages of the CTS technique are firstly
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Fig. 1. Schematic diagram of the prepared functional nanomaterials using CTS
technique in various fields. Reproduced with permission [22]. Copyright 2017,
American Chemical Society. Reproduced with permission [23]. Copyright 2018,
Wiley-VCH. Reproduced with permission [24]. Copyright 2022, American
Chemical Society. Reproduced with permission [25]. Copyright 2016, American
Chemical Society. Reproduced with permission [26]. Copyright 2022,
Wiley-VCH. Reproduced with permission [27]. Copyright 2020, Springer.
Reproduced with permission [28]. Copyright 2021, Elsevier. Reproduced with
permission [29]. Copyright 2021,Wiley-VCH. Reproduced with permission
[30]. Copyright 2020, Wiley-VCH.

expounded. The variety of nanomaterials prepared using the CTS tech-
nique are then comprehensively elaborated, including metal nano-
particles (NPs), carbon-based nanomaterials, and compound
nanomaterials. Subsequently, the assorted applications of the above-
mentioned nanomaterials are exhaustively elaborated, including their
use in catalytic fields and rechargeable batteries. Finally, based on the
overview of the published investigations, the outlook on the future
development directions for CTS technique is also provided.

2. The CTS technique

The carbothermal shock (CTS) technique, alternatively referred to as
high temperature shock (HTS), is based on the electrical Joule heating
effect, which can instantaneously reach temperatures of thousands of
Kelvins within milliseconds, accompanied by an extremely fast heating
rate and quenching rate, rendering drastic structure changes in mate-
rials. Meanwhile, the novel and unique non-equilibrium structures are
obtained by this ultrafast synthesis and processing technology, which
are unattainable in conventional heating methods.

The CTS technique offers several unique advantages: (1) It allows for
rapid heating and cooling rates, enabling the instantaneous decompo-
sition of precursors owing to the high temperature and hampering
transient metal aggregation thanks to the ultrafast cooling speeds. (2)
The technique is capable of overcoming thermodynamic immiscibility in
bimetallic systems, resulting in homogeneously non-equilibrated bime-
tallic NPs. (3) It can accurately tune the elemental distributions and
components, microstructure and particle size by simply adjusting the
parameters of CTS technique and the defect concentration of carbon-
based support. (4) The instant pulse heating method can significantly
reduce energy consumption, increase output efficiency, and improve
productivity. Therefore, the CTS technique is incredibly popular in the
energy storage and conversion fields.
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2.1. Joule heating

In 1840, Joule pioneeringly described the Joule heating or Ohmic
heating phenomenon, for which heat is produced when electrical cur-
rent passes through conductive materials [31], and formulated the
famous Joule’s law (Q = Ith, here Q is the heat quantity; I denotes the
electric current; R represents the conductor’s resistance; and t is the time
taken). Joule heating can be classified into two ways: indirect heating
and direct heating. The indirect heating approach is first to heat the
resistive metal coil, subsequently, the generated heat is transferred to
the precursor through radiation, convection and conduction. Although
this way is convenient, it suffers from inferior power and heating rates.
Conversely, the direct Joule heating method is widely popular owing to
its ability that heat the target directly by passing an electric current
through it. For instance, this method is commonly employed for food
thawing [32], amorphous alloy transformation [33,34], ceramic sin-
tering [35], environment purification [36], energy storage and conver-
sion fields [37,38].

Carbon-based materials are thought to be suitable for vacuum
lighting because they reduce parasitic heat losses due to higher melting
and sublimation temperatures in vacuum, as well as having a higher
radiant power density (0.8-0.9) than tungsten (0.4-0.5, visible wave-
lengths) [39,40]. Despite the fact that numerous CNT and
graphene-based incandescent bulbs have been examined [41,42], they
have been unable to compete with tungsten filament lamps. Here, Bao
et al. [43] prepared free-standing, high-conductivity rGO-CNT nano--
carbon paper via a solution-printing followed by a Joule heating strat-
egy, which exhibited higher visible lighting efficiency than that of
tungsten light bulbs (Fig. 2a-c). Moreover, this ultrapure, thin, and
highly flexible rGO-CNT paper could be broadened to many other ap-
plications, such as high-temperature heaters, thermionic emission
cathodes, and windshields deicing heaters.

High temperature heaters are widely employed in a range of high-
temperature chemical synthesis and device processing. Via a 3D print-
ing technique, Yao et al. [25] reported a 3D rGO-based arbitrarily sha-
ped heater produced by a Joule heating process in viscous GO solution
(Fig. 2d). The resulting printed 3D heaters featured distinctive benefits,
such as high-temperature tolerance (3000 K), superfast heating and
quenching rate (~ 20,000 K S™1), and flexible shape and size (Fig. 2e-f).

2.2. CTS setup

Based on the Joule heating effect, two ultrafast synthesis techniques
have been derived: Flash Joule heating (FJH) and Carbothermal shock
(CTS). The primary difference between the two techniques is their en-
ergy sources: FJH utilizes a capacitor bank powered by high voltage
discharge, while CTS relies directly on electric power sources, such as
direct or alternating current. While FJH has gained numerous attentions
in various fields[4,44,45], its complicated operation and use of
conductive additives (such as graphene or metals) have hampered its
better development. Therefore, this article focuses on the feasible and
convenient CTS technique, and the equipment setup is schematically
displayed in Fig. 3a. A Keithley power source provides direct current to
heat the precursors on top of a glass substrate connected to copper wire
with silver paste under vacuum conditions (Fig. 3b) [46]. An optical
fiber spectrometer is employed to measure the emission spectrum and
compute heat temperature. The recorded emission spectrum is then
fitted according to the blackbody radiation equation (Eq. 1) to calculate
the instantaneous temperature of the conductive precursor[43].

2hc? 1
(/17 T) =Yeray "5 T 1 (1)

15 ehc/hsT _ |
Here kg represents the Boltzmann constant, h represents the Planck
constant, ¢ denotes the light velocity, 1 denotes the wavelength, egay
denotes the stable emissivity, and y denotes the fitted constant. By
mathematically analyzing the wavelength and spectral radiance in
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Fig. 2. (a) Cross-section SEM image of single rGO-CNT layer (thickness: about 500 nm), inset image was the edge of a torn piece. (b) The highest temperature
achieved by different nanocarbon samples. Inset: the emission spectrum of the rGO-CNT sample. (c) A light bulb composed by 3D printed nanocarbon paper.
Reproduced with permission [43]. Copyright 2016, Wiley-VCH. (d) Optical photo of a 3D printed graphene oxide heater. (e) The emission spectrum and fitted of rGO
nanostructures at a high temperature of 3016 K. (f) The emission intensity of rGO heater was turned on and off for an ultra-short time (100 ms). Reproduced with

permission [25]. Copyright 2016, American Chemical Society.

Fig. 3c, it is possible to obtain the immediate temperature of the treated
precursor for a given electrical power input (Fig. 3d). In view of single-
atom agglomeration and inferior compatibility with temperature-
sensitive substrates, Yao and co-authors modified the original CTS
method by innovatively proposing a periodic on-off heating model
(Fig. 3e), involving a 55 ms on state that facilitated the formation of
metal-defect bond and a 550 ms off state that stabilized single-atom and
substrate [47]. In comparison with the routine CTS method, this modi-
fied method had higher demands for carbon-based support with high
defect concentration and remarkable high-temperature stability. Alter-
natively, the periodic shockwave method was more universal, efficient
and facile than the conventional CTS method. Liu et al. [48] demon-
strated a rapid, continuous and scaled-up method for preparing gra-
phene films (GF) through intensive Joule heating strategy in a
roll-to-roll manner from reduced graphene oxide films (Fig. 3f). This
time-efficient, energy-saving and low-cost heating method for the
massive manufacture of large-area graphene (GH) films had tremendous
application prospect in the flexible and wearable device fields.
Recently, Wang et al. [49] proposed traditional aerosol spray py-
rolysis (SP) with CTS technique to avoid the disadvantages of SP, such as
poor heating efficiency and inferior quality control. The heating element
of the conventional tube furnace was superseded by a unique carbonized
wood material, producing an innovative “droplet-to-particle” SP powder
preparation technique. The atomized precursor droplets fly through a
wood-based micro-channel reactor, and are heated to 2000 K via Joule
heating in only tens of milliseconds (Fig. 3g-h). Interestingly, the
support-free, homogenous and large-scale nanomaterials can be ob-
tained by this continuous aerosol spray process. In 2021, the same
research group designed a continuous fly-through high temperature
apparatus using the emerging CTS technique to obtain supported NPs
[50]. The reactor consisted of two face-to-face carbon paper (with a
distance of 1-3 nm), which generates homogeneous and extraordinarily
high temperature (~ 3200 K). Under the influence of gravity and carrier

gas, the metal salt precursors coated on carbon support flow through the
heating sheets, and rapidly decompose into homogeneous NPs on a large
scale (Fig. 3i). This work demonstrated a rapid, efficient and feasible
strategy for synthesizing monodisperse and size controllable nano-
materials. In short, in comparison with the original heater, the modified
heater has the advantages of high time-efficient, low-cost,
high-throughput and continuous synthesis.

3. CTS fabrication of nanomaterials
3.1. Metals nanoparticles

An important application of CTS technique is to synthesize well-
dispersed metal nanoparticles (NPs) on pre-treated conductive carbon
supports, such as carbon nanofibers (CNFs) [21,22], reduced graphene
oxide (rGO) film/aerosol [51,52], carbon nanotubes (CNTs) [53,54], and
carbon paper/cloth/carbonized wood [55-57], utilizing microsized solid
materials (such as metal, semiconductor, compound particles) or metal
salt solutions as precursors. For instance, Yao et al. [22] obtained
single-component palladium (Pd) NPs utilizing CTS at 2000 K for 5 ms on
CNF support with PdCl, precursor solution. The size and distribution of Pd
NPs were significantly impacted by the length of the thermal shock. More
specifically, smaller NPs with a narrower size distribution were formed as
a result of shorter thermal shock periods, as shown in Fig. 4a-b. Moreover,
a non-contact and continuous “fly-through” strategy has been proposed
via the rapid Joule heating radiative model to solve the knotty problem of
preparing NPs on temperature-sensitive substrates (e.g., paper and textile,
et al.) [58]. Apart from above-mentioned Pd NPs, various unitary metal
NPs or nanoclusters, such as Sn [22], Co [51], Si [59], Ag [60], Ni [61], Cu
[62], Pd [63], had also been successfully prepared using the CTS tech-
nique. Moreover, the rapid CTS technique could also be utilized to obtain
bimetallic alloy NPs (e.g., PdNi [21], IrNi [53], PtFe [54], CoPd [56], NiFe
[23], Pd3Pb [24], et al.), particularly the thermodynamic immiscibility
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Fig. 3. (a) Photographs and (b) sketch map of self-made experiment setup for preparing materials using the CTS method. Reproduced with permission [46].
Copyright 2017, Wiley-VCH. (c) Spectral radiance measurement. Temperature is determined by Planck’s law. (d) Fit temperature and integrated radiance versus
input electrical power. Reproduced with permission [43]. Copyright 2016, Wiley-VCH. (e) Diagram depicting the high-temperature synthesis of single atom by
precursor on carbon. Reproduced with permission [47]. Copyright 2019, Nature Publish Group. (f) Schematic of roll-to-roll Joule heating pressed graphene film.
Reproduced with permission [48]. Copyright 2019, Elsevier. (g) Schematic diagram of carbonized wood microchannels transporting and heating carrier gas and
liquid droplets at 2000 K (h) Diagram depicting the progression of droplets to particles in a single wood microchannel. Reproduced with permission [49]. Copyright
2020, Elsevier. (i) Schematic illustration of the fly-through high-temperature reactor. Reproduced with permission [50]. Copyright 2021, American Chemical Society.

Cu-X bimetallic systems (where X = Ag, Ni, In, Pd, Zn, and Sn) [64]. For
instance, Liu et al. prepared dislocation-strained IrNi (DSIrNi) bimetallic
alloy NPs on a carbon nanotube sponge via an unsteady thermal shock
process in argon protective environment employing nickel chloride and
iridium chloride as precursors. The HRTEM image showed that DSIrNi
NPs were coated with thin carbon layers ( ~ 0.35 nm), which could hinder
the agglomeration of IrNi NPs and improve the catalytic performance. In
addition, the X-ray photoelectron spectroscopy (XPS) results also verified

that the strong electronic interaction between Ir and Ni in DSIrNi bime-
tallic alloy NPs. Owing to the ultrafast cooling rate and the difference in
atomic radii, plentiful dislocations were kinetically embedded in IrNi NPs,
inducing strain-effected high-energy surface nanostructures (Fig. 4c-f)
[53]. Besides the above-discussed unitary metal NPs/nanoclusters and
bimetallic alloy, high-entropy nanoalloys (e.g., PtPdCoNiFeCuAuSn [12],
CoMoFeNiCu [65], PtPdRhRulrAuCuFeCoNiZrTiHfVNDb [66]) could also
be prepared by carbothermal shocking mixed metal salt precursors. For
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Fig. 4. TEM images of Pd nanoparticles formed on carbon nanofibers by a 1 s (a) and 5 ms (b) thermal shock treatment. Reproduced with permission [22]. Copyright
2017, American Chemical Society. (c,d) corresponding IFFT patterns along (101) and (110) crystal faces, with a substantial number of “T”-designated dislocations. (e,
f) Exx and Eyy, which stand for the (101) and (110) planes, respectively, have different distributions of strain. Reproduced with permission [53]. Copyright 2020,
Wiley-VCH. (g) Large-scale element maps for 15-HEA nanoparticles showing auniform mix of early and late transition metals. Reproduced with permission [66].

Copyright 2021, Elsevier.

instance, Yao et al. pioneered the creation of a record-breaking 15-
element homogeneously mixed nanoalloys through a high-temperature
and high-entropy strategy (Fig. 4g)[66]. The high-temperature process
avoided the reduction of nano-sized metal and reduced metal oxide im-
purities, while the high-entropy solid-solution structure with lattice dis-
tortions and localized strain stabilized those strongly repelling
combinations and easily oxidized elements. This work tremendously
widened the range of attainable nanoalloy compositions and creates a
huge space for their exploitation.

3.2. Carbon nanomaterials

3.2.1. Treatment of carbon-based nanomaterials

Currently, the carbon-based nanomaterials treated by the CTS
method mainly include carbon nanofibers (CNFs) [67-70], carbon
nanotubes (CNTs) [71,72], and reduced graphene oxide (rGO) [25,73].
The physical-chemical properties of these materials, e.g., thermal con-
ductivity, mechanical properties, electrical conductivity, and graphiti-
zation degree, could be considerably improved via the ultrahigh
temperature treatment, leading to unrivaled and admirable perfor-
mance. For instance, Yao et al. [67] obtained a 3D interconnected car-
bon matrix with covalent bonds by fusing adjacent polyacrylonitrile
(PAN)-based CNFs under ultrahigh temperature (> 2500 K) with a super
rapid heating rate (~ 200 K min ') employing Joule heating technique

(Fig. 5a-b). Compared to the pristine CNFs, the low Ip/I; value and high
peak sharpness indicated that the welded CNFs had higher crystallinity
and graphitization degree (Fig. 5c). Benefiting from the high graphiti-
zation degree and covalent bond structure of the welded CNFs, the
overall electrical conductivity of the integral fiber network reached
nearly 380 S cm ™, and the sheet resistance was 1.75 Q sq~* (Fig. 5d).
These demonstrations alluded to that the high-temperature CTS tech-
nique was a fantastic strategy to transform amorphous carbon-based
materials into covalently interconnected carbon networks.

3.2.2. Preparation of porous carbon nanomaterials

Biomass, which generally refers to plant-based materials derived
from nature, is an excellent renewable and abundant available precursor
of carbon-based materials, and has a battery of advantages of excep-
tional structure, richness in natural resources, biodegradability, and low
price [74,75]. Developing high-performance porous carbon materials,
especially graphitic carbon, from biomass is a significant topic of
research. However, graphitization process is often energy-intensive and
chemical-intensive owing to its high activation energy. Besides, the
intrinsic defects are fatal to the electrical conductivity of graphitized
carbon-based materials. Thus, Joule heating technology had been
pushed into the historical stage and highly crystalline graphitic carbons
derived from grass [76], lignin [77], and coconut shells [26] had been
obtained. Recently, Liu et al. [26] synthesized porous carbon via
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Formation mechanism diagram of activated porous carbons by HTS/tubular furnace. (f) The changes of KOH aggregation pattern. Reproduced with permission [26].

Copyright 2022, Wiley-VCH.

carbonization and KOH activation strategy with high temperature CTS
technique employing coconut shell as raw material. Due to the instan-
taneous melting of KOH into tiny droplets, which encouraged the
interaction between carbon and KOH and promoted the formation of
controllable, compact, and fine pores, the instantaneous Joule heating
(heating rate ~1100 Ks™!) of rapid quenching at high temperature
could legitimately produce a large number of pores with uniform size
distribution (Fig. 5e-f). Compared to traditional tube furnace heating
patterns, the CTS technique’s incomparable characteristics, including a
rapid heating/cooling rate and long high-temperature holding time,
made it time-saving, high efficiency, and energy-saving for preparing
porous carbon. The CTS technology has the potential to revolutionize
traditional methods for preparing porous carbon materials and will
occupy a place in this field.

Under such fast heating/cooling conditions, many scientific and
technical issues such as the removal mechanism of noncarbon species,
mass transport kinetics, and the growth mechanism of graphitic carbon
during carbonization and graphitization of carbon precursors are still
vague. In situ ultrafast spectroscopy technique combined with molecular
dynamic simulations maybe improve the mechanistic understanding to
realize the fine tuning of the carbon microstructure.

3.3. Compound nanomaterials

In this part, the compound nanomaterials prepared via CTS tech-
nique, including carbides, oxides, phosphides, transition metal sulfides/
borides, and high-entropy compounds, was introduced and discussed.
(1) Carbides: Carbides have potential uses in the realm of energy con-
version due to their good electrical conductivity and mechanical
robustness [78]. Xie et al. [79] synthesized necklace-like SiC/C com-
posite nanofibers employing electrospun C/Si nanofibers framework as
the precursor via high-temperature CTS method (Fig. 6a). The high
temperature (~ 2000 K) promoted the in-situ reaction of Si NPs and
CNFs, forming uniformly distributed SiC NPs on the surface of the CNFs
(Fig. 6b-c). This work simultaneously solved two critical issues, i.e., the
bond strength of SiC and carbon and the homogenous dispersion of SiC
NPs, in the production of SiC/C nanocomposites. (2) Oxides:
Cisquella-Serra A and co-workers [80] prepared homogeneous WO3_y
coating on electrospun CNFs using W(CO)g as raw material via chemical
vapor deposition (CVD) and Joule heating method (Fig. 6d-f). Rapid
heating and quenching processes generated by the air-assisted CTS
technique hampers the movement and rearrangement of steady-state
atoms, thus creating rich defects and high energy state oxygen atoms,
which was in favor of rapid charge transport and reaction kinetics. The
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feasible air-assisted CTS technique had a crucial guiding significance for
the realistic synthesis of other transition metal oxides. (3) Phosphides:
Yang et al. [81] designed small and uniform CoFePy @Fe nanocatalyst
with core-shell structure loaded on carbonized wood by
high-temperature CTS technique employing ferric nitrate, cobalt nitrate,
and trioctylphosphine oxide as Fe, Co, and P sources, respectively
(Fig. 6g). Owing to the vapor pressure disparity between Fe and Co

element, the CoFePy NPs was applied with a thin layer of Fe (~ 2 nm)
(Fig. 6h), protecting the surface of CoFePy NPs from damage in the
catalytic reaction process. (4) Transition metal sulfides/borides/hydr-
oxides: Hu’s research team successively reported iron disulfide (FeS5)
[52], cobalt boride (CosB) [82], and cobalt sulfide (CoS) [83] NPs
anchored on rGO films via current-induced high temperature thermal
shock technique with micro-sized FeS; powder, MoS, powder, cobalt
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acetate tetrahydrate and sodium borohydride, cobalt acetate and thio-
urea as the precursors, respectively. For instance, the core-shell
CoS@GH NPs with a shell thickness of about 2 nm loaded on rGO
nanosheets were produced via rapid CTS method (~ 7 ms) assisted by
high-temperature treatment strategy [83]. The uniformly distributed
CoS NPs (~ 20 nm) loaded on rGO nanosheets were caused by the ul-
trashort heating time and ultrafast cooling rate, which hampered the
diffusion and migration of the as-obtained CoS NPs. This unique
CoS@GH core-shell structure avoided the catalysts from corrosion, thus
enhancing the electrocatalytic activity and stability. Recently, the
NF-C/CoS/NiOOH nanomaterials-based nickel foam (NF) was designed
and prepared via rapid Joule heating technique, followed by water
soaking treatment [27] (Fig. 6i-j), which opened up a novel way to
fabricate and manipulate NF-based nanostructured materials. (5)
High-entropy compound: Hu’s research group prepared a number of
high-entropy compounds, such as high-entropy sulfide [84] (HEMS, i.e.,
(CrMnFeCoNi)Sy), high-entropy phosphate [28] (HEPi, i.e., CoFe-
NiMnMoPi), high-entropy oxide nanoparticles [29] (HEO, i.e., (Hf, Zr,
La, V, Ce, Ti, Nd, Gd, Y, Pd)O,_y), and high-entropy oxide microparticles
[85] (HEO, i.e., (Mn,Fe,Co,Ni,Cu,Zn)304_x), via high-temperature car-
bothermal reduction strategy. For instance, Li et al. [29] prepared
10-element HEO NPs (~ 7 nm) with record-high entropy homoge-
neously loaded on commercial carbon black substrate via the fast CTS
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avoiding the detachment/agglomeration of the NPs. Moreover, the
high-entropy design could diminish undesirable elemental segregation,
which in turn enhanced the chemical stability of the NPs. In order to
obtain high-quality HEO MPs, two critical synthesis conditions must be
particularly concerned: (1) It was compulsively need to fill the metal salt
precursors loosely to avoid the formation of densified microstructures;
(2) the heating duration demanded to be adjusted precisely to only tens
of seconds.

4. Applications
4.1. Catalysts

In recent decades, heterogeneous catalysts, as a crucial component of
electrochemical catalytic reactions, have gained increasing attention
and industrial interest [86]. The eventual electrochemical catalytic ac-
tivity is strongly determined by the particle size and distribution, as well
as exposed surface area of catalytic active site. The CTS process is a
feasible and effective strategy for obtaining high-efficiency electro-
catalysts. Currently, the CTS technique has been extensively employed
in different energy-related electrocatalytic reactions, such as the oxygen
evolution reaction (OER), hydrogen evolution reaction (HER), CO5
reduction reaction (CO2RR), oxygen reduction reactions (ORR), Ny

method (&1 s, 1400 K) employing various metal nitrates and chlorides reduction reaction (NRR), and ammonia (NHs)
as precursors under an air atmosphere (Fig. 6k-1). Exposing the NPs and decomposition/oxidation.
matrix to rapid, high temperatures enhanced the interfacial binding
between these materials, thereby improving the structural stability and
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Fig. 7. (a) Schematic diagram of preparation of self-supporting COAGO hydrogel precursor. (b) The preparation of COAGO aerogel films by Joule heating process. (c)
LSV curves and (d) Tafel slopes for CONG-JH and contrast sample. Reproduced with permission [88]. Copyright 2022, Springer. (e) The preparation of the
CW-CNT@N-C-NiFe electrode. Polarization curves (f), Tafel plots(g) of three electrodes. Reproduced with permission [23]. Copyright 2018, Wiley-VCH. (h) Envi-
ronmental HTS preparation diagram for dislocation-rich Pt nanoparticles. (i) LSV curves (measured at 5 mV s™1). (j) Mass activity comparison of catalysts. (k) Catalyst
polarization curves measured from the first and subsequent 2000 cycles. Reproduced with permission [92]. Copyright 2022, Wiley-VCH.
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4.1.1. HER

HER is a cathodic reaction of water electrolysis to obtain high-purity
Hy fuel, involving the transfer of two electrons on the catalyst surface
through two separate processes, that is, the Volmer-Heyrovsky or
Volmer-Tafel mechanisms [87]. The adsorption free energy of H*
(AGy+) is reference indicator used to assess HER activity, which is
powerfully related to the surface geometric shape and electronic struc-
ture of the electrocatalyst. In this regard, a series of electrocatalysts have
been gained using the CTS technique. Xing and co-workers [88] suc-
cessfully prepared a 3D porous free-standing GH-based Co-N-C single
atom (CoNG) monolith using the CTS technique (Fig. 7a-b). The fast
high-temperature treating process simultaneously endowed the forma-
tion of both rGO and atomic CoNy sites. While the ultrafast cooling rate
avoided the atomic diffusion and aggregation, ensuring the homoge-
neous distribution of atomic CoNy on rGO. Benefiting from the active
centers of CoNy moieties and 3D interconnected hierarchical porous
architecture assembled of graphene sheets, the as-obtained self--
supported CoNG electrodes delivered superior activity and durability for
HER achieving 10 mA em~2 at low overpotentials (106 mV) (Fig. 7c)
and a small Tafel slope (66 mV dec ™ (Fig. 7d) in HSOy4 electrolyte
(0.5 M).

Due to the synergistic action of multiple metal NPs, supported
bimetallic NPs are extremely important in a variety of electrocatalytic
sectors to achieve increased HER activity and stability. Chen et al.
recently reported chainmail electrocatalysts anchored on CNT “svilli”
decorated 3D porous wood-derived frameworks, which are N-doped,
few layer GH-encapsulated NiFe bimetallic NPs (N/C-NiFe) [23]
(Fig. 7e). The CW-CNT’s numerous, associated and low-bending
microchannels can support unhindered Hy elimination and electrolyte
permeation. The ultrafine core-shell structure N/C-NiFe NPs are created
using the CTS technique’s rapid heating and cooling speeds. The
self-supported CW-CNT@N/C-NiFe electrodes showed impressive HER
activity according to these special characteristics, with a low Tafel slope
(52.8 mV dec ') and an overpotential (179 mV) at 10 mA cm 2
(Fig. 7f-g).

The reticent kinetics of HER has been successfully addressed by
strain engineering, which involves creating catalysts with defect-rich
atomic structures (such as surface vacancy, doping, dislocations, grain
boundary, etc.) [89-91]. Pt nanocrystals with abundant dislocations
(Dr-Pt) were prepared via a high-temperature thermal-shock strategy (>
1400 K) in a liquid nitrogen cooling environment (~ 77 K) [92]
(Fig. 7h). The strain effect caused by fruitful dislocation caused by high
temperature stress and corresponding structural stress during crystalli-
zation can adjust the electronic structure of Pt atom, thus regulating the
adsorption energy of Hoq and increasing the activity of HER. In com-
parison with Dp-Pt (Pt NPs obtained under routine Ar atmosphere, with
an overpotential of about 45 mV), Dr-Pt displayed an overpotential
value as low as 25 mV (at 10 mA em 2, in 1 mol L~! KOH electrolyte)
(Fig. 7i). The mass activity of Dr-Pt at 50 mV overpotential was calcu-
latedto1.16 A mgﬁtl, which was superior to that of Dp-Pt (0.42 A mgﬁtl)
and commercial 20 wt% Pt/C (0.32 Amgﬁtl) (Fig. 7j). Moreover, the
Dr-Pt catalysts showed negligible potential attenuation at 50 mV s~}
after 2000 sweeps (Fig. 7k), indicative of long-term durability. The
unique extreme high-temperature environment and the fast hea-
ting/cooling rate offered a promising strategy for introducing fruitful
dislocations in metal NPs for high-efficiency HER.

4.1.2. OER

In electrochemical energy storage and conversion fields such metal-
air batteries and water splitting, the OER is a crucial half-cell process
[93,94]. O-H bond breaking and ensuing O-O bond creation are the two
primary phases in the OER process. Because of the intricate four-electron
transfer mechanism and the complicated deprotonation of water or
production of hydroxide during the OER process, a high overpotential is
typically needed to overcome the kinetic barrier [95,96]. Due to this, it
is essential to use high-efficiency electrocatalysts to lower overpotentials
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and enhance OER reaction kinetics. Transition metal sulfides (MySy)
[84], transition metal phosphides [97-99] and HEO NPs [100] have
been synthesized by the CTS technique.

For example, Cui et al. [84] pioneeringly synthesized quinary
(CrMnFeCoNi)Sy HEMS NPs with uniformly dispersed and homogeneous
size of 11.9 nm on a c-wood substrate via the CTS technique employing
metal salt precursors and thiourea as the metal and S source, respec-
tively (Fig. 8a). The (CrMnFeCoNi)Sy NPs presented striking OER ac-
tivity with an extraordinarily low overpotential (295 mV at100 mA
cm~2), accompanying withfavorablecycling stability over 10h at
100 mA cm2in 1 M KOH electrolyte (Fig. 8b-c). For instance, Qiao and
co-workers [28] firstly reported a spherical HEPi catalysts preparedvia a
high-temperature fly-through treatment of aerosol droplets (Fig. 8d).
The HEPi catalyst demonstrated good OER activity in comparison to its
commercial IrOx and HEO counterparts, with overpotential and Tafel
slope of 270 mV at 10 mA cm ™2 and 74 mV dec ™!, respectively. These
values were better than their counterparts made of commercial IrOy
(340 mV, 90 mV dec’l) and HEO (350 mV, 118 mV dec ™ (Fig. 8e-f). In
addition, Abdelhafiz A and co-workers prepared various compositions of
HEO NPs on CNFs via a rapid CTS synthesis technique in a reducing
atmosphere (4% Hy and 96% Ar gas) employing different metal salt
precursors [100] (Fig. 8g). Compared to the noble IrO; catalyst, the
senary HEO NPs (FeNiCoCrMnV) delivered higher OER activity and
durability. The influence of various alloying elements (Cr, V, and Mn) on
the OER catalytic activity and stability was investigated profoundly.
Among the three incorporated elements, Cr had the greatest effect on the
oxidation state of active elements (Fe, Ni, and Co), further presenting the
best OER activity. The addition of Cr maximized the number of adsorbed
high oxidation and surface oxygen species (02/OH™) (Fig. 8h), and
promoted higher oxidation state of Fe, Ni, and Co active sites. The
catalyst displayed higher OER activity at the beginning, which was
ascribed to the generation of smaller particles and single atom catalysts
due to the dissolution of unstable elements (Mn, Cr) from the bulk to the
surface (Fig. 8i). Moreover, the superior OER stability was attributed to
the strong carbide-mediated intimacy, originating from the strong
metal-carbide bond formed between HEO NPs and CNFs substrates.

4.1.3. ORR and CO2RR

Depending heavily on the catalyst’s surface properties, ORR either
uses a direct four-electron procedure or a less effective two-electron
transfer mechanism. Zeng and co-workers [54] prepared PtFe alloy
NPs on defect-rich CNTs (PtFe-DCNT) via a high-temperature carbo-
thermal shock treatment of the sample without a transient electro-
thermal process (Fig. 9a). It was interesting that the unique preparation
strategy of PtFe-DCNT material, that was, the Fe impurity NPs trapped
on CNTs were delicately used as a reducing agent for Pt** ions, thus the
Pt and Fe NPs on DCNT were formed. Benefiting from the unique
structure, ultrafine PtFe alloy NPs (~ 5 nm), and stabilized anchoring
sites, the hybrid film electrode with low Pt content (~ 1.7 wt%) dis-
played more than six times higher mass activity for ORR than the
commercial 20 wt% Pt/C catalyst (Fig. 9b), superior cycling stability
(90% current retention rate after 12 h) (Fig. 9c), and methanol tolerance
(Fig. 9d). Additionally, the cathode of the fiber Zn-air cell shown a high
discharge capacity (31.3mAhcm™>) at 10 mA cm™> and improved
stability thanks to the strong electrical conductivity, extraordinary me-
chanical resilience, and porous network structure of the PtFe-DCNT
films (Fig. 9e).

Electrochemical CO5RR is a talented method for converting CO, into
remarkably renewable and high value-added chemicals to achieve the
goals of “carbon-peak” and “carbon neutral” [101-103]. CO2RR in-
volves multiple proton/electron transfer processes and plenty of various
surface-bound reaction intermediates, leading to sluggish reaction ki-
netics and inferior selectivity. The COsRR process can be roughly
divided into three steps [104]: (1) CO2 is adsorbed on the catalyst sur-
face and activated to form *CO,. (2) Protons and electrons progressively
transfer to the surface-bound intermediates. (3) The surface-bound
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Fig. 8. (a) HAADF-STEM images and EDS mapping of a (CrMnFeCoNi)S, nanoparticle. (b) LSV curves of four samples. (c) Chronopotentiometry test of (CrMnFeCoNi)
Sx and (NiFe)oSg for 10 h. Reproduced with permission [84]. Copyright 2021, Wiley-VCH. (d) Schematic of the HEPi particles formation process. (e) Polarization
curves, (f) Tafel slopes in OER process between IrOx, HEO and carbon substrates. Reproduced with permission [28]. Copyright 2021, Elsevier. (g) Diagram
demonstrating the speedy Joule heating and cooling process during millisecond class pulse intervals. (h) XPS spectra of O 1 s for FeNiCoCrV before and post ADT,
bottom and top, respectively. (i) The diagram depicts how the HEO structure has changed over time and how it has affected its OER performance. Reproduced with
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intermediates are evolved into versatile products, involving C; products sp>-hybridized C-C bonds, doped oxygen atoms (Fig. 9g). The
(formaldehyde, carbon monoxide, methane, etc.) and C, products as-obtained Cu NPs highly covered on cellulose/carbon paper were
(propanol, acetate, ethanol, etc.). In particular, two-electron transfer utilized in electrocatalytic CO2RR, displaying 48.92% ethylene selec-
can produce carbon monoxide (CO), formic acid (HCOOH), and form- tivity at — 0.529 Vgyg potential and superior stability after 30 h of re-
aldehyde (HCHO), while six- and eight-electron transfer can product action in 10 mol L~! KOH solution (Fig. 9h-i).
ethanol (CH3OH) and methane (CHy4). Thus, developing a CO2RR elec- The electronic structure of metal atoms is powerfully impacted by
trocatalyst with high selectivity and activity is still imperative yet their coordination environment, which further affects the catalytic ac-
challenging. tivity and selectivity [105]. Metal atoms are usually stabilized on the
The catalytic activity of the substance can be improved by increasing substrate via the coordination of non-metal elements (e.g., N, the most
the coverage of metal NPs loaded with the carbon substrate; this is commonly utilized dopant) [106]. However, the majority of N dopants
because fewer unneeded reactions will occur on the exposed carbon do not participate in the coordination with metal atoms via the forma-
substrate. Song and co-workers [62] fabricated Cu NPs with a coverage tion of M-Ny species. The other N species, including graphitic N, pyridine
ratio of ~ 85% and homogeneously covered on carbonized cellulose N, pyrrole N, and N-O, can induce miscellaneous negative effects on the
substrate via the CTS method (Fig. 9f). The selection of partially catalyst during the catalytic reaction process. In this regard, Xi and
carbonized cellulose substrate is critical to obtain a high coverage ratio co-workers [107] prepared Ni single-atom catalysts (SACs) on a carbon
of Cu NPs. With the significant binding energy of metal atoms at high substrate with 80% N doping via the CTS strategy, employing a
temperatures, the numerous defect sites (oxygen and sp® bound C-C) metal-ligand complex as the precursor (Fig. 9j). The outstanding elec-
produced during the CTS process played a crucial role in the synthesis trocatalytic CO2RR performance of Ni-Ny SACs was ascribed to the
and stability of Cu NPs. In other words, the amount of metal NPs loaded exclusion of unwanted N species. The optimized Ni-Nx SACs exhibited an
with the substrate strongly depended on the defect concentration, e.g., excellent CO selectivity of 92% over a wide operating voltage range
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(=0.7 to —1.9 V vs RHE) in a 0.1 mol L ™! KHCOs electrolyte (Fig. 9k), The ammonia oxidation reaction was the key step in the industrial
and unprecedented stability (activity loss < 5%) at — 1.5V for 48 h. synthesis of nitric acid, which needed the advanced catalysts for prac-
Noteworthily, the current density for CO could reach 70 mA cm ™2 at a tical application. Yao et al. [12] prepared high-entropy PtPdRhRuCe
tremendously negative operating voltage (—1.9 V) in an H-cell. This NPs anchored on CNFs substrate via the carbothermal shock metal salt

impressive CTS strategy had also been employed to prepare mixtures precursor method. Compared with the PtPdARhRuCe MMNPs
carbon-supported Cu, Co, Zn, and Fe SACs, demonstrating its excellent (obtained via the wet impregnation method), PtPdRhRuCe HEA-NP

universality in the preparation of carbon-supported SACs. catalyst displayed ~ 100% NHjs conversion and > 99% selectivity to
NOyx (NO + NOy) at 700 °C (Fig. 10d-e). Moreover, there was no obvious

4.1.4. NRR and NH3 decomposition/oxidation reduction in catalytic activity and selectivity for nearly 30 h of persistent
The ambient electrocatalytic NRR method present an optional choice operation at 700 °C (Fig. 10f), which was ascribed to the high entropy

to the energy-intensive Haber-Bosch process for NH3 production. Un- characteristic of the catalysts obtained via the CTS approach. For
fortunately, the selectivity of NRR and the formation rate of NHj are still instance, Xie et al. [65] fabricated high entropy CoMoFeNiCu NPs with
not satisfactory owing to the competitive side reaction for HER and the homogeneous elemental distribution and immiscible tunable Co/Mo
tremendously strong bonding energy of N=N in Ng [108,109]. There- element ratio via feasible CTS technology (Fig. 10g). In comparison with
fore, low-cost and high-efficiency catalysts for NRR are urgently desir- conventional bi-metallic Co-Mo and mono-metallic Ru catalysts, the

able. Kim and co-workers [110] prepared homogeneous RuCu alloy NPs high-entropy alloy (HEA) demonstrates significantly promoted the cat-
on the cellulose/CNT sponge via the CTS method (Fig. 10a). Compared alytic performance and durability for NHs decomposition. The catalytic
to conventional Ru-based alloy catalysts, uniform RuCu NPs delivered performance of HEA NPs strongly depends on the Co/Mo atomic ratios
drastically higher selectivity (nearly 31%) and NHj formation rate (~ (Fig. 10h). The mass yield of 22.1 gnus g;étals h~! at 500 °C for HEA--
73 pg h™! em™2) (Fig. 10b-c). DFT calculation results validated that the CogsMoys catalysts was achieved, which was almost 19 times higher
enhanced NRR activity and selectivity of RuCu alloy NPs were attributed than that of conventional Co-Mo catalysts (Fig. 10i). Moreover, there
to the more negative AGppg (0.75 eV) of NRR and AG(*N3) -AG(*H) on was negligible degradation in catalytic activity during continuous
Ru-Cu (101), which facilitated the formation of *NNH (*Ng +(H"+ e™) operation for nearly 50 h at 500 °C (Fig. 10j), demonstrating fantastic
—*NNH) and suppressed the adsorption of H, thus improving NHj for- catalytic cycling stability.

mation rate and Faradaic efficiency. The unique catalysts with non-equilibrium and metastable structures
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Fig. 10. (a)The production and structure of RuCu nanoparticles on the cellulose/CNT sponge. (b) NHsyieldsand FEny3 with differentratioof Ru/Cu precursor. (c) NH3
yields and FEnys with different applied potentials of RuCu NPs. Reproduced with permission [110]. Copyright 2022, Wiley-VCH. (d) Process flow chart for the
oxidation of ammonia and the difference in structure and properties between HEA-NPs prepared by wet impregnation and control samples. (e) PtPdRhRuCe
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stability test, the catalyst’s elemental map is included. Reproduced with permission [65]. Copyright 2019, Nature Publish Group.

12



W. Zhang et al.

produced by the CTS technique are under booming development due to
their eminent electrocatalytic activity. Nevertheless, the profound un-
derstanding the forming mechanism of these unique structures remains
mostly vague. In addition, how to precise control the catalyst structure
and whether the metastable structure remains stable during the elec-
trocatalytic process are all outstanding and challenging questions.

4.2. Rechargeable batteries

With the ever-increasing energy consumption and environmental
deterioration, electrochemical energy storage (EES) devices have gained
numerous attentions due to their cost-effectiveness, environmental
friendliness, high dependability, and satisfactory energy and power
density [111,112]. Thus, rechargeable batteries have been under
booming development in recent years. In this section, the modification
of current collectors and the solid electrolytes using the CTS technology,
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Li-ions batteries and Li-air batteries are introduced [26,113].

4.2.1. Current collectors and electrolyte

The current collector, which is a fundamental component of
rechargeable battery, plays a vital role in interface stabilityand elec-
trochemical performance. The lightweight and highly conductive cur-
rent collectors, such as CNT films, rGO films, and flexible graphite foils,
show great potential owing to the notorious drawbacks of routine metal-
based current collectors (such as Ti, Ni, stainless steel, etc.), which are
heavy, high cost, bulky, and apt to corrosion over prolonged use.
However, the inferior conductivity and high cost of these carbon-based
films do not meet the practical requirement of batteries. Therefore,
creating flexible, lightweight current collectors that are highly conduc-
tive is crucial for the creation of high-performance rechargeable batte-
ries. For instance, Chen and co-workers [73] fabricated rGO films with
high conductivity (3112 S cm’l), thin thickness (~ 4 ym) and small
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Fig. 11. (a) The preparation of GO-CNT triggered by Joule heating process. (b) The conductivity of the rGO-CNT film reduced by CTS process. (c) The cycle stability
test of the AIBs. (d) The discharge capacity of the aqueous AIB. (e) The charge/discharge tests of the aqueous AIBs punched by several holes. Reproduced with
permission [30]. Copyright 2018, Wiley-VCH. (f) The diagram of rapid thermal annealing device. (g) the cross-section SEM image of the garnet SSE and cathode after
thermal annealing. (h) The interfacial charge transfer resistance with comparison of before and after rapid thermal annealing. (i) EIS of cathode symmetric cell. (j)
Discharge capacity and Coulombic efficiency of the Li/garnet/V,0s full cell. Reproduced with permission [117]. Copyright 2017, American Chemical Society. (k) The
diagram of rapid pulse thermal treatment process of garnet SSE. Reproduced with permission [120]. Copyright 2018, Elsevier.
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sheet resistance (0.8Q sq 1) by high-temperature Joule heating
method. The good electrical conductivity of graphene oxide films has
been proven by molecular dynamics simulations (MDS) to be due to
interlayer bridging bonds that flaws encourage and are brought about by
the improved reactivity of carbon atoms at the edges of defects at high
temperatures. The electrochemical performance of Li-ion batteries when
highly conductive rGO sheets were used as the current collector was
superior to that of a standard Al current collector.

To resolve the outstanding problems of feeblish electrical conduc-
tivity and weaker mechanical strength of CNT-based fibers, Wang et al.
[70] modified CNT fibers with 1,3,5-tris (2-bromophenyl) benzene
(2TBB) molecules via a nanosoldering technique triggered through the
CTS process, which formed covalent bond bridging between CNTs and
2TBB molecules. This resulted in a nearly 100-times increase in elec-
trical conductivity and a 47% increase in tensile strength. Liu and
co-workers [30] reported an rGO-CNT hybrid film via high-temperature
reducing of GO-CNT hybrid film, which was employed as free-standing
flexible current collector of aqueous AIBs (Fig. 11a). The Joule heating
process started on CNTs (shown by the red tubes), and as the electrifying
time grows, the functional groups on GO progressively shrink. As current
collectors, fully reduced rGO-CNT is constructed in flexible water-based
AIBs with good mechanical and electrical conductivity. The rGO-CNT
hybrid film exhibited high electrical conductivity (2750 S cm 1)
(Fig. 11b), excellent flexibility and scalability. The CuHCF cathode,
MoOs3 anode, and rGO-CNT sheets current collector in the as-assembled
aqueous Al-ion complete cell demonstrated outstanding electrochemical
performance with commendable cycle performance (Fig. 11c).
Furthermore, the AIBs show excellent flexibility and patience to me-
chanical damages, such as punching, folding, bending, and cutting
without adverse damages to the electrochemical performance
(Fig. 11d-e).

Due to their high-temperature thermal and electrochemical stability,
ceramic-based solid-state electrolytes (SSEs), an essential component of
high-temperature all-solid-state batteries, have recently been able to
resolve the vexing safety problems associated with conventional liquid
organic electrolytes for high-temperature batteries [114]. For garnet
SSE, the impracticable interface issue between the SSE and the cathode
is still not well-addressed due to the long high-temperature processing or
sintering processes [115,116]. In this regard, Liu et al. [117] employed a
rapid Joule heating treatment technique to anneal the interface between
LiyLag 75Cag 25Zr1.75Nbg 25012 (LLCZNO) garnet SSE and V405 cathode,
forming a firm and continuous interface due to the fusion of the melt
V205 cathode and LLCZNO garnet SSE at high temperature (Fig. 11f-g).
The resulting cathode/garnet interfacial impendence was remarkably
reduced from 2.5 x 10* Q ecm? to 71 Q em? at room temperature and
from 170 © cm? to 31 Q em? at 100 °C (Fig. 11h), respectively. More-
over, the diffusion impendence inside the V505 cathode was also sub-
stantially reduced (Fig. 11i). Based on the totally solid-state battery
components, the high-temperature Li metal battery with small interfa-
cial resistance (45 Q cmz) delivered excellent electrochemical perfor-
mance at 100 °C (Fig. 11j). Due to the high reactivity and mobility of Li
ions, SSEs were Li conductive ceramic materials that were vulnerable to
surface contamination and ceramic degradation. This resulted in inad-
equate interfacial transport of Li ions, which negatively impacted the
electrochemical performance [118]. Peculiarly, lithium carbonate
(LioCO3) contamination preferentially accumulates on the surface/grain
boundaries of aged garnet SSEs, hampering the practical commerciali-
zation process of solid-state batteries [119]. To address this issue, Wang
et al. [120] proposed a thermal shock method for < 2 s at 1250 °C to
cleanse Li;CO3 contamination from the surface and grain boundaries of
LiyLa3Zry012 (LLZO) ceramic-based garnet SSEs (Fig. 11k). The ultrafast
processing time couldalso concurrently introduce oxygen vacancies in
the SSEs, besides impeding Li evaporation loss and phase change of the
SSEs. The formation mechanism of oxygen vacancies was systematically
investigated, leading toa 2-fold increase of ionic conductivity (3.2 x
1074Scem™) compared to untreated EESs solid-state electrolyte (1.6 x
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10~*S ecm™1). Capitalizing on these attributes, the thermal-shocktreated
garnet SSE exhibited enhanced electrochemical cycling stability. In
consequence, the symmetric Li/SSE/Li cells equipped with
thermal-shock treated garnet SSE could cycle at 500 pA cm ™~ 2current
density, whereas the untreated counterparts suffered froma short circuit
at 100 pA ecm 2.

4.2.2. Li-ion battery

Li-ion batteries (LIBs), as the mainstream EES device, have domi-
nated the energystorage market due to their remarkable energy den-
sities. However, there are still huge challenges in developing novel
materials or modifying the components to satisfy the ever-increasing
requirements for LIBs. The advent of CTS technique has ushered in a
new era for the advancement of Li-based energy storage devices.

Active electrode materials loaded on highly conductive carbon sup-
ports can facilitate electron transport in the charge-discharge process.
Chen and co-workers [59] designed ultrafine Si, Sn and Al NPs anchored
on the rGO substrate via high temperature CTS procedure (Fig. 12a).
When served as the anode of LIBs, the rGO-Si NPs film delivered a high
discharge specific capacitance (3367 mA h g™1), a superior volumetric
capacity (3543mAhcm™3), an outstanding areal capacity
(2.48mAhcm™) at 0.13 mA cm™2, together with excellent cycling
stability (Fig. 12b-c), surpassing those of the rGO-Si MPs film electrodes.
The inferior stability of the solid electrolyte interface induced by high
activation surface area of NP-based battery electrodes had pushed mi-
croparticles (submicron to micron) to the foreground in battery fields
[121,122]. Recently, Dong and co-workers [85] reported HEO micro-
particles and applied them as LIB anode material (Fig. 12d). To fill a
homogenous mixture of metal salt precursors and achieve good heat
transmission efficiency, flexible carbon heat processors were formed
into the necessary shape. The (Mn, Fe, Co, Ni, Cu, Zn)304_x HEO mi-
croparticles electrode demonstrated outstanding cycling performance
with 90% capacitance retention after 100 cycles at C/5 and a superior
Coulombic efficiency of nearly 98%, in addition to outstanding rate
performance, in a typical half-cell configuration. (Fig. 12e-f). Dendrite
growth and interface instability of Li metal anodes were the notorious
issues of Li metal-based batteries, which could effectively be solved by
employing a heterogeneous seed induction strategy. In this regard, Yang
and co-workers [60] prepared homogeneous Ag NPs (~ 40 nm) on CNFs
via CTS method, which could effectively tune the deposition behavior of
Li, guided uniform Li deposition in a 3D carbon framework, and suppress
the formation of Li dendrites. In a consequence, the modified Li metal
anode with Ag nanoseeds exhibited an unrivaled cycling stability for
500 h at 0.5 mA cm~2 without short-circuiting, which was remarkably
superior to the bare CNF substrates (< 100 h) (Fig. 12g-h). Lu and
co-workers [123] proposed an efficient and high-value recycling method
that converts high-purity WSi to stable 1D Si nanowires (SiNWs) on the
GO substrate via a high temperature electrothermal shock technique
(Fig. 12i). The Si atoms in the WSi powder, produced at high tempera-
ture (2100 K), directionally diffuse to form SiNWs between GO films,
thereby forming a conductive and self-supporting SINWs@rGO com-
posite (Fig. 12j). When used as the anode of LIBs, the SINWs@rGO
electrode with 76% Si content delivered superior initial Coulombic ef-
ficiency (ICE) of 89.5% (Fig. 12k), and excellent cycling performance
with 2381.7 mAh g_1 for more 500 cycles at 1 A g_l (Fig. 121).
Furthermore, full LIBs paired with commercial Li[NipgCoq.16Alg.04]
0O2(NCA) cathode displayed outstanding cycling stability with 126.3
mAh g~! at 0.2 C for 100 cycles, as well as superior energy density of
454.7 W h kg™ 1. Recently, in view of the complicated multistep reaction
process and sluggish reaction dynamics issues existing in conventional
synthesis methods of cathode materials for LIBs, Zhu et al. [124] syn-
thesized a series of typical cathode materials for LIBs with high purity,
abundant oxygen vacancy, ultrafine particle size and excellent electro-
chemical performance, such as LiFePO4, LiCoO,, LiMnyO4 and
xLiMO5-(1 — x)LioMnO3 (M=Ni, Co, Mn)/NiO composite material, via
high-temperature carbothermal shock technique using acetate-based
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Fig. 12. (a) Rapid preparation of rGO-SiNPs on hot rGO paper. (b) Galvanostatic discharge/charge profiles of the rGO-SiNPs film of the first two times cycle. (c)
Cycling test of the rGO-SiNPs and rGO-SiMPs films. Reproduced with permission [59]. Copyright 2016, American Chemical Society. (d) The high-temperature Joule
heating process featured a fast thermal treatment for just seconds. (e) Cycling performance of the senary HEO using a half-cell configuration at C/5. (f) The rate
performance of the senary HEO. Reproduced with permission [85]. Copyright 2022, Wiley-VCH. Cycling performance of Li anode plating/stripping on (g) bare CNFs
and (h) AgNP/CNFs. Reproduced with permission [60]. Copyright 2017, Wiley-VCH. (i) The schematic of the CTS process for synthesizing SINWs. (j) Cross section
SEM images of the film. (k) Starting Coulombic efficiency comparison. (1) Rate capacity of the SiINWs-76 electrode. Reproduced with permission [123]. Copyright

2021, Wiley-VCH.

precursor obtained by combustion method.

4.2.3. Li-air battery

Rechargeable Li-O, batteries, which featureultra-high energy density
(~ 3500 Wh kg™1), have been extensively investigated to satisfy the
ever-increasing requirement for high-energy devices, involving ORR
during the discharge process on the cathode and OER during the charge
process [125]. Thus, designing and exploiting advanced catalysts for
ORR and OER is vital to enhance the electrochemical performance of
Li-Oy batteries. Jung and co-workers [126] synthesized quaternary
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polyelemental (Au, Pd, Pt, and Ru) NPs loaded on CNFs through the
high-temperature CTS method (Fig. 13a). The PtPdAuRu/CNF NPs
electrode delivered a reduced overpotential (0.45V) and a high
discharge capacitance (9130 mAh g_l), which was about three times
more than that of the pristine CNF (Fig. 13b-c). The excellent electro-
chemical performance was ascribed to the enhanced catalytic activity
related to the appropriate O, adsorption ability of the PtPdAuRuNPs.
Due to its cheap cost-effectiveness, safety, and high theoretical en-
ergy density, zinc-air batteries (ZABs), which are promising energy
storage devices, have attracted a lot of attention [127,128]. The
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Fig. 13. (a) Element mapping of Pt-Pd-Au-Ru nanoparticles. (b) Diagram of Li-O, single-cell equipment and its composition. (c) Discharge curves of the CNF and
CNF/Pt-Pd-Au-Ru electrodes. Reproduced with permission [126]. Copyright 2021, American Chemical Society. (d) SEM images of the Co@N-C/PCNF composite. (e)
HRTEM image of Co@N-C nanoparticle. (f) R-space spectra depicting the Co K-edge in both Co nanoparticles and Co@N-C/PCNF. (g) WT-EXAFS of the Co K-edge in
Co@N-C/PCNF. (h) Diagram of aqueous ZABs. (i) Corresponding discharge polarizations and power density curves. (j) Stability test of Co@N-C/PCNF-based flexible

ZAB. Reproduced with permission [131]. Copyright 2021, Wiley-VCH.

electrochemical performance of ZABs intensely rests with the efficiency
of ORR/OER [129]. The adsorption/desorption kinetics of intermediates
accelerated by TM-N-C moieties in the OER/ORR procedure were pro-
posed [130]. Unfortunately, several factors still need to be optimized for
the TM@N-C-based catalysts, such as limited active sites exposure,
inferior electronic conductivity, untight contact of TMs and carbon
substrate, and aggregation of TMs. Therefore, it is pivotal to explore
efficient methods to synthesize low-cost, stable, and efficient TM@N-C
catalysts. In this regard, Lu and co-workers [131] prepared core-shell
structure Co@N-C/PCNF catalysts via CTS shock technology. The
as-fabricated Co@N-C/PCNF featured with inimitable advantages, such
as high graphitization degree, highly dispersed and homogeneous dis-
tribution of Co NPs, ultrathin N-doped carbon shell, and large SSA
(Fig. 13d-e), which was favorable for the pace of mass transfer and
exposure of active sites. Benefiting from these merits, the
Co@N-C/PCNF composites exhibited remarkable reversible oxygen
electrocatalytic activityat both OER and ORR. Moreover, the experi-
mental and simulation results jointly validated that the electrical
structure and local environmental of Co in the composite can be tuned at
the interface of Co-N-C moiety (Fig. 13f-g), thus optimizing the
adsorption/desorption energy of oxygen intermediated and speeding up
the reaction kinetic of OER/ORR, further improving the electrocatalytic
activities. Simultaneously, when used as air electrodes, the
Co@N-C/PCNF composite-based aqueous ZABs exhibited a high specific
capacitance of 292 mW cm™2 (Fig. 13h-i), while the flexible ZABs also
delivered excellent electrochemical activity with high specific capacity
and long cycling lifespan (Fig. 13j). In another work, the as-obtained
well-structure NiCo LDH@CC was chosen as the cathode material of

16

zinc-ion batteries (ZIBs), delivering admirable energy density of
301.7 Wh kg ™}, superior cycling stability of 81.4% capacitance reten-
tion after 5000 cycles at 15 A g~ 1. In addition, the as-assembled flexible
quasi-solid-state zinc-ion micro-batteries (ZIMBs) using PVA-KOH as an
electrolyte also presented remarkable specific capacitance, superior
energy density, together with prominent long-term stability [132].
Recently, Li and co-workers [133] successfully synthesized various
element (Fe, Mn, Ni, Zn, and Mg) doped CoO electrocatalysts via a
feasible and fast Joule heating technique. The resultant Fe-CoO mate-
rials exhibited splendid OER activity with an overpotential as low as
280 mV at 10 mA cm 2 and remarkable cycling stability. The ZABs
assembled with Fe-CoO and Mn-CoO delivered high power density
(305 mW cm’z), superior durability, together with remarkable
long-term stability (> 450 cycles at 5 mA cm™2).

Due to its high theoretical energy density, Li-CO batteries have been
recognized as promising energy storage technologies that could lessen
the “greenhouse effect” by absorbing CO; and fully utilizing the surplus
COs in the atmosphere [134,135]. Unfortunately, Li-CO4 batteries are
subjected to several bottlenecks, such as poor rechargeability, low
recyclability, inferior rate performance, and low Coulombic efficiency
[136]. To enhance the electrochemical performance of Li-CO5 batteries,
it is therefore potential to develop and build highly efficient cathodes.
The energy storage and power density of Li-CO, batteries are thought to
be improved by designing thick electrodes, which increase the area mass
load of active materials and decrease the weight to volume ratio of
inactive material [137]. In this regard, Ni NPs@rGO produced using the
CTS process (1900 K for 54 ms) was used by Qiao and colleagues to
construct an ultrathick cathode (0.4 mm) for a high energy density
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Li-CO battery. The Ni/rGO cathode provided a low overpotential of
1.05V at 100 mA g_l, a high areal capacitance (14.6 mA h cm_z),
outstanding cycling stability (100 cycles), and superior rate capability
(up to 1000 mA g~ 1). This was made possible by the thick electrode and
uniform dispersion of Ni NPs. On activated CNFs (ACNFs), the same
team created highly dispersion and ultrafine Ru NPs that were used as a
high-efficiency cathode for Li-CO, batteries [138]. The Ru/ACNFs
electrode demonstrated a low overpotential voltage (1.43 V) over 50
cyclesat 0.1 A g~ and enhanced cycling stability thanks to the ultrafine
Ru NPs (4.1 &+ 0.9 nm), multi-channel routes (given by cross-linked
nanofibers), and porous structure (supplied by ACNFs). In addition,
even at high current densities (0.8 and 1.0 A g™!), low overpotentials
(1.79 and 1.81 V, respectively) could be achieved, displaying remark-
able rate performance and admirable reversibility.

In summary, CTS technology has shown a wide range of application
potential in the field of rechargeable batteries. The ultra-high processing
temperature and extremely fast rising and cooling rate based on CTS
give the material well mechanical properties, which also has significant
advantages in slowing dendrite growth and increasing battery dura-
bility. The modification treatment of separator is a blank of CTS tech-
nology in energy storage fields, and needs further exploration.

5. Conclusions and future outlook

In this review, the CTS technique featured extremely fast heating/
cooling rates is systematically introduced. Firstly, the development
history, equipment and advantages of the CTS technique are briefly
introduced. Subsequently, versatile nanomaterials obtained via the CTS
technique are presented, including metal NPs, carbon-based nano-
materials, and compound nanomaterials (e.g., carbides, oxides, phos-
phides, transition metal sulfides/borides, and high-entropy
compounds). Finally, the versatile applications of these nanomaterials
are exhaustively elaborated, including energy-related electrocatalytic
fields (e.g., HER, OER, ORR, CO2RR, NRR), rechargeable batteries. In
recent years, although plenty of research works based on the CTS
technique have been deliberately investigated, there are still consider-
able spaces for development. Hence, in our opinion, future perspectives
and valuable research directions will focus on the following aspects
(Fig. 14):

(1) The CTS setup linked with aerosol spray pyrolysis method or roll-
to-roll possessing technique enables the large-scale preparation of
nanomaterials. Moreover, apart from the routine utilized sub-
strate (CNF, CNT, GO) as heater, there are several advanced
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heaters for CTS setup, such as graphite paper, face-to-face carbon
paper. Therefore, coupled with other preparation technique of
nanomaterials, seeking and designing new-style heater with
unique structure (e.g., bowland boat) to obtain functional mate-
rials are the uppermost search directions for the modification of
CTS setup in the near future. What’s more, defects or junctions in
carbon substrates would become high-temperature zones in the
process of Joule heating. Therefore, whether the carbon substrate
can render efficient heat conduction or dissipation from high-
temperature spots to obtain homogeneous temperature field is
essential for better control of product uniformity.
Nanomaterials prepared via the CTS technique universally
exhibit the nanoscale sphere-like particles, unavailable sophisti-
cated and diverse hierarchical and heterostructures (e.g., core-
shell, hollow, multi-shell), selected crystal planes, as well as the
surface functionalization, which further hamper their compre-
hensive application in various fields. In addition, the current
research primarily on the preparation of transition metal sulfides
and high-entropy alloys in terms of compound nanomaterials.
The CTS technique should be extended to a series of other com-
pound nanomaterials (e.g., phosphides, oxides, nitrides), which
have garnered recognition in the energy storage and conversion
fields. Therefore, reasonable designing the CTS process (e.g.,
cooling medium, heating period, and secondary treatment) and
choosing rational precursors to obtain novel compound func-
tional materials also shows high significance. Additionally,
obtaining the kilograms-quantity nanomaterials with CTS tech-
nique remains a challenge. Last but not least, the formation
mechanism of these nanomaterials remains mostly vague owing
to the ultrafast synthesis process. It is anticipated that an intimate
integration with in silico simulations and operando character-
izations will yield important insights and empower future
research of ultrafast synthesis.

For carbon-based materials, the current research mainly focused
on two aspects: one is the treatment of carbon-based nano-
materials (e. g welding CNFs, healing the defect of graphene fi-
bers, and high-temperature annealing), and the other is the
preparation of porous carbon nanomaterials (high-temperature
carbonized biomass). The former has been extensively studied.
Unfortunately, the mechanistic details of how these carbon-based
nanomaterials are converted have remained intangible. In com-
parison, the preparation of carbon-based nanomaterials via CTS
technique has been less investigated. Thus, selecting other
biomass or coal-chemical byproducts as precursors, combined

Carbothermal Shock Setup

1.With other preparation
techniques Integrated
2.Designing new-style heater
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Fig. 14. Illustration of the future research direction toward carbothermal shock techniques.
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with template-activation strategy to tune the pore structure and
size will be an important research direction for the preparation of
the hierarchical pore carbon via the CTS method. How to better
tune carbon structures by fine adjusting the synthesis parameters
in the process of carbonization is critical.

(4) The CTS technique can promote the progress of batteries and
catalysts. It shows promising potentials in electrochemical energy
storage devices (Li-based batteries, Zn-air batteries, Na-ions
batteries, and supercapacitors) and energy conversion devices
(HER, OER, ORR, and NRR). For energy storage devices, the
research hotspot mainly focuses on the preparation of anode,
cathode, current collector, and the modification treatment of
solid electrolyte. The modification treatment of separator is a
blank of CTS technology in energy storage fields, and needs
further exploration. Moreover, for energy conversion fields, novel
catalysts for COoRR and CO oxidation/reduction are urgently
needed to achieve the “carbon neutral” goal. In addition, how to
precise control the catalyst structure and whether the metastable
structure remains stable during the electrocatalytic process are all
outstanding and challenging questions.

(5) The utilization of CTS technique can facilitate the advancement
of waste recycling in order to fulfill the demands of a circular
economy.To date, the high-purity silicon waste, coal fly ash,
bauxite slag, and e-waste as the goal waste have been investi-
gated to obtain high-added value materials via the CTS tech-
nique. Therefore, exploring the treatment of other waste (e.g.,
metallurgical slag) and purifying of sea water to obtain valuable
elements can be valuable research directions for the CTS tech-
nique. Meanwhile, combining the commercial elemental separa-
tion techniques (e.g., ion exchange and solvent extraction) with
CTS technique will be an effective and feasible route to realize
scalable application.

In short, the emerging CTS technique holds significant significance in
producing adaptable functional nanomaterials and exhibits immense
potential in diverse domains, particularly in the realm of electro-
chemical energy storage and conversion. We anticipate that above-
mentioned issues can be better resolved in the future research and
render the CTS technique to be the mainstream material preparation
methods. Predictably, the bright prospects of CTS technology in energy
storage and conversion will accelerate the development of the next
generation of energy-related devices.
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