Lawrence Berkeley National Laboratory
LBL Publications

Title
Ultrafast materials synthesis and manufacturing techniques for emerging energy and
environmental applications

Permalink
https://escholarship.org/uc/item/86x2n30k

Journal
Chemical Society Reviews, 52(3)

ISSN
0306-0012

Authors

Hu, Xueshan
Zuo, Daxian
Cheng, Shaoru

Publication Date
2023-02-06

DOI
10.1039/d2cs00322h

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/86x2n30b
https://escholarship.org/uc/item/86x2n30b#author
https://escholarship.org
http://www.cdlib.org/

Ultrafast Materials Synthesis and Manufacturing Techniques for Emerging Energy
and Environmental Applications

AUTHOR(S): Xueshan Hu'#, Daxian Zuo'#, Shaoru Cheng'# Sihui Chen!, Yang
Liu!, Wenzhong Bao?, Sili Deng®, Stephen J. Harris*, Jiayu Wan'*

ADDRESS:

Department of Mechanical and Energy Engineering, Southern University of
Science and Technology, Shenzhen, China, 518055

State Key Laboratory of ASIC and System, School of Microelectronics, Fudan
University, Shanghai, China, 200433

3Department of Mechanical Engineering, Massachusetts Institute of Technology,
Cambridge, MA, USA 02139

‘Energy Storage Division, Lawrence Berkeley National Laboratory, Berkeley, CA,
USA, 94720

EMALIL: wanjy@sustech.edu.cn

Abstract

Energy and environmental issues have attracted increasing attention globally, where
sustainability and low-carbon emissions are seriously considered and widely accepted
by government officials. In response to this situation, the development of renewable
energy and environmental technologies is urgently needed to complement the usage of
traditional fossil fuels. While a big part of advancement in these technologies relies on
materials innovations, new materials discovery is limited by sluggish conventional
materials synthesis methods, greatly hindering the advancement of related
technologies. To address this issue, this review introduces and comprehensively
summarizes emerging ultrafast materials synthesis methods that could synthesize
materials in times as short as nanoseconds, significantly improving research efficiency.
We discuss the unique advantages of these methods, followed by how they benefit
individual applications for renewable energy and the environment. We also highlight
the scalability of ultrafast manufacturing towards their potential industrial utilization.
Finally, we provide our perspectives on challenges and opportunities for the future
development of ultrafast synthesis and manufacturing technologies. We anticipate that
fertile opportunities exist not only for energy and the environment but also for many
other applications.

1. Introduction

The industrial revolutions in the past few centuries have fundamentally changed our
way of energy utilization, bringing significant advances in human society. However,
the development of modern society relies on a large amount of energy consumption,
which is mainly supplied by fossil fuels. The continuous consumption of resources
leads to the emission of significant amounts of greenhouse gases, resulting in the
increasingly harmful effect of global warming, endangering the balance of natural
ecosystems and the human living environment. To address this concern, countries



worldwide have introduced related policies.!* For example, (a) The United States
passed the Clean Energy and Security Act and released the National Blueprint for
Lithium Battery 2021-2030.5¢(b) Europe: deployed the EU Horizon 2020 Plan that
embraces a low-carbon future.”!° (c) Japan proposed the Carbon-neutral and Green
Growth Strategy in 2050, focusing on promoting the development of green
industries."-'7 (d) China is actively promoting green and low-carbon development and
promises to achieve Carbon Peaks by 2030 and Carbon Neutrality by 2060.1%2! In
short, it is widely accepted that developing renewable energy and environmental
technologies has become a pressing task for humanity.
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Fig. 1 Summary of ultrafast synthesis & manufacturing methods and related applications.
Reproduced with permission.”? Copyright 2016, American Chemical Society. Reproduced
with permission.> Copyright 2017, American Chemical Society. Reproduced with
permission.”* Reproduced with permission” Copyright 2014, John Wiley & Sons, Inc.
Reproduced with permission.?® Copyright 2020, Elsevier Ltd. Reproduced with permission.*’
Copyright 2019, John Wiley & Sons, Inc. Reproduced with permission.?® Copyright 2019, AIP
Publishing Inc. Reproduced with permission.”? Copyright 2017, Elsevier Ltd. Reproduced
with permission.*® Copyright 2010, American Chemical Society.

In response, academia and industry are working hard to develop sustainable
technologies for energy and the environment. The development of these technologies
is inseparable from the development and application of new materials. However,
preparing new materials via most conventional methods, such as the hydrothermal
method or the furnace-assisted calcination method is still inefficient. This is because
they usually operate at high temperature, requiring hours or even days to obtain even
one batch of sample, consuming much energy and time. Plus, these methods are often
labor-intensive, further reducing research efficiency. To overcome this time-limiting



hurdle and accelerate the R&D of new energy and environmental technologies, novel
material preparation and manufacturing methods that can substantially reduce time,
labor, and energy consumption are urgently needed.

This review article provides an overview of emerging ultrafast materials synthesis
technologies for energy and environmental applications to address the above concerns.
Representative ultrafast manufacturing methods include laser-assisted synthesis,
microwave-assisted synthesis, joule heating, infrared synthesis, plasma synthesis, and
flame-assisted synthesis etc (Fig. 1). These methods rely on the immediate release of
energy, which provides instantaneous high power/temperature for materials synthesis.
The unique advantages of the emerging ultrafast manufacturing methods include:

1) These methods are ultrafast and highly efficient.’!*> Unlike conventional
methods that take hours or even days, ultrafast synthesis methods usually require a
few nanoseconds to a few minutes. The short reaction times of ultrafast methods
not only provide a more precise and targeted energy input, but also can
considerably reduce the unavoidable heat dissipation through radiation,
convection, and conduction. Plus, these methods generally involve significantly
fewer synthesis steps than conventional methods, such as the time-consuming
furnace/oven heating and the inefficient solvent-intensive washing. Thus, the short
reaction time leads to superior energy utilization and efficiency compared to
traditional methods.

2) These methods can synthesize materials that are nearly inaccessible to
conventional methods.*®3® A common characteristic of ultrafast synthesis
methods is that they generally utilize instantaneously-released energy, reaching
temperatures as high as 3000 K, which triggers the desired reactions for materials
synthesis. As a result, kinetically unfavorable reactions that are not possible at
normal conditions (e.g. furnace heating and cooling under normal pressure) may
become favorable using ultrafast synthesis techniques. Furthermore, compared
with conventional thermal approaches that require hours at high temperatures, the
ultrafast characteristic of these methods allows the synthesis of materials that
require temperature-sensitive substrates/supports (as they might only need to get
exposed at high energy/temperature in seconds).

3) Synthesized materials with ultrafast methods can remain in their metastable
state.’**> The heating and cooling processes of these methods are typically short,
providing little time for long-range diffusion within as-synthesized materials.
After cool-down, kinetic barriers may prevent atomistic diffusion and lead to
stabilization of the products. Thus, as-synthesized materials can easily stay in
metastable states (e.g., glassy, high-entropy) instead of more thermodynamically
stable conditions. As a result, these methods provide new degrees of freedom.

4) For the same reasons as in 2) and 3), as-synthesized nanoparticles are ligand-
free, isolated, and with narrow size distribution, as these reactions are typically
quick and in solid-state, in contrast to the chemically synthesized materials in
solutions.



Below we summarize emerging ultrafast synthesis methods, introduce their basic
operating mechanisms, and review their application in sustainable energy and
environmental technologies. These methods will play an increasingly important role
in new materials R&D for emerging energy and environmental technologies.
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Fig. 2 Introduction of typical ultrafast manufacturing methods. Each row represents one ultrafast
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manufacturing method. a. ultrafast joule heating synthesis of nanoparticles. Reproduced with permission.?
Copyright 2021, John Wiley & Sons, Inc. Reproduced with permission.*> Copyright 2018, The American
Association for the Advancement of Science. b. ultrafast laser synthesis of single atoms on graphene.
Reproduced with permission.** Copyright 2019, American Chemical Society. Reproduced with
permission.*® Copyright 2021, Springer Nature. ¢. ultrafast microwave synthesis of nanoparticles.
Reproduced with permission.?” Copyright 2019, John Wiley & Sons, Inc. Reproduced with permission.*
Copyright 2021, American Chemical Society. d. Flame treatment for poly(dimethylsiloxane) (PDMS)
surface modification. Reproduced with permission.?® Copyright 2019, AIP Publishing Inc. Reproduced with
permission.*” Copyright 2021, American Chemical Society. e. oxygen plasma treatment for Ag nanowire
oxidation. Reproduced with permission.?’ Copyright 2017, Elsevier Ltd. Reproduced with permission.*®
Copyright 2021, Royal Society of Chemistry. f. flash infrared assisted perovskite thin films fabrication.
Reproduced with permission.** Copyright 2021, American Chemical Society. Reproduced with permission.
50 Copyright 2019, Elsevier Ltd. g. rapid inductive heating synthesis of electrocatalysts on Ni foam.
Reproduced with permission.** Copyright 2021, John Wiley & Sons, Inc.

To understand the recent development of ultrafast synthesis technologies in energy
and environmental applications, we briefly introduce their basic principles.
Representative ultrafast synthesis methods include Joule heating, laser-assisted
synthesis, microwave-assisted synthesis, flame synthesis, plasma-assisted synthesis,
infrared radiation-assisted synthesis, and inductive heating induced synthesis. These
techniques are illustrated in Fig. 2a-g, respectively. Below we introduce the
operational mechanisms and unique characteristics of these methods.

1) Joule heating: Joule heating methods use a pulsed current to heat target materials
(Fig. 2a). In this process, a conductive substrate with appropriate resistance (e.g.,



2)

3)

4)

carbon substrate) is rapidly heated up through flowing current and electronic
scattering. Ideally, this process should be carried out in an inert atmosphere to
minimize possible damage to the heater. The heat treatment is highly controllable
and can be as fast as 10° K/s, rapidly heating the precursors to a few thousand
Kelvin within milliseconds and producing target materials.** Moreover, this
technique is programmable, effectively tuning the heating and cooling rate in the
material synthesis process.’? Joule heating involves three typical forms of reaction:
in-situ synthesis,** contact synthesis,*! and non-contact (radiative) synthesis.>® Using
these methods, researchers can create structures such as nanoparticles,>
nanowires, > single atoms,’®>’ high-entropy alloys,*-*® thin films,>® and bulk
ceramics®!. The synthesis of bulk materials using ultrafast joule heating is usually
pressure-free, unlike conventional sintering methods such as hot-pressed sintering.
Laser: Laser-assisted synthesis technologies involve a crucial step of the
photothermal process where laser energy is transferred to lattice vibration through
light-matter interactions (Fig. 2b). Conventionally, laser-assisted manufacturing
technologies have been widely adopted in applications such as welding,®
scribbling,%! cutting,®? drilling,® additive manufacturing, etc.5*%> The high-speed,
high-energy nature of lasers allows melting and even ablation of metals, ceramics,
polymers, and composite materials. When the incident laser beam heats the target
material, it may induce the generation of droplets (at micro- and nano-scales), vapor
(at atomic scales), and plasma.®® The above intermediates then mix, react, cool
down, and condense into desired products (e.g. nanoparticles). A particular
advantage of laser-assisted techniques is their high spatial and temporal resolution,
allowing precise and controllable fabrication of nanomaterials and nanostructures in
desired applications.®”-7?

Microwave: Microwave-assisted methods (Fig. 2¢) utilize high-frequency
electromagnetic radiation (e.g., microwave) as an energy source and convert it into
heat rapidly, which turns precursors into desired products. The principle of energy
conversion is the excitation of electron oscillation (of target materials) at the
microwave source frequency. Microwave-absorbing materials, such as oxides and
carbon materials, can rapidly heat up (~a few seconds) under microwave irradiation,
which serves as either target materials or mediative heaters to synthesize precursors
around them. The advantages of microwave-assisted methods include quick start-up
and stopping, rapid heating, non-contact heating, etc. Unlike conventional furnace
heating via radiant or convective heat flows, microwave heating does not entirely
rely on heat convection but intrinsic heat conversion/generation. Thus, the heating
efficiency and response are much higher than conventional methods, where massive
furnace elements must be heated. Researchers can use this method to create
nanoparticles,” core-shell structures,”* 1D structures,” etc.”®’® However, the
reproducibility of microwave-assisted methods remains controversial, limiting their
broad application for scalable synthesis and manufacturing.

Flame: Flame synthesis utilizes a flame to convert precursors to products via
combustion reactions.” During the synthesis, the precursors can be fed into the
reactor through gas or liquid. Accordingly, it can be divided into two categories,



5)

6)

7)

namely vapor-fed aerosol flame synthesis (VAFS) and liquid-fed aerosol flame
synthesis (LAFS) (Fig. 2d). For VAFS, low boiling point precursors enter the flame
with a carrying gas, while for LAFS, solid precursors are carried through a suitable
solvent and sprayed into the flame. In a typical LAFS process, aerosol droplets
undergo evaporation, solution concentration, drying, thermolysis of precursor,
microporous particle formation, and densification to the final particle (product). In
the pyrolysis process, particles can rise to a high temperature (800 - 1600 K) within
milliseconds to seconds and then quickly cool down. The high-temperature flame
provides a heat source, chemical environment, and controlled residence time (in
seconds) for the formation and evolution of the solid particle product. Flame
synthesis methods are mainly used for (oxide) particle synthesis (primary and
secondary particles such as aggregated or agglomerated particles); they can also be
applied for thin-film synthesis and surface modifications.?8:808!

Plasma: A plasma is a partially ionized gas with charged and energetic species
such as ions, electrons, photons, radicals, neutral species, etc. The synthesis
process benefits the synergistic contribution of highly reactive energetic species
and convective thermal energy (background gas temperature), dissociating the
precursor for subsequent reactions. When plasma flux passes over the sample, the
synthesis process starts rapidly; after the flux moves away, the reactive species
and thermal energy dropped abruptly, leading to prompt cooling.®*%3 Due to its
unique features, plasma-assisted techniques are extensively used for materials
modifications such as reduction, oxidation, etching, coating, etc (Fig. 2e). For
nanoparticle synthesis, the rapid and extensive energy release nature of plasma-
assistance techniques are beneficial for small nanoparticle formation, avoiding
Oswald ripening from conventional thermal synthesis. Plasmas can also directly
react with surfaces of materials/particles, forming a wide range of materials,
including metals, oxides, carbides, nitrides, and sulfides. Plasma-assisted
techniques can synthesize nanoparticles,®* thin films,® and even functionalize
porous materials with pores larger than 10 pm.3¢

Infrared: Infrared-assisted synthesis uses infrared (IR) radiation to rapidly heat the
precursors or other desired samples (Fig. 2f).>° The heating process occurs through
convective and radiative thermal energy, where the incident IR emission induces
interband electronic transition in semiconductors and intraband transitions in metals.
IR techniques are widely used in applications such as IR drying, atomic-layer
deposition, and 3D printing techniques. The samples and IR sources are usually
placed between two reflecting layers for high heating rate and energy efficiency.
This method is non-contact, radiative, easily accessible, and subject to a scalable
roll-to-roll process.®® However, since the energy input of IR-assisted methods can be
non-uniform and directional, these methods are most suitable for thin films,?"%8
surfaces,3 layer-by-layer fabrication,”! and nanomaterials preparations.’>-%°
Inductive heating: inductive heating is a process that utilizes eddy currents
generated in conductive metal substrates through electromagnetic induction (Fig.
2g). When a closed conductor is placed in an alternating magnetic field, an induced
current (eddy current) is generated preferably on the surface of the conductor, heat



the sample via electronic scattering (analogous to joule heating). This technique has
been widely used in materials processing, such as hardening, annealing, and welding.
The inductive heating process is non-contact, fast, scalable, clean, efficient, and
controllable, and it can be utilized to make a wide range of materials.””'% This
method is effective when the synthesis substrates are metals, particularly if in 3D,
such as nanoparticles loaded on nickel foam for energy applications. However, it
may not be as useful as other previously mentioned ultrafast synthesis methods,
when non-metal substrates or no even substrates are needed in target applications.

From the descriptions, we note there are inherent correlations between the working
mechanisms of the above ultrafast synthesis techniques. All the techniques allow rapid
energy conversion from one form to heat. For example, the essence of joule heating,
microwave heating, and inductive heating is the electronic scattering-induced joule
heating within the target materials. The laser and Infrared method utilizes the
photothermal effect, which converts photo energy into heat. Plasma and flame
synthesis involves reactive species, radicals, and convective thermal energy. Besides
the abovementioned methods, other field-assisted synthesis/sintering techniques
include spark plasma sintering,!+1%7 flash sintering,'%!!* electron beam assisted
methods,!!! UV-assisted sintering.!!?!!* These techniques share the same general
ultrafast synthesis principle that uses one or multiple fields as an energy source to
drive desired chemical reactions. Together, these methods provide a powerful toolbox
for a sustainable future.

The choice of precursors is vital to the successful synthesis via ultrafast techniques.
Due to the instantaneous energy release and fast reaction nature of the ultrafast
synthesis methods, two general principles in selecting precursors should be noted.
First, the precursors should obtain relatively high reactivity; this means they are either
easily decomposable or reactive with other reactants. For example, metal nitrides and
metal acetates are usually chosen as precursors for nanoparticle synthesis, as they
decompose at a few hundred Celsius. Second, the precursors are ideally responsive to
external thermal/optical/electric/magnetic fields. For instance, microwave absorbents
are preferred precursors in microwave-assisted techniques, and conductors are
selected for inductive heating-assisted approaches. Note that ultrafast synthesis
techniques provide energy to precursors either directly or indirectly. Depending on the
requirement for the final product, the precursors should fulfill the first rule but not
necessarily the second.



c d s
1400 11.49 mJ cm™ © 1064 nm
2400f 07r002s 2400k | 7.66 m o 1400
% E . 1200 I I © 383mJcm? { { {
2 2,000t : g 1 g 1300
g s b g 1000 A - }
: =m 7 Lo
£ 1,600 ' 2 800 : k y g
eV ' H \ £
& 3 600 4 i
a0l |- j \ L=
2 off N { gt wooo|
""""""""""""""""" 400 | " b R
. . : ) 900
800 0 0.1 0.2 0.3 0 50 100 150 200 250 300 2 4 6 8 10 12 14
Time on stream (s) Time (ms) Laser fluence (mJ cm™)
b 1700 e 2400
On for 0.02 s/0.055 s/0.11 s
< L )
A I & *
3 B
© 1,500 - ~ 1600 (I =
2 o <
£ 5 <
2 1,400 | © 2
8 2 8004 g
§ 1,300 5 £
b 7]
Off = @
1,200 . + . d 0 T T
o _ o 0.2 03 0 40 80 120 160
Time on stream (s) Time (ms)

Fig. 3 Temperature control for ultrafast technologies. The temperature profile of joule heating
adjusted by a electrical input power and b pulse duration; Temperature profile of laser-assisted
technique. Reproduced with permission.>> Copyright 2022, Springer Nature. ¢ typical temporal thermal
profiles and d peak temperature at different incident laser power. Reproduced with permission.*’
Copyright 2021, Springer Nature. e The temperature profile of precursor/substrate during microwave
heating and inset are photo images and IR images of the samples. Reproduced with permission.*

Copyright 2021, American Chemical Society.

The precise control of temperature (temporally and spatially) is crucial for ultrafast
synthesis methods, as the synthesis of most materials (if not all) is sensitive to
temperature (heat treatment). In general, all the ultrafast synthesis techniques
discussed in this article have comparably fast temperature response to conventional
methods. However, the degree of heating/cooling response and spatial resolution can
be quite different in each technique. To illustrate the temperature control ability of
ultrafast synthesis methods, we choose three typical techniques as examples for
discussion. Joule heating utilizes a resistor as a heater and electricity as an energy
input for temperature control. As a result, the temperature response of the heater is
mainly determined by the duration (program) of electricity and the resistor's heat
capacity/thermal conductivity. Representative temperature profiles via joule heating
are illustrated in Fig. 3a and b. The two figures demonstrate that by varying the input
power (Fig. 3a) and pulse duration (Fig. 3b), both maximum temperature and
heating/cooling profile can be precisely controlled and significantly altered.”
However, unless microfabrication techniques are utilized to obtain joule heaters, the
heating resolution of joule heating-based techniques may be limited as most reported
literature uses heaters at least at millimeter scales.

In contrast, laser-assisted techniques obtain a highly controllable spatial and temporal
resolution, as a highly focused laser beam provides the heating. As shown in Fig. 3¢
and d, both the temperature profile (Fig. 3¢) and peak temperature achieved (Fig. 3d)



are determined by the laser power of a single emission. The temperature and spatial
resolution of the laser can also be tuned in a certain range by the focus of the laser. In
addition, even with the same laser power, the authors demonstrated that the
maximized temperature was tunable with multiple laser emissions.*> Microwave-
assisted techniques are less controllable than the above two techniques but still obtain
instant high temperatures and maintain a relatively stable temperature profile. Fig. 3e
shows the temperature profile of a microwave-heated reduced graphene thin film,
which kept an average temperature at about 1850K for 160 ms.*® However, as the
microwave field may not be even in the reaction chamber, the reproducibility of
microwave-assisted methods may be a concern. In summary, the synthesis
temperature via ultrafast-assisted techniques can be finely adjusted, facilitating
precise materials synthesis and discovery. Furthermore, we discussed the pros and
cons of typical ultrafast methods, indicating the choice of ultrafast synthesis
techniques can play an essential role in as-synthesized materials.
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Fig. 4 Process and synthesis mechanism of typical ultrafast synthesis techniques. a /n situ TEM
images of Joule heating nanoparticle synthesis process (i, ii) Molecular dynamic modeling of Pt cluster
residing in edge planes at 1800 K, before and after 60 ps time relaxation. Reproduced with permission
5 Copyright 2020, Springer Nature. b A schematic depicting the formation mechanism of
nanoparticles by the laser scanning ablation method: laser generation (i), light-matter interaction (ii),
plume expansion (iii), bubble generation (iv) and bubble collapse (v). Reproduced with permission.!!®
Copyright 2022, Springer Nature. ¢ Schematic illustrating the synthesis of core-shell nanoparticles by

flame synthesis. Reproduced with permission.!!” Copyright 2010, John Wiley & Sons, Inc.

We now introduce materials synthesis mechanisms for a few typical ultrafast methods.
In order to create materials with unusual structures or exceptional properties, these
techniques feature both rapid heating and rapid cooling rates. Fig. 4a illustrates
ultrafast synthesis of nanoparticle before and after joule heating through in situ TEM
study and MD simulation.!!> As shown in Fig. 4a-i, a layer of precursor salt (H2PtCls)
can be uniformly loaded on the amorphous carbon fiber (smooth surface). After joule
heating for 30 ms, the surface roughness of carbon fiber increased drastically, and it
was loaded with large amount of as-synthesized, monodispersed Pt nanoparticles (Fig.
4a-ii). Because the heating process was rapid, the amorphous carbon could not be



fully graphitized, and it turned into highly defective turbostratic graphite instead. The
large number of defect sites offer ideal nucleation centers for nanoparticles, and they
anchor them firmly. More intriguingly, from the MD simulations, as the Pt particles
are loaded on defect edge sites of graphite, their Pt atoms can slightly intercalate into
the graphene planes. This phenomenon results from the large charge transfer and the
high binding energy between Pt and defect sites on graphite, where the binding energy
of Pt/Carbon (-8.51 eV/atom) is even greater than that of Pt-Pt (-5.37 eV/atom). This
comparison explains the excellent thermal stability of joule heating synthesized
carbon loaded nanoparticles, where agglomeration of nanoparticles can barely occur,
even at relatively high temperatures, demonstrated both in experiments (~1200 K) and
MD simulations (1800 K, Fig. 4a-iii, iv)). Joule heating is also well-known for multi-
elemental and high entropy materials synthesis.

A common feature of ultrafast synthesis is that the precursors are exposed to
instantaneous high power, when a large amount of heat is generated and released,
decomposing the precursors and forming desired products. Similarly, Fig. 4b
illustrates the ultrafast synthesis process of the laser scanning ablation method in
alkane solution for (high-entropy) nanoparticle preparation in times as short as
nanoseconds.''® This process can be understood as a photothermal evaporation
process. When the laser interacts with precursor salts (Fig. 4b-i, ii), they quickly
decompose into a mixed vapor of ions, atoms, and gases (Fig. 4b-iii), which is rapidly
cooled down by the surrounding alkane solution, and finally solidifies to nanoparticles
(Fig. 4b-iv,v). The size of the nanoparticles can be tuned with the light-matter
interaction time. In other cases, by sophisticated design of ultrafast synthesis reactors
and the relevant chemical reactions, complex structured functional nanoparticles can
be synthesized. Fig. 4c shows the scheme of a scalable, one-step ultrafast synthesis
setup of Ag/SiO, core-shell nanoparticles.!!” In addition to a regular burner for Ag
nanoparticles flame synthesis, a ring to inject SiO> precursor vapor can be added,
leading to an in-flight SiO> coating on fresh flame-synthesized Ag nanoparticles. By
tuning the distance between the metal ring and the flame and/or the
concentration/flow rate of the SiO; precursor, the size and coating thickness of the
core-shell nanoparticles can be further adjusted. The above examples reveal unique
characteristics of ultrafast synthesis techniques, and they inspire materials design and
discovery in desired applications in the future.
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Another unique feature of ultrafast synthesis techniques is that they can create
metastable states of materials in a facile manner (Fig. Sa). Compared with their
thermodynamically stable counterparts, metastable materials, such as high entropy
materials for structural alloys,!'812% electrocatalysis,>!?! and energy storage,!?>!23
may exhibit outstanding properties. Preparing such metastable materials can be a
daunting task for conventional materials synthesis, where there is often enough time
for elemental diffusion, leading to more thermodynamically stable materials. Ultrafast
synthesis methods provide a unique solution to this problem, where the samples can
be cooled sufficiently quickly. To illustrate this phenomenon, the classic time-
temperature-transformation (TTT) diagram for metallurgy is shown in Fig. Sb. In
conventional thermal approaches with a slow cooling rate and long elemental
diffusion time, phase-separated materials are usually formed (Fig. 5¢). In contrast,
ultrafast synthesis with high cooling rate can generate supercooled liquid alloys to
form metastable multimetallic alloys or even metallic glass at rapid solidification. As
a result, high entropy alloy nanoparticles (HEA-NPs), including quinary
(PtFeCoNiCu), senary (PtCoNiFeCuAu), septenary (PtPdCoNiFeCuAu), and
octonary (PtPdCoNiFeCuAuSn), can be readily prepared as shown in Fig. 5d.
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Fig. 6 Ultrafast materials synthesized materials across length scales. a. HAADF-STEM image of
isolated Pt atoms deposited on a laser-reduced graphene oxide support. Red circles indicate atomic
locations. Reproduced with permission.*> Copyright 2021, Springer Nature. b. SEM image of particles
on carbonized wood channels via microwave treatment. Reproduced with permission.?’ Copyright 2019,
John Wiley & Sons, Inc. ¢. TEM image showing FeNi@SiO: core-shell particles by flame synthesis.
Reproduced with permission.'?* Copyright 2022, American Chemical Society. d. TEM image of Fe203
supported Ag particles with SiO2 coating via flame synthesis. Reproduced with permission.'?
Copyright 2011, American Chemical Society. e. TEM image of the Fe20s||SiO2 Janus particles by flame
synthesis. Reproduced with permission.!?® Copyright 2009, John Wiley & Sons, Inc. f. SEM image of
Si nanowires turned from wasted Si microparticles after joule heating. Reproduced with permission.?
Copyright 2021, John Wiley & Sons, Inc. g. SEM image showing microstructure and surface
morphology of flame treated PDMS foam. Reproduced with permission.*” Copyright 2021, American
Chemical Society. h. SEM image of NiMo alloy film deposited on carbon paper after N2 plasma
treatment. Reproduced with permission.!?” Copyright 2016, John Wiley & Sons, Inc. i. photo images of
3D printed SiOC after ultrafast high-temperature sintering. Reproduced with permission.?! Copyright

2020, The American Association for the Advancement of Science.

Ultrafast synthesis methods can prepare materials across multiple length scales from
(sub)nanometer to millimeter, as illustrated in Fig. 6 and with tunable structures from
0D to 3D, such as single atoms, (core-shell) nanoparticles, nanowires, porous
materials, thin films, surfaces, and even 3D printed bulk samples. Fig. 6a is a high-
angle, annular, dark-field scanning transmission electron microscopy (HAADF-STEM)
image of single-atom Pt on reduced graphene oxide support, synthesized with laser-
assisted pyrolysis and reduction of freeze-dried graphene oxide film loaded with
chloroplatinic acid (H2PtCls) (up to 1692.2 K, ~1 ms).* Fig. 6b shows metal oxide
(CoOx) nanoparticles rapidly fabricated inside 3D carbonized wood channels after
microwave-assisted methods. These nanoparticles are ultrasmall (~11 nm), uniform,
and monodisperse (synthesized at ~2200 K, 4 s). Besides single component/phase
nanoparticles, nanoparticles with complex structures can also be synthesized with
ultrafast methods.”” Fig. 6¢-e shows three TEM images of structured nanoparticles



prepared by one-step flame synthesis: FeNi@SiO» core-shell structured nanoparticles
(Fig. 6¢),'>* Ag/Fe;Os supported nanoparticles with SiO, coating (Fig. 6d, dark
particles represent Ag),'?> and Fe>O3/SiO: Janus nanoparticles (Fig. 6e).!26 Ultrafast
methods can synthesize more than (nano/microstructured) particles. Fig. 6f shows the
synthesis of nanowires using the joule heating method. This technique transformed
photovoltaic Si waste microparticles and reduced graphene oxide composite into
silicon nanowire (SiNW) electrodes for lithium-ion batteries (LIBs) in a few
milliseconds (~2100 K, 10 ms).?’ Fig. 6g shows a rapid flame surface treatment
method that can treat and tune the surface properties of polymeric foams (sensitive
substrate). This method successfully formed a superhydrophobic surface with nano-
silica rough structures, while maintaining a soft/stretchable polydimethylsiloxane
(PDMS) skeleton. The pyrolysis of PDMS molecules can be adjusted by changing the
flame scanning speed, thus effectively customizing the surface roughness (1300 °C,
1~3 s).# In addition to flame treatment methods, where the treated surface arcas are
macroscopic, non-directional methods such as plasma treatments can fine-tune the
surfaces of microstructures. Using a rapid N> plasma activation method, NiMo
bimetallic nanoparticles can be tuned into NiMoN, even within a porous 3D
nanostructured film (Fig. 6h) (450 °C, 15 min).'” The as-synthesized materials
demonstrate outstanding hydrogen evolution reaction (HER) performance of small
overpotential and long duration. Moreover, ultrafast techniques can also generate
complicated structures within bulk materials. Through Joule heating, 3D printed
silicon oxycarbide (SiOC) precursor was rapidly sintered to polymer-derived ceramics
with uniform shrinkage and well-maintained structures, as shown in Fig. 6i (1200 °C,
10 s).3! Various materials and structures can be rapidly prototyped and synthesized
with these methods, facilitating materials discoveries in many applications.

2. Ultrafast Synthesis for Energy and Environmental Applications

The unique benefits of ultrafast synthesis open up new possibilities for emerging
renewable energy and environmental applications. Below we will introduce
representative works in studying renewable energy (energy storage, energy conversion)
and environmental applications (gas purification, water purification and solid waste
recovery) using ultrafast materials synthesis techniques.

2.1 Energy Storage
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Fig. 7 Ultrafast synthesis for batteries. a. Anode-Schematic of joule heating synthesized Ag
nanoparticle seeds on carbon current collectors for high-performance Li batteries. b. Cycling
performance of Li anode plating/stripping at 0.5 mA c¢cm? for 1 mAh c¢m™? on bare CNFs and
AgNP/CNFs. Reproduced with permission.!?® Copyright 2017, John Wiley & Sons, Inc. ¢. Cathode-
Schematic representing plasma-assisted reduced nitrogen-doped graphene (rNGO). d. Cycling
performance of rGO/S and rNGO/S composite cathodes for 1000 cycles at a charging rate of 1.0 C.
Reproduced with permission.'?® Copyright 2019, John Wiley & Sons, Inc. e. Electrolyte-schematic of
the ultrafast sintering of LLZTO SSE and LisN filler. f. Electrochemical impedance spectroscopy (EIS)
of LLZTO and LisN/LLZTO. Reproduced with permission.!*® Copyright 2021, American Chemical
Society. g. Interfaces-Schematic illustration of the rapid microwave soldering process of the
cathode/SSE interface. h. I-V curves of the cathode layers. Reproduced with permission.!*! Copyright
2020, Elsevier Inc. i. Current collector-Schematic illustrating the Joule heating process of reducing GO
to the RGO. j. The conductivity of RGO film before and after the rapid 2750 K reduction. Inset shows
the linear scan of the I-V curve. Reproduced with permission.>® Copyright 2016, American Chemical
Society.

This section introduces ultrafast synthesis techniques for two representative
electrochemical  energy  storage  technologies:  Li-(ion)  batteries and
super/pseudocapacitors. Similar principles may be applied to other electrochemical
systems such as Na-(ion) batteries or Zn-(ion) batteries. Li-(ion) batteries contain an
anode, a cathode, a (solid) electrolyte, electrode/electrolyte interfaces, and current
collectors. Ultrafast synthesis techniques can play vital roles in solving problems in
each part, as shown in Fig. 7.

The quest for energy-dense batteries suggests the use of Li metal anodes, but Li
dendrite penetration of the electrolyte (leading to short circuits) impedes their
practical application.!3>!33 A 3D lithium metal matrix anode in ultralight carbon
seemed a promising solution. Still, the lithophobic carbon matrix leads to
inhomogeneous nucleation and growth of Li metal dendrites, leaving the dendrite



problem unaddressed. The problem can be alleviated by synthesizing homogeneously
dispersed ultrafine Ag nanoparticles (AgNPs) on carbon nanofibers (CNFs) via the
Joule heating method, as depicted in Fig. 7a.!?8 The high temperature promotes the
formation of a strong bond between AgNPs and the carbon substrate, as we discussed
earlier.!"” At the same time, the ultrafast process facilitates homogeneous particle
dispersion, uniformly seeding and depositing Li on CNFs substrate, leading to a stable
cycling performance (Fig. 7b). Silicon is another attractive anode material for next-
generation LIBs due to its excellent specific capacity. Jae et al.'** introduced a cost-
effective IR-assisted ultrafast processing strategy that improves Si anode's cycle
stability and rate capability. The sustained capacity of IR flash-treated sample at a
high rate of 5 A g! was 70% higher than conventionally dried samples. The tunable
flash processes lead to selective binder carbonization, Si surface modification, and
porosity distribution design, which enhance the overall performance of the electrode.
This IR-assisted ultrafast technique addresses the problem of Si anode without using
costly synthetic functional binders or delicately designed nanomaterials showing great
promise in the fabrication and manufacturing of battery electrodes.

Sulfur has attracted considerable attention as a cathode due to its high theoretical
specific capacity (>1600 mAh g'). However, practical application of Li-S batteries
faces significant challenges, such as poor electronic and ionic conductivity of active
cathodes, the considerable volume change of sulfur, and polysulfide intermediates
(Li2Ss, 2 < n <8) shuttling. To overcome these problems, Lu et al.!?° prepared a 3D N-
doped graphene porous framework (rNGO) by hollow cathode discharge (HCD)
plasma technology under the flow of argon and nitrogen (Fig. 7c¢). N2 and Ar were
ionized to e, N*, and Ar" in this process. N* was then reduced and doped into rGO
within 15 min of the plasma discharge treatment. The plasma-assisted N-doped
NGO/S cathode cycled 1000 times at the rate of 1.0 C with 578 mAh g™! remaining
capacity, showing much better cycling stability than the undoped rGO/S (Fig. 7d).
The outstanding performance is attributed to 3D rNGO's ability to anchor soluble Li
polysulfide at sufficiently high binding energy to inhibit the shuttle effect, provide a
pathway for ion migration, improve electrical conductivity, and adapt to volume
expansion during charge and discharge.

Solid-state batteries (SSBs) using solid-state electrolytes (SSEs) are considered next-
generation energy storage technology, potentially bringing better safety and higher
energy density than LIBs with liquid electrolytes. In particular, oxide ceramic SSEs
have attracted significant attention as they may have high ionic conductivity (~1
mS/cm) and a wide electrochemical stability window.!*> However, the solid-solid
contact between SSE particles and cathode particles is poor, limiting ion transport and,
therefore, the performance of SSBs. To address the unavoidable gap between these
solid particles, the addition of appropriate fillers has been tried. LisN is a good
sintering agent and would be an ideal filler for composite materials because of its
suitable ionic conductivity (10™* S ¢cm™!) and low electrical conductivity (10712 S
cm ). Unfortunately, its use has been hindered by its high volatility.!3%!37 Hu et al.!*°



solved this problem using the Joule heating method in adding Li3N as a sintering
agent to Ta doped LisLa3Zr,O12 (LLZTO) SSE (Fig. 7e). Although the process
occurred at 1600 K, only 20 seconds was required for rapid heating and cooling (~102
K/s), minimizing material volatilization. As shown in Fig. 7f, electrochemical
impedance spectroscopy (EIS) measurements show that the ionic conductivity
increased from 6.4 x 107* S cm™! to 1.09 x 1073 S cm™! after LisN was added to the
LLZTO. For SSE-cathode interfaces, Hu et al.!3! demonstrated a rapid high-
temperature microwave heating method that reduced the interfacial resistance
between V20s cathode and Garnet LisLasZrO12 (LLZO) SSE (Fig. 7g). The
microwave-assisted welding method can selectively melt granular V,0Os and re-
solidify it in seconds, quickly forming a complete and continuous cathode layer with
the SSE and carbon black (CB), improving electronic and ionic conductivity of the
cathode. Compared to the unmodified cathode, the modified sample shows a
remarkable 690-fold increase of electronic conductivity (Fig. 7h) and a 28-fold
decrease of cathode/SSE interface resistance, which is highly desired for all-solid-
state batteries.

Current collectors (CC) play a crucial role in batteries, yet might be the least studied
part. CC are made of copper (Cu) and aluminum (Al) foils for anodes and cathodes,
respectively, accounting for 15-50% of the total weight of batteries. As a result,
mechanically robust, lightweight, highly electronically conductive, inexpensive, and
electrochemically inert films are highly desired.!*® Conductive carbon films composed
of graphene or reduced graphene oxide (RGO) nanosheets hold promise because of
their relatively high conductivity, low density, and abundant sources. However, their
electrical conductivity is usually less than 1,000 S/cm, much lower than that of metals,
due to the incomplete reduction of functional groups and defects on graphene films.
To overcome this problem, Hu et al. utilized Joule heating at ultra-high temperature (~
2750 K) for a short time (1 min) (Fig. 7i), significantly enhancing the conductivity of
a RGO film to 3112 S/cm RGO (Fig. 7j).>® The high temperature thoroughly reduced
the RGO but also assisted in healing the RGO defects.
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Fig. 8 Ultrafast manufacturing for super/pseudocapacitors. a. Schematic exhibiting the fabrication
process of femtosecond laser-induced graphene (FsLIG) on fallen leaves at ambient condition. b.
Comparison of the energy-storage performance of the FsLIG-MSCs on leaf with the recently reported
MSCs (Ragone plots). CNT: carbon nanotube; MWCNT: multiwall CNT. Reproduced with
permission.!** Copyright 2021, John Wiley & Sons, Inc. ¢. The ultrafast processing via spatially shaped
femtosecond laser on hybrid GO films. d. Energy and power densities of the LIG/MnO> MSCs
compared with other capacitors and batteries. Reproduced with permission. *° Copyrignt 2020,

Springer Nature.

High-performance super/pseudocapacitors have high power, simple structures, and are
easily made flexible/wearable, potentially benefiting augmented reality and the
metaverse.!*!"14 For example, flexible graphene supercapacitors may provide high
power density, long cycle life, excellent mechanical/electrochemical performance, and
safe operating conditions as promising flexible/wearable power devices. Le et al.
demonstrated a facile femtosecond laser-assisted method to make micro-
supercapacitors (MCSs) on natural fallen leaves at a fast writing speed of 50 mm/s
(Fig. 8a).!3° The lasers provide high temperature and induced mesoporous few-
layered graphene as active materials, leading to a high areal capacitance of 34.68
mFcem™ and 99% capacitance retention even after 50,000 charge/discharge cycles (Fig.
8b). More intriguingly, Jiang et al. utilized a spatially shaped femtosecond laser
(SSFL) for high-throughput stamp fabrication of graphene/MnO, based MSCs on
flexible substrates with single pulses (Figs. 8¢).'*? Since 1,000 space-shaped laser
pulses can be generated per second, more than 30,000 MSCs can be fabricated in
merely 10 minutes. The energy and power densities of the MSCs exhibited excellent
energy density of 0.23 Wh cm ™ and power density of 136 W ¢cm ™ with stable cycling
performance compared with other capacitors and batteries (Fig. 8d).

2.2 Energy Conversion
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Fig. 9 Ultrafast synthesis of solar cells and water splitting. a. Plasma-assisted, open-air, and scalable
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samples. Reproduced with permission.'* Copyright 2020, Elsevier Inc. ¢. Argon plasma treatment



(APT) for MAPDI; surfaces to remove methylammonium iodide (MAI) and expose the lead-rich
underlayer. d. Stability test device exposed to air without encapsulation. Reproduced with
permission.!#¢ Copyright 2018, John Wiley & Sons, Inc. e. Co-NMGO and Fe-NMGO SAC catalysts. .
Catalytic performance for HER LSV plots. Reproduced with permission.!*” Copyright 2021, John
Wiley & Sons, Inc. g. Schematic shows structural models of a/c-NiFe-G and c-NiFe-G. h. LSV
curves with 80% iR-correction of a/c-NiFe-G, c-NiFe-G, Ni—G, Fe—G, RuO», and IrO> were tested on a

glassy carbon electrode. Reproduced with permission.'*® American Chemical Society.

Sustainable energy generation and conversion from solar cells and fuel cells are
critical for clean energy utilization. Solar cells using metal halide perovskites have
shown 25% Power conversion efficiency (PCE), outperforming amorphous silicon
and organic photovoltaics. The lack of rapid, facile, and scalable fabrication processes
for perovskite solar cells can hinder its broad application. Dauskardt et al. reported an
atmospheric plasma route, combined with spray deposition, achieving an outstanding
deposition rate of 12 m/min (Fig. 9a).!4>!4° This scalable fabrication technique also
gave a low defect density in the perovskite material, allowing it to achieve a high PCE
(Fig. 9b) of 18.0% at Voc > 1.06V. Huang et al. utilized the argon plasma technique
(Fig. 9¢), with treatment time as short as 2s, yielding an outstanding PCE of 20.4%
with more than 300 hours stable (Fig. 9d) at ~50% humidity.'*® This remarkable result
is due to the argon plasma’s ability to rapidly remove undesired organic components
on the perovskite surface without damaging the subsurface, facilitating enhanced
charge collection.

In addition, the IR-assisted method is also widely used in the synthesis of perovskite
films. 4159153 Graetzel et al. used infrared synthesis to study the phase transition of
formamide lead triiodide (FAPbI3) in solar cell applications.!** By exploring different
heating times to trigger the phase transition, the optimal film crystallization annealing
time was only 640 ms. Under this condition, black FAPbI3-based perovskite (additive-
free) solar cells are highly stable with a power conversion efficiency (PCE) of 18.5%
and 90% PCE retention after 1500h. More intriguingly, Huang et al. reported that the
ultrafast annealing process can benefit from controlling the vacancy in semiconductor
light absorbers, reducing charge recombination, and improving solar cell power
output. A high-throughput fabrication of infrared annealed perovskite solar cell
modules within 3 minutes is demonstrated.?® In the CH3NH3Pbl; module with an area
of >20 cm?, the average stable open-circuit voltage reaches to 1.19 V. The aperture
efficiency reaches 17.8% in one sun and 18.7% in one-quarter of the sun illumination,
respectively.

The hydrogen evolution reaction (HER) plays a vital role in producing hydrogen from
electrochemical water splitting.!>>!5¢ Nanosized catalysts are critical because they
provide a high surface area. One key thrust substitutes non-noble metal catalysts for
noble metal-based nanocatalysts. Notably, single-atom catalysts (SACs) provide an
emerging solution for nanocatalysts since their surface-to-volume ratios are
unparalleled.* Yang et al.!*’ synthesized a SAC catalyst loaded on porous graphene



oxide (GO) using low-intensity pulsed laser irradiation (LI). As shown in Fig. e,
after laser irradiation at ambient conditions, Co or Fe single atoms were loaded on
mesoporous GO (NMGO) support, assisted by the support’s dangling bonds. Linear
sweep voltammetry (LSV) tested for different SAC catalysts in acidic medium of 0.5
M HSO4 is shown in Fig. 9f, where SAC Co-NMGO exhibited an outstanding
overpotential of 146 mV at a current density of 10 mA cm™2, much better than that of
commercial RuO; and IrO: at same testing conditions. Utilizing the same method, an
excellent oxygen reduction reaction performance was also achieved with SAC Fe-
NMGO, potentially benefiting the development of fuel cells and metal-air batteries.

The oxygen evolution reaction (OER) is another half-reaction that plays a critical role
in energy and the environment (such as electrochemical water splitting,!>7-1° metal-air
batteries, 61193 CO, reduction,'®*1%¢ etc.). However, OER is a complex four-electron
reaction with a large kinetic barrier and limited overall energy efficiency. Ultrafast
synthesis can make R&D of the catalysts more practical. As shown in Fig. 9g,
Graphene-coated NiFe alloy nanocomposites with unique amorphous/crystalline
heterogeneous structures (a/c-NiFe-G) were synthesized by microwave thermal shock
strategy.'*® Fig. 9h shows the linear sweep voltammetry (LSV) curves of a/c-NiFe-G,
c-NiFe-G, Ni—G, and Fe—G prepared by a microwave-assisted process, where
commercial RuO: and IrO; are used as references. The a/c-NiFe-G exhibits the lowest
onset overpotential, 250 mV at 10 mA/cm? Compared to crystalline NiFe
alloy@graphene, the amorphous counterparts have an inherent disorder and
unsaturated coordination structures, leading to more abundant active sites and higher
electrocatalytic performance.



2.3 Environmental applications
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Fig. 10 Ultrafast synthesis for the environment. a. The schematic of Pt single-atom catalysts by
flame synthesis. b. The catalytic performance of CO conversion as a function of temperature.
Reproduced with permission.'®” Copyright 2020, Elsevier Inc. ¢. The mechanism illustration for CNTs
as microwave antennas in photocatalysis. d. UV-light-driven photocatalytic NO oxidation
performances. Reproduced with permission.'®® Copyright 2019, Springer Nature. e. The experimental
procedures for synthesizing MXene, MXene-NHz, and MXene-PIL. f. Adsorptive removal of iodine on
MXene, MXene-NH> and MXene-PIL. Reproduced with permission.'® Copyright 2021, Elsevier Inc. g.
schematic of turning plastic bag into graphene powder through flash joule heating. h. Raman spectra of
the alternating current flash graphene, direct current turbostratic flash graphene and commercial

graphene. Reproduced with permission.!”® Copyright 2020, American Chemical Society.

Pollution issues include gas, liquid, and solid waste, where ultrafast
synthesis/manufacturing assisted techniques could play an important role in materials
development and technological advancement. For example, SACs are of great interest
in many catalytic reactions, including gas treatment, while high-temperature stability
remains a challenge. Taking advantage of the high reaction temperature in flame
pyrolysis synthesis, Yan et al. prepared high-temperature-stable Pt SAC on several
oxide supports (Al203, SiO2, TiO2 and ZrO», Fig. 10a), among which ZrO> supported
Pt SAC shows the best stability and most substantial catalytic effect.'®” As exhibited
in Fig. 10b, the CO conversion temperature of the pyrolysis synthesized 0.1Pt1/ZrO»-
flame was much lower than that for the wet chemical method. The result
demonstrated that ultrafast flame pyrolysis could synthesize highly stable materials
with improved CO elimination performance, benefiting applications such as
automobile exhaust treatment. In another example, Chloroplast-like, non-continuously
distributed semiconductors threaded by carbon nanotubes were synthesized using



microwave-assist method, leading to outstanding photocatalytic performance (Fig.
10c). The TiO2 nanoparticles function as a photocatalytic center, while carbon
nanotube provides a 3D fast electron transport pathway. This unique hierarchical
structure achieves a record-breaking efficiency of 86% for NO removal (ultraviolet
irradiation) with desirable stability (Fig. 10d).!

Water treatment with functional adsorbents is another crucial aspect for environmental
recovery and protection. In recent years, the applications of MXene (a family of
transition metal carbides or carbonitrides, M stands for transition metals, and X is
usually C and/or N elements) based adsorbents have been widely studied.!”! However,
their performances are still limited due to the scarcity of functional groups and
adsorption sites. Ultrafast microwave-assisted synthesis offers a facile route for
MXene polyimidazole (named as MXene-PIL) functionalization; the synthesis
process is illustrated in Fig. 10e. The obtained adsorbent was synthesized through a
microwave-irradiation-assisted multi-component reaction to remove iodine from
water. As shown in Fig. 10f, compared to the adsorption curve of iodide with MXene
and MXene-NHo, the adsorption capacity of MXene-PIL is much higher.'® This result
offers an important material system for harmful nuclear waste (12°T) treatment, greatly
benefiting humankind and our ecosystem.

Solid waste treatment is another important field of study for environmental protection.
Particularly, unrecyclable plastic waste has been a pressing issue for both land and the
ocean, endangering the health of ocean life, animals, and human beings. Tremendous
efforts have been applied to reduce the amount of plastic waste through physical and
chemical recycling. However, most current recycling technologies are still not cost-
effective; only 9% of produced plastic waste has been recycled.!’>!7* Facile, low-cost
recycling technologies are urgently needed. Tour et al.'’® proposed a flash Joule
heating method utilizing AC and DC that recycles plastic waste and turns it into
higher-value graphene (Fig. 10g). Using this method, outstanding-quality turbostratic
flash graphene with a high Ip/lg peak (from Raman spectroscopy) ratio (1~6) and
low-intensity D band was fabricated, much better than that of commercial graphene,
turning waste into treasure (Fig. 10h).
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The soaring number of electrical vehicles and energy storage plants in the past decade
indicate spent battery recycling will be a pressing issue in the near future.!’® The
development of battery recycling technologies not only benefits the environment, but
also turns waste elements into resources and wealth. Conventional spent battery
electrode materials are usually recycled through pyrometallurgical or
hydrometallurgical techniques, which are time/energy consuming.!”” Zhou et al.
utilizes LiNij.x.y MnxCoyO, cathode from spent battery (Fig. 11a) as source for
bifunctional NiMnCo nanoparticle catalysts with ultrafast radiative synthesis (Fig.
11b). As-synthesized particles can be uniformly loaded on activated carbon substrates
(Fig. 11c¢), and the Zn-air batteries utilizing these catalysts demonstrate great rate
performance even better than commercial PtC+rO; catalysts (Fig. 11d).!7* Utilizing
ultrafast flash joule heating, spent graphite anodes can also be regenerated (Fig. 11e)
and healed (Fig. 11f), demonstrating excellent rate performance (Fig. 11g).!7>



Table.1 Summary of ultrafast synthesis methods

Methods Structure Materials Time Temperat Medium Applications Ref.
ure(K)
Joule 0D Metal Milliseconds ~1700 Carbon paper Li-air battery 178
Heating oD Metal Milliseconds ~1700 RGO matrix Energetic Mater. 179
0D Metal Seconds ~1601 Carbon black EOR 180
0D Oxide Seconds ~1438 Carbon cloth Fuel cells 181
0D Carbide Seconds >3000 Graphene HER 182
1D SiNWs Milliseconds ~2100 RGO Li-ion battery 25
2D Oxide Minutes ~2936 CNTs Al-ion battery 183
2D Sulfide Milliseconds — Copper wool HER 184
2D Graphene Milliseconds ~3000 Quartz tube Plastic 185
3D Oxide Seconds ~2073 Carbon felt Li-ion battery 186
Laser oD Metal Femtoseconds — — Microdevices 187
2D MXene Femtoseconds — PET substrate ~ Supercapacitors 188
2D CNTs Femtoseconds — Al substrate Supercapacitors 189
2D Graphene Microseconds ~1773 Cu foil Na-ion battery 190
3D MOFs Femtoseconds ~2273 Quartz Supercapacitors 191
3D Halide Femtoseconds — MAPbI; films Solar Cells 192
Microwave 0D Metal Seconds — Graphene HER 193
0D Metal Seconds — Graphene OER 148
0D Oxide Minutes — Solution Li-ion battery 194
0D Phosphide Seconds — CNTs Supercapacitors 195
— Organic Seconds >1273 — Chemicals 196
— Organic Seconds ~3000 — Fuels 197
2D RGO Seconds 1073 — Na-ion battery 198
Flame 0D Metal — — TiO2 NOx removal 199
0D Oxide — 1350 — Li-ion battery 200
oD Oxide — 1500 — NOx removal 201
0D Oxide Milliseconds 748 — Gas sensors 202
0D Oxide — — — Magnet 203
Plasma 0D Oxide Seconds — — HER 204
2D Halide Milliseconds — PEDOT:PSS Solar cells 149
2D Graphene Minutes — GO Li-S battery 129
3D Nitride Minutes 723 Carbon cloth HER 127
Infrared 0D Metal Seconds 2873 PEN Electronics 86
2D Oxide Minutes 748 FTO Solar cells 50
2D RGO Minutes — — Li-ion battery 94
Inductive 0D Metal Seconds 1773 Carbon paper HER 205
heating 1D CNTs Minutes 1183 — Sensors 206
2D Oxides Minutes 387 Ni foam HER 51
2D Graphene Seconds 1423 Cu foil Li-ion battery 207




3. Ultrafast Methods for Advanced Manufacturing

Besides high efficiency for rapid R&D and prototyping in research labs, ultrafast
synthesis techniques are also highly suitable for mass production, partly because they
generally involve fewer synthesis and solvent-washing steps. They are also
compatible with roll-to-roll production and large reactors. Examples of typical
scalable methods are introduced below, which are organized as the dimensionality of
the manufactured products evolved from 0D to 3D.

a - - ’ e
Ar Aerosol oo o
- (2]
2
‘ Pyrolyze i ZF
8 . : . o
5-10 elements 3
Carbonized wood micro-channel heated to 2000K :.’.
Q
[
(7]
5
b s

3,000
2,800
€ 2,600

0.000 0.005 0.010

+_l 7 Time(s)  Quartz tube F

Temperature

Heating source

Roll with NPs

Fig. 12 Ultrafast methods for manufacturing 0D materials. a. Schematic of precursor droplets
transporting through the high temperature (up to 2000K) carbonized wood microchannels for scalable
nanoparticle synthesis. Reproduced with permission.2®® Copyright 2020, Elsevier Inc. b. Schematic of
the flash Joule heating process and its temperature vs. time plot (inset). c-d. HR-TEM images of flash
graphene from carbon black. Reproduced with permission.!8> Copyright 2020, Springer Nature. e.
Schematic illustration of the fly-through high-temperature reactor with joule heating for metal-loaded
carbon nanoparticles. f. TEM image of the Pt NP/C synthesized with the fly-through reactor.
Reproduced with permission.’® Copyright 2021, American Chemical Society. g. Schematic of roll-to-
roll production of nanoparticles loaded on arbitrary substrate. h. SEM image of Au nanoparticles
loaded on cellulose paper substrate via ultrafast radiative heating synthesis. Reproduced with
permission.2” Copyright 2019, Royal Society of Chemistry.

Hu et al. reported a "droplet-to-particle" aerosol continuous synthesis technique to



manufacture various types of nanoparticles.’’* As shown in Fig. 12a, precursor
droplets containing homogeneously mixed metal salts travels through the
microchannels of the carbonized wood reactor (carried with Argon carrier gas), where
the precursor obtains a short stay and uniform heating. The excellent heating
capability provides an ideal and efficient way for the continuous synthesis of
nanomaterials, especially those that require relatively extreme processing conditions,
such as high-entropy and high-entropy alloy/oxide (HEA/HEO) nanoparticles. The
authors demonstrated that CrMnFeCoNi HEA nanoparticles could be continuously
synthesized over 6 hours (5 L min™! flow rate of Ar), and the production rate can reach
up to 100 mg h'! at the lab scale. With the flash joule heating method, gram-scale
graphene can be made rapidly and scalably from inexpensive carbon sources (e.g.,
coal, biochar, carbon black, plastic, etc.) in a bottom-up manner (Fig. 12b-d). This
process involves no solvent or harsh oxidants, which is economically and
environmentally friendly. Besides carbon, functional particles such as carbon black
loaded Pt nanocrystals can be made through a "fly-through" ultrafast synthesis
method. As shown in Fig. 12e, the desired product can be rapidly produced when
precursors pass through (with gravity or gas flow) joule heated carbon papers. The as-
synthesized Pt/C (Fig. 12f) obtained an excellent methanol oxidation reaction activity,
significantly better than commercial Pt/C under the same testing conditions. Other
than metals and oxides, researchers also demonstrated ultrafast synthesis techniques
for manufacturing carbides, in which a yield of 12g of SiC are produced with a
surface area of 460 m? g'!. Inspired by the highly efficient joule heating and IR
radiative heating technologies, a rapid, efficient method enabling the roll-to-roll
preparation of nanoparticles on arbitrary substrates (especially temperature-sensitive
ones) was reported (Fig. 12g). Well-dispersed nanoparticles such as Pt, Au, and Ru
can be generated on paper or textile substrate under radiative heating (Fig. 12h). The
substrate can move across a 2000 K heating source at a continuous production speed
of 0.5 cm s’!. These techniques demonstrate the possibility of ultrafast manufacturing
functional materials on soft substrates, which could play an essential role in personal
thermal management, medical, and wearable applications.
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Reproduced with permission.?!2 Copyright 2018, John Wiley & Sons, Inc.

Manufacturing one-dimensional (1D) fiber materials with light weight, high
mechanical strength, and other specific functions is of significant research and
industrial interest globally. Liu et al. reported the utilization of the Joule heating
method that converted defective graphene oxide (GO) fibers into highly crystalline
graphene fibers in a scalable fashion (Fig. 13a and b).2!° This method enables
ultrafast high-temperature (at ~2000°C) treatment and low energy consumption
(~2000 kJ m"), which is highly efficient in producing continuous graphene fibers.
Compared with thermally annealed graphene fibers without applied current, the
graphene fibers synthesized by a dynamic joule heating system have enhanced
electrical and mechanical strength. Another example reported by Fu et al.
demonstrates the printing of continuous carbon fiber composite via IR radiative
heating, as illustrated in Fig. 13¢.?!! The integrated print-head design consists of a
liquid resin nozzle, carbon nanotube heater, guide rod, and carbon fiber spool, where
the heating solidifies the liquid polymer in a carbon fiber structure. The printed
composite are with aligned structure (Fig. 13d and e), high fiber volume fraction
(58.6%), and degree of curing (95%), which lead to high mechanical strength (810
MPa) and modulus (108 GPa). Scalable graphene fiber and paper can also be made
through laser-induced fabrication (Fig. 13f and g).?!2 The graphene paper can be
further processed into complex shapes for stretchable electronics applications when



alternating laser power. By adjusting the laser power and other processing parameters,
the production rate of the laser-induced graphene paper can reach as high as 30 cm?
min’! at the lab scale. These inventions paved the way for the quick and continuous
manufacturing of 1D materials with high efficiency and massive productivity.

Besides 1D structured materials, ultrafast methods can also be used for 2D (surface,
thin film) manufacturing. Similar to Liu et al. in Fig. 13a, Gao et al. independently
developed a scalable, roll-to-roll joule hearing technique that converts reduced
graphene oxide films into highly electrically and thermally conductive films.?!* As-
fabricated graphene films can achieve an outstanding electrical conductivity of
4.2x10° S m™! and thermal conductivity of ~1285 W mK-!, making them useful in
thermal management, flexible electronics, and wearable devices.
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Fig. 14 Ultrafast methods for 2D manufacturing. a. Infrared technique for the roll-to-roll printing
process of the as-developed perovskite/starch inks. b. Plasma technique for the schematic of high-
throughput open-air production for in-line, fast, and scalable manufacturing of perovskite solar
modules. Reproduced with permission.?'* Copyright 2021, Elsevier Inc. c. Schematic of high-
throughput open-air production for in-line, fast and scalable manufacturing of perovskite solar modules.
Reproduced with permission.?!* Copyright 2021, CC BY 4.0.

A specific area of interest for thin film manufacturing is photovoltaics (PV), which
perovskite solar cells are of particular enthusiasm for their soaring power conversion
efficiency (PCE) and optimistic industrial potential. However, most of the perovskite
solar cells with high PCE are fabricated at a lab scale with extreme control of
environmental conditions, which is challenging for scalable production. Anti-solvent
bath is proven to be effective for roll-to-roll fabrication, but it is a relatively complex
process, rendering increased manufacturing costs and waste disposal problems. To



alleviate this issue, Rizzo et al.?'* demonstrated a starch polymer-modified perovskite
precursor with an infrared radiation-assisted roll-to-roll fabrication process (Fig. 14a)
to avoid the anti-solvent bath step. A 50-meter-long printed PET roll with a printing
speed of up to 3.0 m min™! is demonstrated with their pilot line. The manufactured
device achieved an impressive PCE higher than 10% (Fig. 14b). More intriguingly,
Dauskardt et al. reported a rapid plasma processing method that not only covered
most of the key materials' fabrication in perovskite solar cells (Fig. 14¢) and obtained
the highest PCE at the time but also achieved reproducibility, moisture immunity of
device fabrication in open-air.2!> With the open-air plasma treatment, continuous, in-
line processing at 12 m min™! without any post-anneal can be achieved for solar cell
fabrication. Critically, the above mention methods are highly efficient and tunable,
allowing the utilization of flexible and thermally sensitive substrates, paving the way
for developing commercially viable next-generation thin-film PV technologies.
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The high energy, high power, and ultrafast features enable unique structure and
property of as fabricated products, which can also be extended to 3D structured bulk
materials. A typical example is the widely utilized laser-assisted additive
manufacturing. (Fig. 15a) Although laser-assisted techniques can rapidly melt
precursor power, the equivalently fast solidification usually lead to large columnar



grains and crack formation in the final product, hindering metal-based additive
manufacturing to unleash its full potential.>!® To address this issue, Pollock et al.
proposed an effective method with precursor engineering. They designed lattice-
matching nanoparticle-enhanced precursor powder that allows uniform nucleation and
equiaxed crystal growth at solidification (Fig. 15a right corner). This method is
demonstrated effective in printing high-strength aluminum alloys, which is also
believed to be generalized to a broad range of alloys. Moreover, Hu et al. successfully
prepared multi-principal element alloys (MPEA, with a feeding rate of 300 mg min™!)
utilizing the rapid melting and solidification characteristic of ultrafast methods since
rapid cooling limits the diffusion process to avoid segregation (Fig. 15b).2!” For the
same reason, the ultrafast synthesis method allows the sintering of 3D-printed
ceramics (Fig. 15¢) with sharp compositional heterojunctions (Fig. 15d).?! In contrast,
materials fabricated with a furnace has blurry boundary due to prolonged diffusion
time (Fig. 15e). The above examples showcase the uniqueness of ultrafast synthesis
techniques in the advanced manufacturing of functional materials and structures.

Table. 2 Comparison of gas atmosphere, energy consumption, and energy utilization

for different synthesis methods.

. Gas Energy Energy
Methods Materials . i . Ref.
Atmosphere Consumption (kJh™) Efficiency
Furnace
GFs Air 10*~10° 50%-80% 213
Annealing
GFs Ar 213
Joule
Alloy/Oxide Ar 10°~10* >90% 208
Heating
Graphene Vacuum 185
Laser LIGP Ar 10~10? 50%~60% 212
Inductive
CNTs Vacuum 10°~10* >90% 206
Heating
r-GO films Air/N, 94
Infrared 10°~10° >90%
Ag layers Air 86

4. Perspectives and Conclusions



One of the bottlenecks for technological advancement in energy and the environment
lies in materials development and discovery. Ultrafast synthesis techniques can
overcome such limitations with a rich materials library, outstanding synthesis
controllability, excellent materials quality, and superior scalability. Remarkably,
ultrafast synthesis techniques are straightforward and efficient to implement,
significantly improving the efficiency of experiments. Furthermore, they also provide
more room for researchers in developing advanced technologies.

Despite the great success of ultrafast synthesis methods, there are drawbacks that are
yet to be overcome. For the preparation of nanomaterials, when compared with
conventional wet chemical synthesis methods, the tunability of ultrafast techniques is
less versatile. Nanoparticles with selected crystal planes, complex nanostructured
materials such as Janus?'® or heterostructured nanoparticles,?!” hierarchically
structured materials??° are still rarely reported. In addition, surface functionalization
of nanomaterials with surfactants is less common with the ultrafast synthesis methods,
as instantaneous high energy could quickly destroy somewhat fragile surfactants.
However, surface functionalization could be vitally important to materials processing
(solution-based process) and their performance in applications.??! In addition, the
future production of kilograms or even tons of complex structured nanomaterials with
ultrafast manufacturing methods remains a challenge, even though grams-quantity
samples have already been demonstrated in research labs.

The rapid heating of ultrafast synthesis methods is advantageous for nanomaterials
synthesis but may be a limitation for bulk materials. This can be particularly true for
complex structured materials (3D printed complex structured materials), where heat
can be difficult to be accessed uniformly in precursor materials. Heat transfer during
the heating/cooling process of ultrafast synthesis should be studied in detail to make
desired materials with low surface-to-volume ratio (e.g. bulk materials). Microwave-
assisted techniques may partially overcome this problem, as microwave can be well-
absorbed throughout a material. On the other hand, this heating/cooling provides a
unique degree of freedom in new materials design. For example, temperature
gradients could be designed in the materials synthesis process, leading to desirable
chemical/electrical/mechanical gradient materials that cannot be synthesized with
other techniques. In addition, the heating rate can be adjusted/programmed by tuning
the energy input, which can significantly affect the microstructure of materials,
leading to distinctive properties of synthesis products. However, the cooling rate of
materials with low surface-to-volume ratio may still be a limitation, especially when
metastable phases are desired.
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Fig. 16 Diagram of synthesis conditions of ultrafast methods: temperature vs. reaction time

The precise control of materials synthesis with ultrafast synthesis techniques, both
temporally (ps, fs) and spatially (nm, atomic), can be further improved.5¢>372*The
majority of reported ultrafast syntheses have synthesis times in the range of
microseconds to a few minutes, as shown in Fig. 16. Studies into more precise time
control (meanwhile tuning reaction temperature) in various ultrafast synthesis
techniques, such as laser-assisted methods, could lead to a better synthesis
heating/cooling rate. Ultrafast synthesis techniques also have not demonstrated high-
resolution (sub-nm) spatially resolved materials, yet they are possible and highly
desired in applications such as catalysis.?*024> A versatile choice of materials can be
synthesized with future highly spatial and temporal resolved ultrafast synthesis
techniques. The scalable production (in kilograms or tons) of highly precise materials
(in terms of microstructures and resolutions) is also challenging but of vital
importance to a broader application of ultrafast manufacturing.+3-24
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Fig. 17 High-throughput and data-driven materials discovery with ultrafast methods. (a)
schematic of high throughput materials synthesis and discovery with ultrafast radiative synthesis of

catalysts; (b) photo image of patterned sample on Cu substrate; (c) TEM image and elemental maps of



PtPdFeCoNi nanoparticles; (d) fast screening of multimetallic ORR catalysts. Reproduced with
permission.?*® Copyright 2020, CC BY-NC-ND 4.0. (¢) schematic illustrate the massive parameter
space for materials discovery for energy and environment applications; (f) Data-driven materials
discovery with ultrafast methods and neuron networks. Reproduced with permission.?*” Copyright 2022,

The American Association for the Advancement of Science.

Tremendous challenges and opportunities lie in further developing ultrafast synthesis
technologies for advanced materials development. Modifications to the
abovementioned ultrafast synthesis methods, combining ultrafast synthesis with
conventional wet chemical synthesis, can be developed in addressing the challenges
above. To better use ultrafast synthesis methods, high-throughput and advanced
characterization techniques should also be developed for an overall efficient R&D
process in technological advancement. As illustrated in Fig. 17a-d, multielement
metallic nanoparticle catalysts can be prepared and tested in a high-throughput
fashion.?*® It can be further combined with machine learning algorithms for
accelerated data-driven materials discovery (Fig. 17e and f).2%

Despite the excitement, ultrafast synthesis methods are still in their infancy. As we are
encountering pressing global challenges from the energy crisis, environment/water
contamination, food shortage, and health care issues, solutions are urgently needed.
Fortunately, ultrafast synthesis methods may offer facile and highly efficient solutions
for tackling materials R&D for nearly all the above challenges. We anticipate the
adoption of ultrafast synthesis and manufacturing techniques for technologies far
beyond energy and the environment (Fig. 18), where abundant opportunities lie in this
exciting area of study.
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Fig. 18 Ultrafast manufacturing for future applications. Reproduced with permission.!”® Copyright
2019, Elsevier Ltd. Reproduced with permission.**¥! Copyright 2021, Springer Nature. Reproduced
with permission.?” Copyright 2019, John Wiley & Sons, Inc. Reproduced with permission.3® Copyright
2021, Springer Nature. Reproduced with permission®® Copyright 2018, American Chemical Society.
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American Chemical Society. Reproduced with permission.?! Copyright 2022, American Chemical
Society. Reproduced with permission.?>> Copyright 2021, American Chemical Society. Reproduced
with permission.”® Copyright 2021, John Wiley & Sons, Inc. Reproduced with permission.?%*
Copyright 2017, John Wiley & Sons, Inc. Reproduced with permission.?>®> Copyright 2021, American
Chemical Society. Reproduced with permission.?’® Copyright 2019, John Wiley & Sons, Inc.
Reproduced with permission.?’” Copyright 2019, The American Association for the Advancement of

Science. Reproduced with permission.?*® Copyright 2014, IEEE Inc.
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