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CONSPECTUS: Ultrafast annealing represents a paradigm shift in materials synthesis, oscale Catalysy o
compressing thermal processing into millisecond-to-subsecond time scales. This approach 006‘”‘% . s,"g/&u%%
establishes a unique kinetic-control regime that can enable metastable phases, defect-rich & @oo?‘“ a’%%%\%
surfaces, engineered interfaces, and atomic-level catalyst functionalization while suppressing T (& intense Puised Lightriven % S
thermal degradation that often accompanies conventional furnace-based treatments under g ATEITEES N
equilibrium conditions. Resistive Joule-heating approaches (e.g., carbothermal shock) require ] E g
conductive supports, whereas laser-based methods often face limitations in uniformity and

large-area scalability. Among various ultrafast techniques, light-based approaches offer 2 £
significant advantages in terms of material compatibility, enabling a broad range of %»;s —
applications. In particular, intense pulsed light (IPL)-driven flash thermal-shock synthesis A ch% > /A
(FTS) is especially attractive because, unlike general photothermal annealing that typically Yoy, Meion noe® &
relies on more moderate optical heating, FTS uses high-intensity broadband xenon-flash pulses Ooh“-"hical Tran$‘°“(\

to induce a thermal shock within milliseconds. Operating via rapid photothermal conversion,

FTS instantaneously achieves ultrahigh temperatures (>2000 K) and rapid heating and cooling rates (10*~10° K s™"). Over the past
decade, this flash-processing concept has evolved into a versatile nanomaterials platform capable of converting precursors into
functional, often metastable materials under strongly nonequilibrium conditions.

In this Account, we first introduce the fundamental photothermal mechanisms and time—temperature characteristics governing FTS.
We outline key considerations for material selection—focusing on the strong light-absorption capabilities of carbonaceous materials,
defect-engineered metal oxides, and plasmonic metals—alongside the critical metrological challenges of millisecond-scale transient
temperature measurement via high-speed infrared pyrometry. We then survey representative nanoengineering strategies enabled by
FTS across four major categories. First, atomic-level engineering emphasizes low-thermal-budget heteroatom incorporation (e.g.,
rapid boron doping into graphene without combustion in ambient air) and the robust stabilization of high-density single-atom
catalysts. The ultrafast quenching effectively traps isolated metal atoms at defect sites before diffusion-driven clustering can occur.
Second, nanoparticle functionalization covers the transition from monometallic decoration to complex multimetallic and high-
entropy alloy (HEA) systems. By leveraging high temperatures to overcome conventional miscibility barriers and rapidly freezing the
resulting highly distorted atomic configurations, FTS produces uniformly dispersed HEAs and core(HEA)@shell heterostructures.
Third, surface and defect engineering highlight the FTS ability to activate nanomaterial surfaces through rapid reduction, oxygen-
vacancy generation, and local modulation of the coordination environment, thereby creating catalytically and electronically active
states. Fourth, thermochemical transformations induced by ultrafast photothermal pulses include porosity generation, phase
reconstruction, carbothermic synthesis, and heterostructure formation. This also includes transforming nanodiamonds into carbon
nanoonions and synthesizing metastable transition metal carbides via carbothermic reactions. Finally, we outline the remaining
challenges and future opportunities critical for advancing this field. To guide the rational design of nanomaterials via FTS, we
highlight the necessity of expanding the accessible compositional space, developing absorber engineering for nonphotothermal
substrates, implementing precise atmosphere programming, and deploying millisecond-resolved in situ and operando analyses to
deepen fundamental mechanistic understanding.

1. INTRODUCTION

Thermal energy plays a central role in supplying the activation
energy required for a broad range of chemical and structural
processes.” In particular, the key chemical reactions in
chemiresistive gas sensors and heterogeneous catalysts
predominantly occur at surfaces, makin% surface engineering
essential for achieving high performance.”” However, conven-
tional annealing typically relies on slow thermal radiation,
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Figure 1. (a) Roadmap of advanced annealing. (b) Advantages of intense pulsed light (IPL)-driven flash thermal-shock synthesis (FTS).

Table 1. Comparative Analysis of Ultrafast Annealing Strategies for Nanomaterial Design

Feature Continuous-wave laser Nonresistive (microwave/plasma) Resistive (Joule/induction) IPL-driven FTS
Operating temperature ~ High Plasma: >8000 K Extremely high (>2000 K)  Extremely high (2000—3000 K)
Heating/cooling rate Extremely high Moderate to high High Extremely high (10° K s7")
Material compatibility ~ Selective absorption Depends on dielectric/ionized gas Conductive substrates Universal (oxides, carbons, and more)
Scalability Point-by-point scanning  Limited by nonuniformity/instability ~ High High (large-area broadband emission)
Energy efficiency Moderate Varies (often weak) High High
Controllability Spatial scanning control  Field/plasma stability issues Voltage/current control Temporal pulse, atmosphere control

leading to bulk heat transfer rather than surface-selective
activation. This equilibrium-based approach often leads to
particle aggregation or sintering, resulting in a loss of active
surface area and limiting precise control over nanoscale
structures.

To overcome these thermodynamic limitations and
minimize thermal budgets, various annealing strategies have
evolved, as illustrated in the roadmap of advanced annealing
(Figure la). Ultrafast annealing has emerged as a versatile
kinetic-control approach for advanced nanomaterial design.”
Depending on the heating mechanism, ultrafast annealing can
be categorized into resistive and nonresistive modes. Resistive
heating, such as direct Joule or induction heating, requires
electrically conductive substrates to generate heat through
current flow.> In contrast, nonresistive techniques, including
microwave and plasma heating, utilize electromagnetic fields or
ionized gases. Although plasma heating can achieve extremely
high temperatures (>8000 K), it suffers from instability and
limited scalability.” Microwaves, in contrast, deliver relatively
weak and nonuniform energy.8

In this regard, light-driven ultrafast heating has emerged as a
highly controllable and stable alternative, offering both spatially
uniform irradiation and exceptionally high heating rates. Light-

based wultrafast annealing is typically implemented using
monochromatic continuous-wave laser annealing or broadband
intense pulsed light (IPL) irradiation.””"" Among them, IPL-
driven flash thermal-shock synthesis (FTS) utilizes broadband
light to generate strong photothermal effects, rapidly elevating
the surface temperature to 2000—3000 K within milliseconds
with a rapid ramping rate (up to ~10° K s7%)."* FTS differs
from resistive methods in compatibility with a wider range of
materials, including oxides and semiconductors. The broad-
band xenon emission further enables cost-effective, energy-
efficient, large-area processing compared with laser annealing
(Table 1). As highlighted in Figure 1b, FTS creates a unique
kinetic-control regime that offers distinct advantages over
conventional methods, characterized by six key features. The
FTS enables millisecond-scale high-temperature processing
with ultrafast quenching, enabling ambient-air reactions while
suppressing aggregation and enabling phase/defect engineering
across carbon, oxide, and chalcogenide systems. Together,
these features make FTS a powerful platform for the design of
kinetic materials beyond conventional thermodynamic limits.
In this Account, we explore versatile strategies for nano-
engineering through light-driven ultrafast heating, with a
particular focus on FTS. We begin by introducing the
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Figure 2. Principles of FTS. (a) Schematic energy landscape showing how pulsed heating enables access to intermediate nonequilibrium states
prior to relaxation toward near-equilibrium phases. (b) Schematic illustrations of mechanism of photothermal effect. Reproduced with permission
from ref 48. Copyright 2019 Royal Society of Chemistry. (c) Representative classes of materials that are suitable for FTS, according to their optical
band gaps and electronic structures. Reproduced with permission from ref 26. Copyright 2025 American Chemical Society.

fundamental mechanisms underlying IPL-induced photo-
thermal effects that drive ultrafast annealing. The discussion
spans photothermal engineering across four themes: (1)
Atomic-Level Engineering (heteroatom doping and single
atom catalysts), (2) Nanoparticle Functionalization (mono- to
multielemental systems), (3) Porosity Generation and Phase
Reconstruction, and (4) Heterostructure Formation. Finally,
we summarize light-driven ultrafast annealing methods,
highlight remaining challenges, and offer perspectives that
provide deep insights into the potential of IPL-based kinetic
materials design.

2. PRINCIPLES OF FLASH THERMAL-SHOCK
SYNTHESIS

2.1. Mechanism of Flash Thermal-Shock Synthesis

Intense pulsed light (IPL)-driven flash thermal-shock synthesis
(FTS) is highly attractive because it delivers broadband xenon
emission spanning UV to near-IR across large areas without
direct contact. By using millisecond-duration pulses, this
method enables rapid, spatially programmable heat delivery.
FTS represents a paradigm shift in materials processing,
diverging fundamentally from conventional equilibrium-based
methods (Figure 2a). Conventional furnace sintering typically
follows a slow ramping and cooling profile, maintaining the
material at thermodynamic equilibrium or near-equilibrium
states for extended periods. In contrast, FTS is characterized
by an ultrafast heating rate (10°—10° K s7'), a millisecond-
scale duration (<20 ms), and a rapid cooling rate."> This
temporal compression allows the system to reach extremely
high temperatures (>2000 K) instantaneously, accessing a
kinetic regime that is practically unreachable by steady-state
heating methods. Upon flash heating, the system is rapidly
driven far from equilibrium, resulting in an intermediate,
nonequilibrium state. In this regime, extremely high temper-
atures are applied over such short durations that the system is

precluded from fully relaxing to its equilibrium state. This
process facilitates the formation of metastable phases, ultrafine
nanostructures, and highly defective surfaces, which are
typically inaccessible via conventional slow-heating techni-
ques."

The driving force behind FTS is the photothermal effect,
where incident photons are absorbed by a material and
converted into thermal energy. The mechanism depends
heavily on the electronic structure, as depicted in Figure 2b.
When a material absorbs photons over a broad wavelength
range, the incident light excites electrons from lower-energy
states to higher-energy states. In metallic nanostructures,
localized surface plasmon resonance occurs when the wave-
length of incident light matches that of the conduction-band
electrons.'® The nonradiative decay of this collective oscillation
via Landau damping generates hot carriers that promote
nanowire growth or nanoparticle (NP) sintering at reduced
temperatures before transferring thermal energy to the lattice
through electron—electron and electron—phonon scattering.lé
For semiconducting oxides and chalcogenides, photons with
energy exceeding the bandgap (hv > Eg) excite electrons from
the valence band to the conduction band."® The relaxation of
these excited carriers occurs predominantly via nonradiative
recombination, releasing energy as phonons. Carbon-based
materials are widely employed as photothermal media due to
their strong light absorption and efficient electron—phonon
coupling. Conductive carbon materials such as carbon
nanofibers (CNFs), carbon black (CB), and graphene exhibit
broadband absorption arising from their conjugated carbon
domains.'” In these systems, photoexcitation is followed by
nonradiative relaxation, leading to efficient conversion of
photon energy into lattice vibrations. In contrast, graphene
oxide (GO) possesses an insulating to wide-bandgap semi-
conducting behavior, compared to pristine graphene’s zero-
bandgap semimetal character.'® Under light irradiation,
localized sp®> domains and defect-/oxygen-related electronic
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states in absorb photons and promote electrons from occupied
to unoccupied states.'” The subsequent nonradiative relaxation
efficiently transfers energy to the lattice, inducing intense
molecular and lattice vibrations. Under intense irradiation,
these photothermal effects partially reduce GO (rGO), restore
larger sp> domains, and thereby enhance its photothermal
response.”””" By tailoring the density of electronic states,
defect levels, and coupling between electrons and phonons,
one can enhance this photon-to-heat conversion efficiency.””

The time scale of light-material interactions governs the
thermodynamic and kinetic behaviors during FTS. Upon light
irradiation, a sequence of processes, including photon
absorption, photothermal conversion, lattice thermalization,
and subsequent heat dissipation, unfolds over time scales
ranging from femtoseconds to milliseconds.” To exploit this
spatially confined thermal energy, the system is designed with
two distinct components: a light-absorbing “host” that acts as a
heat source, and adjacent “reactive guest” species that undergo
chemical transformation. The utility of FT'S lies in its ability to
manipulate the thermodynamic and kinetic landscape of
material formation through the efficient thermal transfer
between these components. During the heating stage, photo-
thermal absorption by the host rapidly raises its lattice
temperature, which is then conducted to the guest precursors.
This intense thermal trigger drives the guest species far above
their decomposition and diffusion thresholds, initiating rapid
pyrolysis, reduction, or carbothermal reactions and enabling
the nucleation of new phases under nonequilibrium con-
ditions.”*'* Because the pulse duration of FTS is extremely
short, long-range atomic diffusion and coarsening are kineti-
cally suppressed, while local rearrangements such as exsolution
of metal species, and formation of short-range ordered or
amorphous domains are promoted, often yielding single atoms,
ultrafine NPs, or heterostructured interfaces directly on the
support. 202527

2.2. Material Selection and Engineering for Flash
Thermal-Shock Synthesis

The feasibility of FTS depends on the optical absorption cross
sections of the precursor materials. Materials are generally
classified into their optical band gaps and electronic structures
(Figure 2c). Carbonaceous materials (CNFs, rGO, and CB)
and black oxides (e.g,, Fe;O,, Co;0,, CuO, and black TiO,)
exhibit high absorbance across the visible-to-infrared spectrum.
This broad-spectrum absorption allows carbon materials to
serve as efficient “heaters”. In continuous form, they can also
be used as freestanding heaters with uniform temperature
distribution."” Therefore, by combining carbonaceous materi-
als and black oxides, one can design hybrid architectures that
leverage both intense light absorption and efficient electrical
heating, thereby enabling highly controllable flash thermal
treatments over large areas or complex geometries. Although
stoichiometric wide-bandgap oxides (SnO,, ZnO, white TiO,,
E, > 3 eV) are typically poor absorbers of visible light, their
photothermal efficiency can be dramatically enhanced through
defect engineering.'”***’ Even for the same oxide composi-
tion, reducing the grain size can modify not only the effective
band gap but also the thermal transport properties. A smaller
grain size increases the density of grain boundaries, which act
as strong phonon-scattering centers, thereby suppressing
thermal conductivity. As a result, reduced heat dissipation
during IPL generates strong local thermal confinement,
enabling intense heating and rapid quenching within milli-

seconds. This ultrafast process permits high-temperature
treatment of carbonaceous materials in ambient air while
suppressing decomposition, preserving the phases and
structures of metal oxide, and minimizing degradation, such
as surface area loss.

2.3. Temperature Measurement Techniques

Precise thermal profiling is a prerequisite for controlling the
kinetic pathways of FTS processes. However, quantifying the
transient temperature profiles under millisecond-scale irradi-
ation presents a significant metrological challenge. Conven-
tional contact-based thermometry (e.g, thermocouples) is
hindered by significant thermal inertia and limited temporal
resolution (>100 ms), rendering it incapable of capturing the
rapid heating and cooling rates characteristic of FTS.*
Consequently, high-speed noncontact infrared (IR) pyrometry
has been established as the standard for in situ monitoring. ~
To accommodate the broad dynamic temperature range of
FTS and the abrupt thermal transitions, a single detector is
often insufficient. Therefore, a dual-spectral IR sensor system is
frequently employed. For instance, a setup might integrate a
low-temperature sensor (473—1773 K, detection at 4 & 2.3
um) and a high-temperature sensor (773—3273 K, detection at
A =~ 1.5 um). The analog signals from these sensors are
converted into digital thermal profiles using a high-speed Data
Acquisition (DAQ) board, providing a temporal resolution of
S ps. Furthermore, the emissivity (&;) evolves dynamically
during the flash pulse due to phase transformations, such as the
reduction of GO to rGO or the crystallization of amorphous
domains.'>*® The true temperature T is derived from the
measured equivalent blackbody temperature T,,,.s using a
correction based on Planck’s law:

1 1 £ 1
— + Adetect % In measured X —
Tmeusured ’I::orrected Ecorrected CZ

where C, is the second radiation constant (14388 umK™),
Adetect 18 the detector wavelength, and &, is the calibrated
emissivity of the target material. This rigorous thermometry
allows for the precise correlation of thermal history, specifically

the measured temperature (T,sureq) and cooling rate (‘Z—?).

3. FLASH THERMAL-SHOCK SYNTHESIS OF
ADVANCED CATALYSTS

3.1. Atomic-Level Engineering Strategies: Heteroatom
Doping and Single Atom Catalyst Design

Conventional sintering often suffers from a trade-off: the high
temperatures required for phase transformation also accelerate
grain coarsening.”’ By reducing the heating duration from
hours to milliseconds, the synthesis regime shifts from
thermodynamic growth to kinetic constraint.”> FTS applies
high temperatures for ultrashort durations, thereby suppressing
diffusion-driven grain coarsening while generating steep
thermal gradients that induce lattice strain and defect
formation, thereby enabling robust anchoring of mobile
metal atoms.'*

The functionalization of carbon supports with heteroatoms
(e.g, B, N, P) is a proven strate}gy to modulate electronic
structures and create active sites.”” However, incorporating
these atoms into the rigid sp> carbon network requires high
activation energy, whereas FTS enables this in ambient air with
a low thermal budget, unlike conventional furnace annealing
that requires inert atmospheres and prolonged heating.>* Cha
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Reproduced with permission from ref 34. Copyright 2020 Wiley. (d) Schematic of the synthesis mechanism of SA N@rGO. (e) HAADF-STEM
image of isolated Pt single atoms on the N-doped graphene. Reproduced with permission from ref 20. Copyright 2023 American Chemical Society.
(f) Schematic of the direct-contact annealing (DCA) strategy, transforming NDs into CNOs while simultaneously anchoring single atoms. (g)
HAADEF-STEM image of Pt;/CNOs. Reproduced with permission from ref 26. Copyright 2025 American Chemical Society.

et al. demonstrated that boron-doped reduced graphene oxide
(B@rGO) can be synthesized via a single flash irradiation (<10
ms) of a GO and boric acid mixture (Figure 3a). The
mechanism relies on GO photothermal response, which serves
as a localized heat source. Upon irradiation, the high heating
(5.30 X 10° K s7') and cooling (4.57 X 10* K s7') rates trigger
the simultaneous deoxygenation of GO and the thermal
decomposition of boric acid (Figure 3b). The high-energy
environment facilitates the overcome of the activation barrier
for substituting carbon atoms with boron, resulting in the
formation of BC;, BC,0, and BCO,, enabling the precise
tuning of these doping sites by modulating the irradiation
energy (Figure 3c). The ultrafast processing time prevents the
combustion of the carbon lattice even in air, preserving the

structural integrity while achieving high doping levels (~ 3.6 at
%), representing a 10°fold reduction in thermal budget
compared to traditional methods, establishing FTS as a
scalable route for heteroatom engineering. To demonstrate
the practical utility of this atomic-level heteroatom doping
strategy, they employed the synthesized B@rGO as a sensing
layer for room-temperature NO, detection. B@rGO yielded
superior sensing capabilities, exhibiting a 3.1-fold higher
response to 10 ppm of NO, relative to pristine rGO and
achieving a detection limit as low as 100 ppb.

Beyond heteroatom doping, FTS enables SAs synthesis by
forming nitrogen-doped anchoring sites that trap mobile metal
atoms during rapid cooling and prevent agglomeration. Kim et
al. established a universal protocol for synthesizing high-
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density SAs (Co, Ni, Pt) on N-doped graphene (Figure 3d).”
By flash-irradiating a mixture of metal precursors and
melamine on GO, the process induces a cascade of reactions
within milliseconds: reduction of GO, decomposition of
melamine to form N-doped defects, and the trapping of
metal atoms into M-N, coordination sites. The high temper-
ature (>3000 K) ensures the complete dissociation of metal
precursors into isolated atoms, while the subsequent cooling
rate (10° K s7') kinetically freezes these atoms into the
thermodynamically favorable N-doped graphene before they
can diffuse and nucleate into clusters, as visualized by HAADF-
STEM (Figure 3e). Substantiating the efficacy of this synthesis
platform, the authors evaluated bifunctional capabilities of the
engineered SAs across diverse sensing and electrochemical
applications. The atomically dispersed Ni active sites of Ni
SAs N@rGO significantly enhanced interaction with NO,
molecules, yielding a 9.6-fold increase in sensitivity compared
to pristine rGO and accelerating adsorption/desorption
kinetics, thereby demonstrating that FTS can effectively tailor
active centers for specific surface-limited reactions. Further-
more, Co SAs N@rGO demonstrated remarkable electro-
catalytic efficiency for the oxygen reduction reaction in alkaline
media, exhibiting a dominant four-electron transfer pathway
and superior reaction kinetics. The robust confinement of Co
atoms within the N-doped lattice ensured exceptional
durability, maintaining its half-wave potential with negligible
decay even after 10000 cycling tests.

Recent advancements have further expanded FTS to the
synthesis of functionalized high-curvature carbon nanostruc-
tures, thereby enhancing catalytic activity through strain
effects.”*® Jeon et al. introduced a direct-contact annealing
(DCA) platform—an extension of the FTS framework—to
transform nanodiamonds into carbon nanoonions (CNOs)
while simultaneously anchoring 8 different SAs (M,;/CNO, M
= Pt, Ru, Ir, Cr, Cu, Co, Ni, Fe) (Figure 3»f).26 By utilizing CB
as a photothermal agent to mediate heat transfer, the local
temperature is driven up to ~3030 K in under 20 ms. The
DCA process allows simultaneous anchoring of metal atoms to
the newly formed, highly curved surfaces (Figure 3g). This
approach leverages the nanocurvature of CNOs to modulate
the electronic state of the anchored single atoms, yielding
superior performance in the hydrogen evolution reaction
(HER). Pt;/CNO exhibited an ultralow overpotential of 13.9
mV at 10 mA cm > and a mass activity of 2.0 A mg™'p, which
surpasses commercial Pt/C catalysts by a factor of 5.88. In
summary, FTS provides a versatile and energy-efficient
platform for atomic-level catalyst design. By manipulating the
thermodynamics of bond formation and the kinetics of atomic
diftusion, it enables the precise engineering of active sites,
ranging from heteroatom dopants to isolated metal atoms, on
diverse carbonaceous supports.

3.2. Nanoparticle Functionalization: From Monometallic
to Multimetallic Systems

The photothermal effect of metal oxides under FTS is not
determined solely by the bandgap but can be widely tuned by
microstructure and thermal dissipation, such as crystallite size,
defect density, porosity, and thermal conductivity.'”

Defect- and pore-engineered SnO, nanosheets reach ultra-
high temperatures (>2000 K) within 20 ms, exhibiting
heating/cooling rates on the order of 10*=10° K s_l, thereby
enabling ultrafast phase engineering and catalyst functionaliza-
tion. Notably, this platform enabled the ultrafast formation and

stabilization of noble metals (Pt, Ru, and Ir) and Pt-based alloy
NPs on oxide nanosheets (Figure 4a). Owing to the
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Figure 4. FTS of advanced catalyst (NPs scale). (a) Schematic
illustration, HAADF-STEM image, and elemental mapping of PtRulr-
SnO,. Reproduced with permission from ref 12. Copyright 2022
Elsevier. (b) Schematic of the ambient-air exsolution process on WO,
nanofibers with Pt, Rh, and Ir NP-socketed heterojunctions.
Reproduced with permission from ref 25. Copyright 2022 American
Chemical Society. (c) Mechanism of HEA synthesis. (d), (e)
Comparison of HEA formation on CNF at different temperatures.
(f) Photograph of a large-scale HEA-loaded CNF and HAADF-STEM
images with EDS mapping of PtIrFeNiCo quinary alloy. Reproduced
with permission from ref 13. Copyright 2023 Wiley. (g) HAADF-
STEM image and corresponding EDS mapping of a HEA@MoS,
core@shell heterostructure. Reproduced with permission from ref 24.
Copyright 2025 Wiley.
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millisecond-scale heating, catalysts can be decorated in a
small and uniform distribution, enhancing chemical/electronic
sensitization effects in chemiresistive sensing. Pt-based binary/
ternary catalysts on SnO, nanosheets exhibited tunable
selectivity toward volatile sulfur-containing molecules (e.g.,
H,S, and C,H,S). The highly active alloy catalysts preferen-
tially promoted oxidation of H,S, thereby improving selectivity
toward C,H,S.

Beyond NP decoration, FTS can also trigger rapid oxygen
loss and oxygen-vacancy formation, producing reduced oxide
domains and heterojunctions that strongly modulate electrical
transport. These oxygen vacancies also act as a key
thermochemical driver of dogant reduction and surface
segregation (i.e., exsolution).”’ Shin et al. demonstrated
ultrafast ambient-air exsolution of Pt, Rh, and Ir on WO,
nanofibers by FTS, completing exsolution within ~20 ms
(Figure 4b).*® The ultrashort processing time minimizes
support degradation and expands the practical exsolution
support materials. The FTS also induced partial surface
reduction, forming WO;_,/WO; heterojunctions that substan-
tially improved adsorbed oxygen species and, together with
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Figure S. FTS of thermochemical transformations. (a, b) TEM and high-resolution TEM images of FTS of porous 2D RuO, nanosheets.
Reproduced with permission from ref 44. Copyright 2017 Wiley. (c) XRD patterns demonstrating the reduction and phase transitions of metal
oxides; (left) partial reduction of Co;0, to CoO and (right) phase transition of TiO, from anatase to rutile. Reproduced with permission from ref
12. Copyright 2022 Elsevier. (d) HAADF-STEM, corresponding EDS mapping, and EXAFS spectra of Co/VO,/CNF to confirm the simultaneous
crystallization and in situ single atom anchoring. Reproduced from ref 47, Royal Society of Chemistry (CC BY 3.0 License). TEM images and
schematic illustration of the DCA strategy for CNO synthesis, highlighting that an optimized ratio of ND to CB is critical to concentrate
photothermal heat. Reproduced with permission from ref 26. Copyright 2025 American Chemical Society. (f) XRD patterns and corresponding
high-resolution TEM images showing temperature-dependent phase control in Mo-based systems; by tuning the FTS temperature, the product can
be selectively engineered from MoS, to metastable @-MoC via carbothermal reactions. Reproduced with permission from ref 24. Copyright 2025

Wiley.

socketed exsolved NPs, enhanced gas-sensing performance. As
a representative outcome, the Pt exsolution NPs on WO; NFs
exhibited response (R;,/Rg,,) > 800 for 1 ppm of H,S at 80%
relative humidity and 623 K. They maintained stable sensing
over >200 cycles toward 1 ppm, consistent with the sintering

stability expected from socketed exsolution geometries.

The high-temperature profile is advantageous for the
synthesis of high-entropy materials.”” However, preserving a
highly distorted atomic configuration requires precise kinetic
control to inhibit diffusion-driven segregation. Solid-state
diffusion is significantly slower, dropping to ~10° nm s™'
near the melting point and drastically lower (~1 nm s™') at
half the melting temperature.”® Therefore, achieving control-
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lable synthesis, such as forming metal NPs with high loading,
requires the precise utilization of short heating pulses within a
diffusion-constrained environment. FTS could provide high
temperatures, where the configurational entropy contribution
to the Gibbs free energy (AG,,, = AH,,;,, — TAS,,;,) becomes
sufficiently larger that the — TAS,,;,, term than the enthalpy of
mixing (AH,,,). This thermodynamic regime enables the
formation of single-phase solid solutions from highly
immiscible elements.”” Therefore, the subsequent ultrafast
quenching “freezes” this high-entropy state, stabilizing highly
distorted atomic configurations that would otherwise undergo
phase separation under equilibrium cooling conditions.

Cha et al. demonstrated FTS of high-entropy alloy (HEA)
NPs on carbon-based supports (carbon nanofibers (CNFs),
MXenes, and graphene oxide(GO)), where ultrafast heating
drives elemental interdiffusion, repeated fission-fusion events,
and subsequent quenching stabilizes mixed phases.'® Notably,
phase separation was suppressed only when sufficiently high
temperatures and rapid cooling rates were ensured (Figure 4c).
They further showed that processing temperature strongly
affects alloy uniformity because carbon-supported formation
can be coupled with carbothermal reactions that require
sufficient activation energy (Figures 4d,e). In addition, it is
well-suited for large-area FTS processing in a noncontact
manner, since the xenon-flash IPL inherently delivers broad-
band, high-intensity illumination over a large area. Cha et al.
processed a 6.0 X 6.0 cm®> CNF membrane using a 15 cm lamp
(with a beam reflector), achieving uniform HEA NP formation
across both the center and the edge of the membrane,
highlighting the scalability of IPL-driven FTS toward high-
throughput production (Figure 4f). In this approach, Pt and Ir
are alloyed with transition metals (Fe, Ni, and Co) to form
HEA catalysts. These HEAs provide an increased density of
active sites and strengthened adsorption energetics, leading to
enhance HER activity. Notably, Ce incorporation in
PtIrFeNiCoCe@CNF is associated with markedly improved
durability, with stable performance maintained over 5000
cycles, attributed to enhanced electronic modulation and
suppressed Ir dissolution. Overall, FTS offers a broadly
composition-flexible platform, enabling HEA NPs to be
formulated with application-selected elements.

FTS not only enables ultrafast HEA synthesis but also
facilitates HEA-based heterostructure engineering, including
conformal encapsulation with layered shells. Such shells can
enhance sintering resistance via confinement and can further
modulate catalytic activity when curvature- or strain-induced
electronic effects are introduced. By reaching >3000 K within
~ 10 ms with GO as a photothermal agent, FTS provides
sufficient nonequilibrium thermal input to overcome interfacial
barriers and enable encapsulation. The FTS suppresses
excessive lateral growth that typically produces undesirable
morphologies, thereby favoring conformal core@shell archi-
tectures. In this framework, HEA cores, such as PtPdIrRuAu-
CoSnNiFeCu, can be uniformly synthesized and then
encapsulated by a MoS, shell when a MoS, precursor (e.g.,
ammonium tetrathiomolybdate, ATTM) is added to the GO-
containing precursor mixture (Figure 4g).24 Rapid quenching
after the milliseconds annealing step suppresses diffusion-
driven overgrowth, enabling nanoscale, conformal HEA@
MoS, heterostructures.

4. FLASH THERMAL-SHOCK SYNTHESIS OF
THERMOCHEMICAL TRANSFORMATIONS

4.1. Porosity Generation and Phase Reconstruction

Surface restructuring via thermal treatment is an efficient
strategy to modulate the electronic structure and catalytic
activity of nanomaterials.*”*" Porous architectures are highly
desirable for chemical sensing because they promote gas
transport into the sensing layer and increase the accessible
surface area for reaction.*”*® However, introducing well-
defined nanopores into atomically thin oxides is challenging
because conventional thermal pore-forming routes often lead
to agglomeration and offer limited control over pore size and
density at the sub-10 nm scale. Choi et al. used IPL-driven FT'S
to generate abundant sub-S nm pores (average pore size =~
2.58 + 1.16 nm) in 2D RuO, nanosheets on a flexible Ag
nanowire-embedded colorless polyimide (Ag NW-cPI) plat-
form while preserving the hexa§onal crystal framework under a
15 ms pulse. (Figure Sa)b). * The millisecond-scale FTS
enabled pore engineering without thermally degrading the
substrate. Pore formation is attributed to IPL-induced RuO,
oxidation and dehydration of hydrated Ru oxides, which
releases water and creates voids. Temperature-controlled
operation using the Ag NW-cPI heater accelerated NO,
reaction kinetics, yielding approximately 1.94-fold faster
adsorption and 3.5-fold faster desorption when the film
temperature increased from 314.9 to 353.3 K, enabling a
wearable, patch-type NO, sensor demonstration.

The ultrafast photothermal pulse instantaneously elevates
the surface temperature, which can create a locally oxygen
gradient (i.e., effective oxygen partial pressure gradient) at the
oxide/air interface and promote lattice-oxygen release, thereby
generating oxygen vacancies.'”*® Subsequent millisecond-scale
quenching kinetically traps these nonequilibrium defect states
at room temperature; when the reduction is sufficiently strong,
it can proceed beyond point defects to a partial phase
transition into lower-valence oxides (e.g., SnO, to SnO, Co;0,
to CoO) (Figure Sc). Moreover, TiO, can undergo a
substantial anatase-to-rutile transition by tuning the FTS
conditions, enabling phase-selective engineering via precisely
controlled ultrafast thermal energy.

Furthermore, the FTS induces a high concentration of
oxygen vacancies, which serve as binding sites to stabilize
single atoms in low-coordination environments. Jeon et al.
employed FTS to simultaneously crystallize amorphous
vanadium oxide and anchor Co single atoms into generated
oxygen vacancies (Co/VO,/CNF) (Figure 5d).*’ As illustrated
in the HAADF-STEM and EDS mapping images, the FTS
triggers an instantaneous atomic rearrangement that trans-
forms the amorphous layer into a highly ordered crystalline
phase while kinetically trapping Co atoms. The Fourier-
transformed Co K-edge extended X-ray absorption fine
structure (EXAFS) confirms a unique splitting of the first
coordination shell into two distinct paths: a short Co—O1 and
a long Co—02 interaction. This coordination splitting is a
direct consequence of the presence of a defect-trapped state,
where the Co atom is firmly anchored within a lattice vacancy.
This configuration results in a reduced coordination number
and a nonuniform local symmetry, thereby optimizing the
electronic environment for the oxygen evolution reaction
(OER).

Direct-contact annealing (DCA) process-enabled by FTS
triggers the phase transformation of sp® diamond cores into
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Table 2. Summary of Diverse Nanomaterial Design Strategies Achieved via IPL-Driven FTS, Highlighting Substrate Types,

Results, Processing Parameters, and Applications

Temperature Process Energy

Nanosubstrate Adding Result (measured) time density Application Ref.

Carbon black Nanodiamond/Metal ions Phase engineering/SACs ~2760 °C <20ms 40]J/ cm? HER 26
(carbon)

Carbon nanofiber Metal ions (Pt, Ir, Fe, Ni, Co)  HEAs ~1800 °C <20ms 4.9 J/cm? HER, OER 13
(carbon)

Carbon nanofiber ~ Vanadium oxide/Metal ions Phase engineering/SACs ~1600 °C <20ms 8 10 J/cm®* OER 47
(carbon) (Co, Pt, Ru, Cu)

Graphene (carbon) Ag nanowires Welding N/A <20 ms 33 J/em? Transparent conductive 50

electrode

Graphene oxide Doping source (nitrogen)/ SACs ~2850 °C <10 ms 10.7 J/em®*  Gas sensors (NO,) 20
(carbon) Metal ions OER

Graphene oxide Metal ions (Mo, W, S) Core—shell NPs/ ~2900 °C <10 ms 10,25]/cm® Gas sensor (NO,) HER 24
(carbon) Metastable carbides

Graphene oxide Doping source (boron) Heteroatom doping ~1650 °C <10 ms 11.1-31.3  Gas sensors (NO,) 34
(carbon) J/cm?

Graphene oxide N/A Reduction ~490 °C <1Sms 11§ _]/cmz Gas sensor (H,S, 49
(carbon) EtOH, H,)

SnO, nanosheet Metal ions (Pt, Ru, Ir) Phase engineering/ ~1800 °C <20 ms 64-21.7 Gas sensor (H,S, 12
(oxide) Ternary NPs J/cm? CH,SH)

WO, nanofiber Doping source (Pt, Rh, Ir) Exsolution NPs ~1300 °C <20 ms 20 J/cm? Gas sensor (H,S) 25
(oxide)

RuO, (oxide) N/A Pore structures N/A <1Sms 1.15 J/em*  Gas sensor (NO,) 44
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concentric graphitic shells (sp?). During this reconstruction,
metal precursors dispersed in the mix are trapped as single
atoms on the newly formed, highly curved fullerene-like
surfaces (Figure Se).”® Jeon et al. systematically investigated
the impact of the nanodiamond to CB ratio on this
restructuring process. FTS provides the necessary energy to
break the metastable sp> C—C bonds of the diamond lattice,
driving the surface reconstruction into the thermodynamically
stable sp” graphitic phase. Unlike slow annealing, which
produces planar graphite sheets, the ultrafast cooling rate (2.2
X 10° K s7') of FTS kinetically traps the graphitic layers into
concentric, high-curvature shells, resulting in the formation of
carbon nanoonions (CNOs). This surface restructuring is not
merely morphological; the high curvature induces significant
lattice strain, which modulates the surface electronic environ-
ment, making it an ideal support for anchoring single atoms. As
discussed earlier, the high curvature of the CNO shells
modulates the electronic states of the anchored Pt atoms while
facilitating proton distribution around these active sites,
thereby accelerating HER kinetics.

4.2. Carbothermic Reaction for Heterostructure Formation

FTS engineering is not limited to metal oxides or carbon
materials but can be extended to transition metal dichalcoge-
nides (TMDs) and carbides (TMCs) through GO assisted
ultrafast photothermal annealing. The FTS provides sufficient
activation energy for interfacial reconstruction and hetero-
structure formation across diverse material systems, while
suppressing excessive growth through rapid quenching, thereby
enabling combinations and architectures that are difficult to
realize with conventional long-duration thermal treatments. In
this approach, the GO-based FTS reaches tunable temper-
atures (1768—3162 K) within ~10 ms under ambient air,
enabling (1) direct TMD formation from precursors above
~1700 K and (2) carbothermic reactions above ~ 2300 K that
yield metastable TMCs and core@shell heterostructures (e.g,,
TMC@TMD and TMC@carbon). Shin et al. demonstrated
selective synthesis of phase-engineered Mo$S, (2H-rich at 1768
K; mixed 1T/2H at 2369 K; 1T-rich at 2519 K), as well as
metastable a@-MoC and a-MoC@MoS, core@shell nano-
particles on rGO by controlling the photothermal temperature
(Figure 5f).”* Similar phase- and heterostructure-engineering
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was extended to W-based systems, including metastable 1T-
WS, and tungsten carbide/oxycarbide products. These phase-
and heterostructure-controlled nanocomposites exhibited high
performance as gas sensors and HER catalysts. For gas sensors,
a-MoC@MoS,/rGO exhibited 9.2-fold higher NO, response
(5 ppm) than pristine rGO at 80% relative humidity. For
electrocatalysis, W,CO/rGO delivered an HER overpotential
of 50.5 mV (77,0) with a 65.7 mV dec™" Tafel slope, indicating
rapid kinetics relative to the other W-based composites in that
study.

5. CONCLUSIONS AND PERSPECTIVE

As highlighted throughout this Account, IPL-driven FTS
provides a versatile nonequilibrium platform for nanomaterial
design. At the atomic level, FTS enables heteroatom doping
and single-atom stabilization under ultrafast, low-thermal-
budget conditions. At the nanoscale, the ultrafast thermal input
drives rapid nanoparticle functionalization, including the
formation of multimetallic and high-entropy architectures.
Beyond compositional control, FTS also enables porosity
generation and phase reconstruction, allowing selective defect
formation, metastable phase stabilization, and surface re-
structuring. Furthermore, through carbothermic reactions, FT'S
extends its synthetic scope to heterostructure formation,
enabling rapid formation of TMD- and TMC-based hybrid
nanostructures. As comprehensively summarized in Table 2,
IPL-driven FTS has been successfully adapted across a broad
spectrum of applications.

In this Perspective, we highlight key research directions that
will accelerate the development of FTS and define its future
evolution as a platform for innovative materials synthesis
(Figure 6). (1) Expanding the accessible compositional and
structural space. A primary feature of FTS is the broadening
of structural and compositional materials under nonequili-
brium conditions. FTS is well-positioned to broaden the
structural and compositional landscapes of materials by
accelerating the synthesis of single-atom alloys, high-entropy
oxides, and complex heterostructures that are otherwise
difficult to access via conventional thermal annealing. (2)
Microfurnace/absorber engineering for nonphotothermal
substrates. To expand FTS beyond photothermal materials,
absorber engineering will be essential for substrates with low
absorption, including wide-bandgap, reflective, and transparent
materials. Practical approaches include photothermal coatings,
sacrificial absorbers, plasmonic structures, and black interlayers
that localize heat at the target interface during FTS. (3)
Atmosphere programming to access mixed-anion and
nonoxide chemistries. Expanding FTS beyond ambient
processing by using controlled reaction atmospheres, such as
tunable oxygen partial pressure, humidity, and reactive gases,
offers a major opportunity to access nitrides, sulfides,
oxynitrides, and other mixed-anion phases via single-step
nonequilibrium pathways. For example, flashlamp implemen-
tations under glovebox and inert-atmosphere conditions enable
new atmosphere-sensitive processing routes for battery
applications. (4) Hybrid heating profiles as a new degree
of freedom. Coupling FTS with additional external fields, such
as direct Joule heating or induction heating, can generate
hybrid spatiotemporal heating profiles (e.g., simultaneous
volumetric heating combined with surface-localized thermal
shock), thereby offering more precise control over phase
transformations, defect generation, and interface reactions than
any single modality alone. (5) Process engineering and scale-

up: from lab to manufacturing architectures. Beyond
laboratory-scale demonstrations, large-scale production will
require larger lamp systems, roll-to-roll processing, and
robotics-enabled automation. Together with precise control
of energy uniformity, synchronization of xenon pulse frequency
with web speed, and robust thermal management to minimize
lamp degradation, these advances will be essential for ensuring
a consistent thermal history and uniform material quality
across large-area substrates. (6) Millisecond-resolved in situ/
operando analysis. A key bottleneck in FTS is the limited
mechanistic understanding of transformations occurring during
the millisecond flash event. In particular, how wavelength and
temporal energy-delivery profiles govern reduction, phase
transition, nucleation, and defect formation remains unclear.
Resolving this will require synchronized in situ/operando
platforms, including time-resolved optical spectroscopy,
quadrupole mass spectrometry, gas chromatography—mass
spectrometry, and time-resolved X-ray techniques.

In closing, this Account establishes IPL-driven FTS as a
powerful nonequilibrium platform for nanomaterials design,
capable of accessing heterointerface nanostructures, metasta-
ble, and advanced functionalities far beyond conventional
thermodynamic limits. We anticipate that continued advances
in process control, scale-up strategies, and mechanistic
understanding will enable FTS to play a central role in the
rational design of next-generation nanomaterials. We hope that
this Account provides a useful framework and inspiration for
scientists and researchers seeking to harness ultrafast FTS for
impactful and broad applications in nanoscience and
innovative materials engineering.
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