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ABSTRACT: Flash-thermal shock (FTS) synthesis is a nonequilibrium processing strategy for rapidly tailoring
nanomaterials and catalysts through millisecond-scale high-temperature pulses. By localizing photothermal energy within
a short time window, FTS can induce precursor decomposition, reduction, defect generation, phase transformation, and
catalyst immobilization while suppressing grain growth, sintering, and thermal degradation. These features are particularly
useful for chemical gas sensors, where surface defects, interfacial charge transfer, catalytic activity, and structural stability
strongly affect sensing performance. This review focuses on intense pulsed light (IPL)-driven FTS as a scalable,
non-contact photothermal route for designing sensing materials. We first discuss representative rapid annealing
techniques, photothermal mechanisms, and material-selection criteria for efficient FTS. We then summarize FTS-enabled
engineering of carbon materials, metal oxides, transition metal dichalcogenides, and carbides, with emphasis on defect
control, phase reconstruction, heterointerface formation, and sensing-relevant transport modulation. Catalyst design
strategies involving high-entropy alloys, single-atom catalysts, and ex-solution catalysts are further discussed in relation
to gas activation and selectivity control. Finally, we outline current challenges and future opportunities for advancing FTS-
derived materials for next-generation chemical sensing.
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1. INTRODUCTION

The design of nanomaterials and catalysts for chemical
sensing requires synthetic routes that can precisely control
surface chemistry, defect structures, phase composition, and
catalyst—support interactions [1,2]. These features strongly
adsorption, catalytic
dissociation, and ultimately sensing performance, yet they are
often difficult to optimize through conventional furnace-based
synthetic routes [3,4]. Because equilibrium heating typically

influence  gas charge transfer,

involves prolonged thermal exposure, it can promote grain
coarsening, interdiffusion, phase over-stabilization, and
unwanted degradation of nanostructures. As a result, there is

growing interest in nonequilibrium thermal approaches that
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can drive rapid structural and chemical transformations while
preserving or enhancing nanoscale functionality [5-7]. In this
context, flash-thermal shock (FTS) has gained increasing
attention as a distinctive photothermal strategy for the
synthesis of sensing materials with tunable defects, metastable
phases, engineered interfaces, and catalytically active surface
sites [8.,9].

In this review, we examine FTS as a materials engineering
platform for the synthesis and functionalization of
nanomaterials and catalysts relevant to chemical sensing.
Among the various advanced annealing techniques, FTS
offers distinctive advantages for rapid and non-equilibrium
nanomaterial engineering, and we therefore examine this
approach in depth. While other rapid thermal processing
strategies are briefly discussed for comparison, this review
primarily focuses on IPL-driven FTS and its applications in
sensing-material engineering (Table 1). We then discuss its
fundamental photothermal mechanisms and the key criteria
that govern material selection. We next summarize how FTS
enables diverse nanoengineering pathways, including surface
defect generation and reconstruction, heterostructure and
interfacial phase engineering, and catalyst design across high-
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Table 1. Summary and evaluation of nonequilibrium synthesis methods.

Method IPL-driven FTS

Microwave heating

Laser annealing Joule-heating

Energy source Xenon flash lamp

Heating mechanism Photothermal conversion

Microwave radiation

Dielectric heating

Coherent laser beam Electrical current

Photothermal conversion Resistive heating

Scalability High Medium Low Medium
Applicable materials Broad Moderate Broad Very narrow
Film thickness and Limited by Limited large-area uniform Limited by

Key limitations atmosphere control

microwave absorptivity

processing material conductivity

entropy, single-atom, and ex-solution systems. Through these
examples, we highlight how millisecond-scale photothermal
processing expands the accessible design space of sensing
materials beyond that of conventional thermal treatments.
Finally, we discuss the remaining challenges and future
directions for translating FTS into a more general and reliable
platform for next-generation chemical sensing materials.

2. PRINCIPLES
SYNTHESIS

OF PHOTOTHERMAL

2.1 Advanced annealing techniques

Advanced annealing techniques can be systematically
categorized according to their energy source and heating
Light-based approaches, including laser
irradiation and xenon-lamp intense pulsed light (IPL), induce

mechanism.

rapid heating through photothermal light-material interctions
[10,11]; Joule heating relies on resistive heat generation under
applied current [12], and microwave or arc heating uses
electromagnetic or plasma-based energy delivery [13-15].
While each method provides access to ultrafast thermal
processing, their applicability differs in terms of spatial
uniformity, scalability, controllability,
compatibility. Laser annealing offers excellent spatial precision

and materials

but limited large-area processability, whereas Joule heating is
highly efficient but generally restricted to conductive systems
[16-21]. Microwave and arc heating can reach rapid or
ultrahigh-temperature regimes, but often face challenges in
heating uniformity and process stability [22-27]. By contrast,
IPL-driven FTS uniquely combines broadband absorption,
non-contact large-area irradiation, ultrafast heating and
quenching, and ambient-process compatibility, making it
especially attractive for the synthesis of non-equilibrium
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Fig. 1. Principles of the flash-thermal shock (FTS) method. (a)
Schematic illustration of the FTS-driven synthesis of
nanomaterials and catalysts. Adapted from Ref. [31]. (b)
Schematic illustration of the photothermal mechanism of
FTS.

nanomaterials (Fig. 1(a)) [28-33]. As a result, [PL-driven FTS
has emerged as a versatile kinetic-control platform for
accessing advanced metastable structures and functional
nanointerfaces beyond the reach of conventional annealing.

2.2 Flash-thermal shock mechanisms

FTS is driven by the rapid conversion of broadband light
into highly localized thermal energy. Under xenon-flash
irradiation, photons are absorbed by the light-responsive host
material and converted into heat via non-radiative relaxation
processes (Fig. 1(b)) [34]. Because this conversion occurs
within a millisecond pulse, the irradiated region can reach
extremely high temperatures in a very short time, while heat
diffusion into the bulk remains limited. This creates a transient
nonequilibrium thermal state in which the surface is strongly
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heated, but the underlying substrate remains relatively cool and
can function as a heat sink. In this way, FTS enables spatially
confined, surface-selective thermal processing that is
fundamentally different from conventional furnace annealing.

This unique thermal environment directly governs the reaction
pathway during materials synthesis. The intense but short-lived
heating rapidly activates nearby precursor species, triggering
decomposition, reduction, diffusion, and nucleation within an
exceptionally narrow time window. However, because the
subsequent quenching is also extremely fast, long-range atomic
diffusion, grain growth, and phase separation are strongly
suppressed before the system can fully relax toward equilibrium.
As a result, FTS favors kinetic trapping of non-equilibrium
structures, enabling the formation of metastable phases, defect-
rich surfaces, single atoms, ultrafine nanoparticles, and
heterostructured interfaces that are difficult to obtain through

slow, equilibrium-based annealing [9,31,32,35,36].
2.3 Flash-thermal shock material design

The feasibility and efficiency of FTS should be considered
not simply in terms of whether a material absorbs light, but
more
absorption, photothermal conversion, and thermal dissipation.
Materials with strong broadband absorption and efficient non-

systematically from the perspectives of optical

radiative relaxation are the most favorable photothermal hosts.
Representative examples include carbonaceous materials such
as carbon nanotubes, carbon nanofibers, graphene/rGO, and
carbon black, as well as dark or nonstoichiometric oxides such
as Fe;0,, Co;0,, CuO, WO;,, and black TiO,. In selecting
materials, both the magnitude of the band gap and the nature
of the electronic transition are important, as they govern not
only photon absorption but also the efficiency with which the
absorbed energy is converted into lattice heat. In general,
indirect-gap materials or defect-rich systems can promote
phonon-assisted non-radiative relaxation more effectively than
direct-gap, weakly absorbing counterparts, although the overall
photothermal efficiency also depends on defect states, carrier
lifetime, and electron—phonon coupling. Thermal transport
must also be considered because FTS performance is strongly
influenced by how quickly the generated heat is dissipated.
Reducing grain size, increasing grain-boundary density, or
introducing thermally insulating interlayers beneath the active
layer can suppress heat loss, slow cooling, and effectively
extend the annealing window. Even when the target material
itself has a wide band gap and poor photothermal response,
FTS can still be realized by coupling it with a highly absorbing
carbon membrane or carbon scaffold, so that the carbon
component serves as a photothermal heater and transfers heat
to the wide-band-gap phase through interfacial conduction and

local convection. Therefore, rational materials design for FTS
requires simultaneous consideration of optical absorption,
electronic structure, non-radiative energy dissipation, and heat-
flow management, rather than band gap alone.

3. FLASH-THERMAL SHOCK FOR PHASE
ENGINEERING

3.1 Surface defects engineering and reconstructions

The FTS process delivers an ultrafast, high-temperature
shock to the surface of nanomaterials, enabling precise
modulation of surface defect states and, in some cases, surface
reconstruction. One  representative example is the
photothermal reduction of graphene oxide (GO) to reduced
graphene oxide (rGO) [37,38]. Even brief irradiation with an
intense light source can partially reduce GO, accompanied by
a visible color change from brown to black, reflecting the
restoration of conductive carbon networks.

Choi et al. employed FTS to optically reduce GO and
fabricate an rGO-based NO, gas sensor on a wearable platform
incorporating an Ag nanowire-embedded colorless polyimide
(cPI) film [39]. The localized and short-duration FTS treatment
minimized thermal damage to the cPI substrate while
simultaneously welding the Ag nanowires to form an
electrically connected conductive/heating layer. At the same
time, the formation of rGO provided percolative charge-
transport pathways for chemiresistive sensing. Temperature-
controlled operation using the Ag NW-cPI heater accelerated

NO, sensing Kkinetics, enabling faster adsorption and

desorption and supporting wearable patch-type sensor
operation.
In addition to simple GO reduction, simultaneous

heteroatom doping can be achieved by incorporating boric acid
as a boron source (Fig. 2(a)) [40]. When an FTS process is
applied to a GO/boric acid mixed film at a temperature
exceeding the decomposition point of boric acid, boron is
successfully incorporated into the rGO framework, yielding p-
type B-doped rGO. This material exhibited a 5.4-fold higher
NO, sensing response at 5 ppm than pristine rGO. Follow-up
work further showed that mixing GO with melamine as a
nitrogen source enabled the formation of n-type N-doped rGO
through the same FTS strategy. These results highlight that
both p-type and n-type graphene can be readily synthesized by
FTS through the simple selection of suitable doping sources.

More recently, Eum et al. reported the synthesis of rGO by
FTS, followed by the growth of conductive metal-organic
frameworks (cMOFs) on the rGO surface through a layer-by-
layer method to construct rtGO@cMOF composites (Fig. 2(b))
[41]. Because this growth relies on surface functional groups,
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(a) Optical reduction of graphene oxide (GO) and B-doping for NO, gas sensing
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(b) Optical reduction of GO and cMOF growth for selectivity tuning
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Fig. 2. FTS for surface defects engineering and reconstructions. (a) Synthesis of boron-doped rGO for enhanced gas-sensing performance.
Adapted from Ref. [40]. (b) Growth of conducting metal-organic frameworks on optically reduced GO. Adapted from Ref. [41]. (c¢)
Schematic illustration of nanopore formation in 2D RuO, via FTS. Adapted from Ref. [42].

the density of residual oxygen-containing groups on rGO, such
as hydroxyl and carboxyl species, plays a critical role in
determining the nucleation behavior of cMOFs. By optimizing
the FTS reduction conditions and subsequent cMOF growth, the
resulting composites exhibited significantly enhanced H,S
sensing while suppressing the intrinsic NO, selectivity of
pristine rGO, thereby demonstrating effective selectivity tuning
through interfacial engineering. In this respect, FTS-driven
optical reduction of GO is not only an effective route to improve
conductivity, but also a useful strategy for generating chemically
tunable surfaces for subsequent hybrid-material construction.
Another important capability of FTS is the generation of

333

surface defects and nanopores in ultrathin two-dimensional
For example, FTS treatment of RuO,
nanosheets induced the formation of oxygen vacancies, as
confirmed by XPS, together with sub-2 nm nanopores on the
nanosheet surface (Fig. 2(c)) [42]. These structural features are
highly beneficial for gas sensing. For example, defect sites can
serve as energetically favorable adsorption centers, while
nanopores can shorten diffusion pathways and facilitate rapid

nanomaterials.

gas transport. Accordingly, FTS provides a versatile platform
for defect engineering and nanoscale surface reconstruction,
both of which are valuable for improving the sensitivity,
selectivity, and response kinetics of chemical sensors.
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(a) Phase tuning of metal oxides (SnO,, Co;0,, and TiO,) under FTS irradiation and their enhanced gas sensing properties
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(b) Synthesis of phase-engineered TMD, TMC, and heterostructures from mixtures of graphene oxide and TMD precursors
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Fig. 3. FTS-driven phase tuning and heterostructure engineering. (a) XRD patterns of SnO,, Co;0,, and TiO, before and after FTS
treatment with 1 shot (1S) and 3 shots (3S). In the case of SnO,, partial phase reduction from SnO, to SnO forms local n—p
heterojunctions, which are beneficial for enhanced gas-sensing performance. Adapted from Ref. [9]. (b) Schematic illustrations of
various phase-engineered transition metal dichalcogenides (TMDs) and transition metal carbides (TMCs) synthesized from mixtures
of graphene oxide and TMD precursors. When seed materials are additionally introduced, rGO@seed@TMD heterostructures are
formed, as illustrated using Au in the schematic. These heterostructures exhibit enhanced NO, sensing performance. Adapted from

Ref. [33].
3.2 Heterostructure and interfacial phase engineering photothermal processing. For example, GO can serve as an
efficient photothermal support, reducing to rGO while

FTS is also highly effective for interfacial phase engineering simultaneously generating intense localized heat that

and heterostructure formation in ceramic nanomaterials. Kim decomposes precursors and drives phase evolution. Shin et al.
et al. showed that FTS treatment of SnO, and Co;0, demonstrated that GO-based FTS reached tunable peak
nanosheets induced surface reduction from SnO, to SnO and temperatures of up to 3162 K within 10 ms in air, enabling
from Co;0, to CoO (Fig. 3(a)) [9]. Importantly, the extent of direct TMD formation at lower temperatures and
this phase transition could be precisely tuned by controlling the carbothermic conversion to carbide phases at higher
FTS intensity and the number of pulses, allowing modulation temperatures (Fig. 3(b)) [33]. By controlling the photothermal
of the heterostructure composition in SnO,/SnO and Co;0,/ temperature, phase-engineered MoS, was selectively
CoO systems. In particular, because SnO, is an n-type synthesized, including 2H-rich MoS, at 1768 K, mixed 1T/2H
semiconductor whereas SnO is p-type, a single FTS process MosS; at 2369 K, and 1T-rich MoS, at 2519 K. In addition, a-
enabled direct formation of n—p SnO,/SnO heterostructures. In MoC and a-MoC@MoS, nanoparticles were formed on rGO
a related example, TiO, underwent an anatase-to-rutile phase using GO as the carbon source. Similar protocols using
transition under FTS, highlighting that this millisecond-scale different precursors also enabled the synthesis of 1T-WS, and
thermal shock can rapidly induce phase transformation while tungsten carbide/oxycarbide products. These phase- and
preserving nanoscale morphology. interface-engineered  nanocomposites  exhibited  strong

Beyond metal oxides, FTS can be extended to the performance in gas sensing and electrocatalysis; for instance,
synthesis of transition metal carbides (TMCs) and transition a-MoC@MoS,/rGO showed a 9.2-fold higher NO, response
metal dichalcogenides (TMDs) through carbon-assisted at 5 ppm than pristine rGO.
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(a) High-entropy alloy catalysts on metal oxide supports (Sn0O,)
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Fig. 4. Schematic illustrations of high-entropy alloy (HEA) and single-atom catalyst (SAC) synthesis using the FTS technique. (a) Synthesis of
HEAs on metal oxide supports and their applications in gas sensing toward H,S, CH;SH, and C,H,S. Adapted from Ref. [9]. (b)

Synthesis of HEAs on various carbon-based supports, including an

example of PtlrFeNiCoLaCelnSr HEA nanoparticles. Adapted from

Ref. [31]. (c) Synthesis of SACs on metal oxide supports using multiple FTS shots; a single shot induces nanoparticle formation, whereas
10 shots lead to SAC formation. Adapted from Ref. [9]. (d) Schematic illustration of SAC formation on N-doped rGO via M—N, binding
sites, which are advantageous for stabilizing isolated metal atoms. Adapted from Ref. [32].

4. FLASH-THERMAL SHOCK
SYNTHESIS OF CATALYSTS

FOR

4.1 High-entropy alloy catalysts

High-entropy alloy (HEA) catalysts, which consist of single
nanoparticles containing five or more elements, often exhibit
unprecedented catalytic properties that are difficult to achieve
in single-component systems due to their complex atomic
configurations and synergistic multielement effects [43-45].
Therefore, the synthesis of HEAs requires simultaneous
promotion of elemental interdiffusion and suppression of phase
separation during cooling. In this regard, FTS offers a
powerful synthetic platform by providing both thermodynamic
and kinetic advantages. Specifically, ultrahigh temperatures
(> 2,000 K) enhance multielement mixing by amplifying the
configurational entropy contribution, thereby enabling the
formation of single-phase solid solutions even among
otherwise Subsequently, ultrafast
quenching kinetically traps the mixed state by inhibiting
diffusion-driven segregation, preserving the highly distorted

immiscible elements.

atomic configuration. As a result, FTS enables the synthesis of

335

single-phase HEA nanoparticles beyond the limitations of
conventional alloying approaches.

Kim et al. demonstrated that FTS enabled the synthesis of
HEA nanoparticles on metal oxide-based supports by
promoting rapid elemental interdiffusion during ultrafast
heating and suppressing phase separation during quenching
(Fig. 4(a)) [9]. The synthetic route is straightforward, involving
support preparation, mixing with metal precursors in ethanolic
solution, drying, and FTS treatment. During this process, the
strong photothermal effect of the supports induces rapid
precursor decomposition and crystallization, yielding high-
density, ultrasmall (< 10 nm) HEA nanoparticles on the
support surface. They also showed that sufficiently high
processing temperatures are critical for uniform alloy
formation, particularly in carbon-supported systems involving
carbothermal reactions (Fig. 4(b)) [31]. The applicable
substrates are not limited to carbon nanofibers and graphene
oxide, but can be expanded to MXenes for HEA formation and
functionalization. Moreover, xenon-flash IPL enabled uniform
HEA formation over a 6.0 x 6.0 cm’ carbon nanofiber
membrane, demonstrating the scalability of this non-contact,
large-area approach.

© The Korean Sensors Society
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4.2 Single-atom catalysts

Single-atom catalysts (SACs), in which metal atoms are
atomically  dispersed on exhibit
exceptionally high catalytic efficiency compared with bulk or
nanoparticle-based catalysts because, in principle, nearly all

support  materials,

metal atoms can participate in catalytic reactions without
inactive regions [46-50]. Recently, the potential of SACs for
gas-sensing applications has attracted significant attention.
However, the precise synthesis of SACs with controlled metal
type, loading density, and
challenging, as conventional thermal treatment routes often
induce atomic agglomeration driven by thermodynamic
minimization of surface energy.

support material remains

To overcome this limitation, Kim et al. introduced an FTS-
based strategy to stabilize SACs on metal oxide supports [9].
As described above, simple mixing of a Pt precursor with
SnO, supports followed by a single FTS pulse led to the
formation of Pt nanoparticles (~2 nm) on SnO,. Interestingly,
when 10 consecutive pulses were applied to Pt precursor-
coated SnO, nanosheets, single atoms or few-atom clusters
were formed and stabilized on the SnO, surface, as confirmed
by high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) (Fig. 4(c)). Repeated
flash-thermal shock likely fragmented the initially formed
nanoparticles into progressively smaller clusters and ultimately
isolated atoms. The mechanism could be further supported by
density functional theory (DFT) of the
stabilization energies of Pt single atoms on Sn or O sites, and

calculations

experimentally verified by X-ray absorption fine structure
spectroscopy. This result highlights the potential of FTS to
refine catalyst nanoparticles down to the atomic scale while
stabilizing them on metal oxide supports. The ultrahigh
temperatures generated during FTS likely provide sufficient
activation energy for Pt dispersion, while the resulting metal—
defect interactions promote thermodynamically favorable
stabilization of isolated atoms.

In another study, Kim et al. demonstrated a one-step
synthesis of SACs on N-doped graphene supports using a
precursor mixture of graphene oxide, melamine as the nitrogen
source, and metal salts as SAC precursors (Fig. 4(d)) [32].
After simple mixing, coating on a glass substrate, drying, and
a single-pulse FTS treatment, the process induced sequential
reduction of graphene oxide to reduced graphene oxide,
decomposition of melamine with simultaneous nitrogen
doping, and decomposition of the metal precursors, ultimately
forming dense SACs anchored at N-coordinated sites. This
approach enabled the formation of stable metal-N, moieties on
N-doped reduced graphene oxide and demonstrated broad
compositional versatility, encompassing Pt, Co, Ni, and Co—Ni

dual single-atom systems, for both chemiresistive gas sensing
and electrocatalytic applications.

4.3 Ex-solution catalysts

Ex-solution catalysts are catalytic nanoparticles that are
partially socketed into the lattice of metal oxide scaffolds [51-
53]. They are typically synthesized by first preparing metal-
doped oxides and then annealing them at high temperature
under a reducing atmosphere to induce ex-solution on the oxide
surface. Because of their strong metal-support interaction, ex-
solution catalysts exhibit excellent thermal stability and
sulfur poisoning, which are particularly
advantageous for metal oxide-based chemical sensors operating
at elevated temperatures (200450°C) [54-56].

In general, however, the ex-solution process requires several
hours of high-temperature annealing in a reducing H,
atmosphere, which is time- and energy-intensive and can

resistance to

degrade support materials, especially those that are not
thermally stable or undergo severe phase transitions under
reducing conditions. To address this limitation, Shin et al.
reported an FTS-triggered ultrafast ex-solution process (Fig.
5(a)) [35]. In their approach, metal-doped WO; nanofibers
were first prepared by electrospinning, followed by heat
treatment, and a single FTS pulse subsequently induced the
formation of dense Pt, Rh, and Ir ex-solved nanoparticles with
sizes of ~5 nm on the WO; nanofiber scaffolds. Before FTS,
no peaks corresponding to metallic nanoparticles were
detected, and the WO; diffraction peaks instead reflected
lattice distortion induced by Pt, Rh, and Ir dopants
incorporated into the lattice within the solubility limit. After
FTS, distinct Pt-, Rh-, and Ir-related XRD peaks appeared, and
HRTEM further confirmed the formation of crystalline
nanoparticles with clear lattice fringes. As expected, Pt ex-
solved WO; nanofibers exhibited highly stable H,S sensing
performance during prolonged operation at high temperatures,
and ex situ TEM analysis after long-term testing confirmed
that the nanoparticles remained resistant to agglomeration.
In another study, Jang et al. showed that multielement ex-
solution can also be achieved using FTS (Fig. 5(b)) [57]. They
first synthesized Pt-, Pd-, and Ru-doped ZnO nanoparticles
derived from ZIF-8, and subsequent FTS irradiation induced
producing  PtPdRu alloy
nanoparticles on the ZnO surface. DFT calculations revealed
that the segregation energy was significantly reduced for

multielement  ex-solution,

PtPdRu ex-solution compared with single-element ex-solution,
indicating a more favorable ex-solution process. Moreover, gas
selectivity could be tuned by the composition of the ex-solved
Pt-exsolved ZnO
selectivity toward H,S, whereas binary PtPd-exsolved ZnO

nanoparticles. For example, showed

© The Korean Sensors Society
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(a) FTS-induced ex-solution of nano-catalysts on WO, scaffolds for enhanced gas sensing

Noble metal doped metal oxide nanofibers IPL-derived

(M-WO, NFs)

1000

momentary photothermal effect

Ex-solved metal nanoparticle decoration and
formation of heterojunction in metal oxide nanofibers

400

200}

Gas response (Rar/Rgas)

1 ppm

8ol £
600} [/

AA

® IPL1_Pt-WO, NFs 10000
© IPLO_Pt-WO, NFs

IPL1_ex-solved Pt-WO; NFs
1000

Gas response (Rar/Rgas)

AL i

0
0

(b) Multi-component ex-solved NPs on ZnO

DMS

20 40 60 80

100 120

Time (min)

I i
N Chemically stabilized

metal alloy catalyst
S

7,

£ )

CH,SH

PtPdRu PPARU

ZnO-IPL ZnO-IPL

PLIPL - —

PtPd-IPL

wm  PtPd-IPL

PPARu-PL |

PtPdRu-IPL

200 .
Pt

PIPd
PIPARU
e ZnO-IPL
PLIPL

o
PtPd-IPL

+PIPORU-PL

200 225 250 275 300 325‘350 375 400
Temperature (°C)

200 225 250 275 300 325 350 375 400
Temperature (°C)

200 225 250 275 300 325 350 375 400
Temperature (°C)

Fig. 5. Schematic illustrations of the FTS-induced ex-solution process from metal-doped metal oxides. (a) Ex-solution of single-component
metal catalysts from WOj; nanofibers and their high-performance H,S sensing properties. Adapted from Ref. [35]. (b) Ex-solution of
multicomponent nanoparticles from ZnO nanocubes and their tunable selectivity toward three sulfur-containing gas molecules. Adapted

from Ref. [57].

and ternary PtPdRu-exsolved ZnO showed selectivity toward
methyl mercaptan and dimethyl sulfide, respectively. Using
this array, gas
concentration prediction were achieved through machine-
learning-based analysis.

Overall, FTS-derived catalyst strategies, including HEA

sensor successful identification and
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catalysts, SACs, and ex-solution catalysts, can enhance
chemical sensing performance by providing multielement or
atomically dispersed active sites, promoting gas activation and
interfacial charge transfer, and improving selectivity and
operational stability through composition control and strong
catalyst support interactions.
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Table 2. Representative IPL-driven FTS processing conditions.

Material Pulse number Atmosphere Temperature conditions Photothgrmal Main Ref
material outcome
Catalyst . . . Metal oxide Phase engineering /
= >
NPs@SnO, single pulse Ambient-air 2073 K/ 20 ms nanosheet Temary NPs 9
Single atom@ 10 pulses Ambient-air >2073 K/20 ms Metal oxide Single atoms 9
SnO, nanosheet
HEA@CNF single pulse Ambient-air >2073 K /20 ms Carbon High-entropy 31
nanofiber alloy
mMc@™Mo single pulse Ambient-air ~3162 K/ 10 ms Graphene Core shell 33
core-shell oxide
Boron-doped single pulse Ambient-air ~2073 K/ 10 ms Graphene Heteroatom 40
rGO oxide doping
Ex-solved )
NPs@WO, single pulse Ambient-air > 1273 K /20 ms Metal oxide Ex-solved 35
nanofiber NPs
nanofibers
Single- . . . Graphene .
atom@N-rGO single pulse Ambient-air >3123 K/ 10 ms oxide Single atom 32

5. CONCLUSIONS AND PERSPECTIVES

IPL-driven FTS has emerged as a versatile platform for the
design of kinetic materials beyond conventional rapid
sintering. As summarized in Table 2, representative IPL-driven
FTS studies demonstrate that diverse material transformations
can be achieved in ambient air within millisecond-scale
processing windows, typically within 20 ms. Its ultrafast
heating and quenching characteristics enable nonequilibrium
nanoengineering under ambient conditions, facilitating
heteroatom doping, single-atom stabilization, high-entropy
alloy synthesis, metastable phase formation, and controlled
nanostructuring. These capabilities highlight FTS as a
powerful route to advanced metastable functional materials.

Despite these advances, further process engineering is
required to expand the versatility and controllability of FTS.
Key challenges include accurate temperature measurement
during pulses,  spatially
temperature-gradient analysis for large-area scalability and

millisecond-scale resolved
reproducibility, and precise control of the IPL processing
atmosphere. In particular, atmosphere control is essential for
overcoming limitations associated with the intrinsic oxygen
affinity of constituent elements and for extending FTS beyond
multielement hybridization toward diverse nonequilibrium
compositions, including single-atom alloys, high-entropy
oxides, carbides, sulfides, nitrides, and oxynitrides.

Hybrid process designs will also be important for practical
implementation. Coupling FTS with external heating methods,
such as Joule heating or induction heating, may enable more
precise  thermal while

control, carbon-paper-based

Few-atom

alloy cluster Chamber
i system
Multicomponent
system

Sulfide

Nitride %

Oxynitride

High-entropy
carbide

High-entropy
oxide

Carbon paper
sandwich

Fig. 6. Perspectives and future opportunities of FTS in the synthesis
of advanced nanomaterials and catalysts.

microfurnace strategies can expand FTS to materials with
weak optical absorption (Fig. 6) [58]. In addition, solution-
phase FTS using quartz cells could provide a promising route
for uniform precursor delivery and scalable processing.
Furthermore, the ultrashort thermal duration of FTS makes it
a powerful platform for probing early-stage nucleation and
phase-transition pathways. When combined with advanced
characterization techniques such as atom probe tomography,
4D-STEM, and XAFS, FTS could reveal atomic-scale
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photothermal processes, including atomic rearrangement,
defect
nonequilibrium phase stabilization. These studies will help

formation, compositional homogenization, and
establish FTS not only as a rapid synthesis method but also as
a key platform for mechanistic understanding and rational

nanomaterial design.
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