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Flash-Thermal Shock Synthesis of High-Entropy Alloys
Toward High-Performance Water Splitting

Jun-Hwe Cha, Su-Ho Cho, Dong-Ha Kim, Dogyeong Jeon, Seohak Park, Ji-Won Jung,*

Il-Doo Kim,* and Sung-Yool Choi*

High-entropy alloys (HEAs) provide unprecedented physicochemical
properties over unary nanoparticles (NPs). According to the conventional
alloying guideline (Hume—Rothery rule), however, only size-and-structure
similar elements can be mixed, limiting the possible combinations of alloying
elements. Recently, it has been reported that based on carbon thermal shocks
(CTS) in a vacuum atmosphere at high temperature, ultrafast heating/cooling
rates and high-entropy environment play a critical role in the synthesis of
HEAs, ruling out the possibility of phase separation. Since the CTS requires
conducting supports, the Joule-heating efficiencies rely on the carbon
qualities, featuring difficulties in uniform heating along the large area. This
work proposes a photo-thermal approach as an alternative and innovative
synthetic method that is compatible with ambient air, large-area, remote
process, and free of materials selection. Single flash irradiation on carbon
nanofibers induced momentary high-temperature annealing (>1800 °C within
20 ms duration, and ramping/cooling rates >10* K s™') to successfully
decorate HEA NPs up to nine elements with excellent compatibility for
large-scale synthesis (6.0 x 6.0 cm? of carbon nanofiber paper). To
demonstrate their feasibility toward applications, senary HEA NPs
(PtlrFeNiCoCe) are designed and screened, showing high activity

(Moveran = 777 mV) and excellent stability (>5000 cycles) at the water splitting,
including hydrogen evolution reactions and oxygen evolution reactions.

metal-based catalysts.!l In addition, al-
loying multiple metallic elements allows
for a broad selection of elements, in-
cluding precious and nonprecious metals,
leading to high thermal/chemical stabil-
ity and striking catalytic activity for var-
ious applications.l?l However, the Hume-
Rothery rule has conventionally been intro-
duced as the essential conditions for bulk
alloy formation in terms of atomic size
difference, atomic structure, valences, and
electronegativity. According to this alloy-
ing guideline, only similar elements can be
mixed, thereby limiting the range of the
possible alloy element combinations for the
synthesis of HEA particles, especially with
nanosized particles (<10 nm).

To overcome the aforementioned issues,
providing an extremely high-temperature
and high-entropy environment can be a
breakthrough strategy for the synthesis of
HEA NPs with compositions that were
previously considered to be non-miscible
based on traditional alloying theories. Es-
pecially, introducing high temperatures, ul-
trafast heating/cooling rates, and mixing
various compositional elements might play
a critical role in the successful synthesis

1. Introduction

High-entropy alloys (HEAs) consisting of at least five elements
offer unprecedented physicochemical properties, which could ex-
ceed single-element (or unary) nanoparticles (NPs), especially for

of HEAs based on high entropy of mixing within a short time,
thereby ruling out the possibility of phase separation. However,
achieving atomic scale mixing for HEA NPs using the traditional
furnace annealing approaches is challenging because of their
sluggish heating/cooling rates. Therefore, the development of an
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alternative momentary annealing technique is highly required.

Yao et al. have recently proposed a new approach for the for-
mation of HEA NPs by the introduction of an innovative car-
bon thermal shocks (CTS)-based method which relies on Joule-
heating processes to enable momentary heating (temperature >
2000 K and ramping/cooling rates >10° K s71). The CTS method
significantly expands the range of available transition metal al-
loys, allowing for the synthesis of previously unapproachable al-
loy structures.l?! In addition, the CTS method has been success-
fully exploited for various applications such as synthesis of single
atoms and HEA NPs in the form of metals, oxides, and sulfides
showing great promise for rapid and facile synthesis.[*l In spite
of the novel strengths of the CTS approach, its implementation
is limited to the use of conducting materials and by formation
of electrode contacts onto carbon-based conducting supports to
enable sufficient current flow for Joule heating in vacuum sys-
tems. In addition, the Joule-heating efficiencies greatly rely on
the carbon qualities, resulting in difficulties in uniform heating
across a large area. Beyond the CTS method, an alternative and
innovative synthetic approach compatible with ambient air, large-
area, remote process, and free of materials selection is highly
required.

Photo-thermal effects are typically known as light-material in-
teraction leading to energy exchange between photons from in-
cident light and electrons in materials. As a consequence, photo-
excited electrons could generate phonons and form thermal en-
ergies in any light-exposed parts of materials, enabling mass-
productive synthesis covering the area of light beam sources.l”! In
general, the light-induced heating approach is typically employed
for metals or black-colored materials (e.g., carbon, black oxides,
etc.) with small band gaps, which usually feature high photother-
mal efficiencies. However, recent reports have demonstrated that
even white-colored metal oxides with high band gaps (>3 eV) can
exhibit a remarkable photothermal effect (>1800 °C in 20 ms du-
ration) through the elaborate tuning of defect density.’] Conse-
quently, non-contact interaction between light and support mate-
rials holds great promise as a breakthrough strategy for the mass-
and time-productive approach, showing great potential for facile,
versatile, and ambient synthesis of catalysts.

In this work, we demonstrate the ambient-air, large-area, and
remote synthesis for HEA NPs through the photothermal ef-
fects induced by light irradiation on carbon-based supports ex-
emplified by carbon nanofibers (CNFs). Single flash irradia-
tion on CNFs induced momentary high-temperature anneal-
ing (>1800 °C within 20 ms duration, and ramping/cooling
rates >10* K s7) to successfully decorate HEA NPs up to nine
elements with excellent compatibility for large-scale synthesis
(6.0 x 6.0 cm? of CNF paper). Interestingly, 2D materials, e.g.,
MXenes and graphene oxides, also demonstrate similar support
capabilities to the CNFs, highlighting the broad selection of sup-
port materials available for this method. To demonstrate the prac-
tical applications of these HEA NPs, we designed and screened
senary HEA NPs (PtIrFeNiCoCe) for high activity (Moyeran =
777 mV) and excellent stability (>5000 cycles) in the water split-
ting, including hydrogen evolution reaction (HER) and oxygen
evolution reactions (OER). Our results are highly encouraging,
as they clearly demonstrate that the use of a remote approach
between light and support materials is a promising and produc-
tive synthesis method, which offers numerous benefits. First, it
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is highly efficient in terms of both mass and time productivity.
Second, it is compatible with ambient air, allowing for a more
convenient and cost-effective approach for the uniform synthesis
of multi-metal catalysts. Additionally, it can cover a large-area pro-
cess, making it suitable for industrial-scale applications. Finally,
it is free from materials selection constraints, which allows for a
wider range of materials to be utilized in the synthesis process.

2. Results and Discussion

Figure 1a illustrates the non-contact, large area, and ambient-
air synthetic method of high-entropy-alloy nanoparticles (HEA
NPs) through the millisecond-scale (<20 ms) flash-thermal shock
(FTS) lamping via a xenon lamp. First, carbon nanofibers (CNF)
membranes, which are synthesized by electrospinning followed
by high-temperature pyrolysis, were soaked and coated with
multi-component metal precursors. Note that in spite of a broad
range of support materials, the CNFs membranes were intro-
duced for an actual demonstration of mass production. The re-
sultant CNF membranes were put on the stage and exposed to
the flashlight with an energy density of 4.9 ] cm™ for 20 ms.
During the process, the FTS lamping (4.9 ] cm™) led to photon-
electron couplings and energy exchange between the incoming
photons and phonons in the carbon lattice via non-radioactive re-
combination processes. As a result of the single flash irradiation,
the surface temperature of CNF membranes could increase up to
1800 °C within 5 ms, providing sufficient energies for precursor
decomposition and fission/fusion of transient liquid metal par-
ticles on the surface of the CNFs strands.l®! The following rapid
cooling process (>6.7 X 10* K s71) enabled the synthesis of HEA
NPs through minimization of phase separation. It is noteworthy
that the uniform catalytic NPs could be formed in entire CNF
membranes when the sample is treated with FTS on both sides
of the CNF membranes (Figure S1, Supporting Information). In
addition, the quality of carbon in CNF membranes can affect the
sizes and distribution of HEA NPs at the same FTS lamping due
to variations in the distribution and density of defective points
on the surface of CNF membranes (Figure S2, Supporting In-
formation). Herein, it was confirmed that the HEA NPs can be
composed of up to 9 cations from Pt, Ir, Fe, Ni, Co, La, Ce, In,
and Sr precursors, indicating the potential of the FTS lamping
for various applications requiring HEA NPs with diverse com-
positions. The suggested FTS-induced HEA synthetic method
is applicable not only to CNFs but also to diverse 2D materials
such as MXenes and graphene oxides, highlighting its potential
for various applications. To analyze the temperature-time profile
of the sample surface, we implemented a momentary tempera-
ture measurement set-up that utilized dual infrared (IR) sensors
(1500-sensor and 3000-sensor) as shown in Figure 1b. The 1500-
sensor and 3000-sensor can measure temperatures in the range
0f 200-1500 °C and 1500-3000 °C, respectively, according to the
equipment specification. It is a well-known fact that heating car-
bon materials enables the emission of IR elements with an emis-
sivity of 0.79. Accordingly, the 1500-sensor and 3000-sensor with
detectable wavelengths of 2.3 and 1.5 pum, respectively, can detect
the IR information and convert the analog signals into current
forms. IR noise effects from the lamp were confirmed to be neg-
ligible, although Xe lamp could generate broad-spectrum light
even with an infrared spectrum above the wavelength of 0.8 um
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Figure 1. a) Schematic illustration of the noncontact, mass-productive, and ambient-air synthetic method of HEA-NPs through the millisecond-scale
(<20 ms) light pulse irradiations generated by a xenon lamp. b) Schematic illustration of the momentary temperature measurement set-up using dual
IR sensors of 1500-sensor and 3000-sensor. c) Temperature—time curves of the CNF membranes coated with multi-component metal precursors at the
20 ms flash lamping with light energy densities of 4.9 ] cm~2. d) Photoimage of the FTS-treated CNFs on a large scale at the 20 ms flash lamping with
light energy densities of 4.9 ] cm~2 with precursors of five dissimilar elements (Pt, Ir, Fe, Ni, and Co). e,f) EDS elemental mapping images of center (e)

and edge (f) parts of the FTS-treated CNFs.

(Figure S3, Supporting Information). As the next step, the infor-
mation on the current input transformed from the IR sensor was
collected into a data acquisition (DAQ) board with a sample rate
of 200 kS s7!. This enabled the acquisition of the IR information
emitted from the heating samples at a time resolution of 5 s,
which was sufficient for continuous data recording (Figure S4,
Supporting Information). Eventually, digital information on the
materials’ temperature was obtained as the final data output. It
should be noted that the emissivity of materials was set as unity
for the measurement, meaning that emissivity correction should
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be subsequently performed. For true temperature of samples, it
is normally known to be related to spectral emissivity and a black

body temperature shown below as Equation (1).7]
1 A
7= EZ1n (e, (62" = 1) +1) (1)

where T is the true temperature, A indicates the detectable
wavelength of the IR sensors, C, represents the second radiant
constant 14 388 um K, and T, is temperature of a black body
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having emissivity of 1.00, and ¢4 represents the spectral emis-
sivity defined as the ratio of the real emissivity from a measur-
ing sample to unity from the black body. Since sample and
measurement conditions meet Wien’s approximation
(C,/AT;>1) resulting from high emissivity of 0.79 (>0.5),
short detector wavelength of 2.3 um (1500-sensor) and 1.5 um
(3000-sensor), and low temperature (<1500 K), Equation (1) can
be simplified into Equation (2) below.

1 1 A
1_1_ 4 2
T T/1+C2ng/1 )

Consequently, temperature data detected with emissivity of
unity can be corrected by Equation (3), given that the spectral

emissivity is equal to real emissivity of samples over emissivity
of unity (e

corrected /emeasured) *

1 — 1 + Adetectln (ecorrected/emeasured) (3)

Tmca sured CZ

Tcorrcctcd
where T, ..q means corrected temperature with the materi-
als emissivity (€ orrected)r Tmeasured idicates measured temperature
with the IR sensor at the emissivity of 1.00 (€ casured)> 304 Agetect
represents a detectable wavelength of the IR sensors. Figure 1c
shows the transient-temperature curve of the CNF membranes
coated with multi-component metal precursors at the 20 ms
flash lamping with light energy density of 4.9 ] cm=2. The cor-
rected and modified analog data measured by the dual IR sen-
sors displayed that the surface temperature of the CNF mem-
branes soared above 1800 °C within 5 ms (For more details, see
Figure S5, Supporting Information). Subsequently, it started to
gradually decrease for the rest of the on-time (15 ms) in the range
above 1000 °C. Finally, sharp temperature drop was observed for
30 ms down to the minimum measurable temperature (baseline)
0f 200 °C, exhibiting ultrafast ramping/cooling rates higher than
10* K s7!. The millisecond-scale heating of CNF strands results
in the formation of HEA NPs on the surface in an air-ambient
and the noncontact manner. The detailed mechanism behind this
process will be discussed in the following section. To demon-
strate the potential for large-area and mass-production applica-
tions using the FTS lamping, a CNF membrane with an area
of 6.0 cm X 6.0 cm was prepared and exposed to a single flash
light with an energy density of 4.9 ] cm™ from the large-area
(10.0 cm x 15.0 cm) lamp with a beam reflector. This configu-
ration enabled a uniform FTS process over the entire area. Given
that lengths of flash lamps can be expanded up to meters, the
FTS process could give great promise of high-throughput mass-
production toward the synthesis of HEA NPs.’! Figure 1d shows
a photo image of the FTS-treated CNFs on a large scale with
precursors of five dissimilar elements (Pt, Ir, Fe, Ni, and Co).
We verified the uniformity of the FTS process even on a large
scale by confirming the homogeneous formation of quinary HEA
NPs (PtIrFeNiCo) both on the center and edge of the FTS-treated
CNFs through energy-dispersive X-ray spectroscopy (EDS) anal-
ysis (Figure 1ef).

Next, we demonstrated the versatility and effectiveness of the
suggested FTS method in preparing various compositions of
HEA NPs (Figure 2). First, we investigated the influence of the
concentration of metal ion precursors on particle size and den-
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sity, which are coated on the CNF membranes prior to the FTS
process. Three different concentrations of Pt precursors, i.e.,
0.03, 0.05, and 0.10 M, respectively, were coated on the CNF
membranes on which FTS was conducted to synthesize CNF
membranes decorated with Pt NPs. As a result, high precur-
sor concentration (0.10 M) resulted in excessive growth of Pt
NPs (~200 nm) and a high loading amount of 16.7 wt%, while
adequate concentrations (0.03 and 0.05 M) led to the forma-
tion of uniformly distributed sub-10 nm Pt NPs with loading
amounts of 6.7 and 11.1 wt, respectively (Figure S6 and Table
S1, Supporting Information). Thus, we concluded that 0.05 m
of metal precursors was the optimal concentration, and all the
additional experiments were conducted using the same precur-
sor concentrations. Following the optimal conditions, we demon-
strated that ultra-high density and uniformly distributed cat-
alytic Pt NPs can be stabilized on CNF substrates during the
FTS process (Figure 2a,b). We further confirmed the formation
of binary metal NPs (PtCu, PtRu, and PtPd, Figure 2c—€). A
nearly 1:1 atomic percentage ratio between Pt:Cu, Pt:Ru, and
Pt:Pd in the binary NPs was obtained from EDS mapping anal-
ysis (Figure S7, Supporting Information). The composition of
catalytic NPs can be extended to ternary (PtCuRu and FeNiCo,
Figure 2f,g), quinary (PtIrFeNiCo, Figure 2h,i), octonary (Ptlr-
FeCoNiPdCuRu, Figure S8, Supporting Information), and even
novenary (PtlrFeNiCoLaCelnSr, Figure 2j) based on rapid heat-
ing/cooling processes and a considerable increase in the entropic
contribution for HEA NPs formation through introduction of var-
ious metal elements.] In this regard, the successful synthesis
of HEA NPs with numerous compositions, such as PtIrFeNiCo-
LaCelnSr, would show huge potential for broadening the appli-
cation toward various catalytic effects. We provided additional
evidence of homogeneous element mixing in HEA NPs by uti-
lizing CNF membranes decorated with PtlrFeNiCo NPs (Figure
S9, Supporting Information). The results revealed a uniform dis-
tribution of each element, with the atomic percentage distribu-
tion of Pt (19.619% =+ 4.77%), Ir (21.24% + 5.00%), Fe (20.81% =+
5.009%), Ni (13.02% + 5.17%), and Co (25.40% =+ 1.329) (Table S2,
Supporting Information). To further validate the chemical states
and crystal structures of the HEA NPs, we conducted X-ray pho-
toelectron spectroscopy (XPS) and X-ray diffraction (XRD) analy-
ses using CNF@PtIrFeCoNiPdCuRu samples. The XPS analysis
of CNF@PtIrFeCoNiPdCuRu showed a combination of metallic
and oxidized states for each element (see Figure S10, Supporting
Information). However, the XRD analysis demonstrated the bulk
crystalline properties of PtIrFeCoNiPdCuRu, revealing a highly
crystalline face-centered-cubic single-phase alloy structure (see
Figure S11, Supporting Information).

The strength of the FTS method lies in its ability to use any
materials as heating substrates as long as they feature high pho-
tothermal efficiencies. To demonstrate this, we additionally pre-
pared 2D materials including graphene oxides and MXenes as
heating substrates for the synthesis of HEA NPs through pho-
tothermal heat, which is induced by light irradiation. After coat-
ing Pt, Ir, Fe, Ni, and Co precursors on graphene oxide and MX-
enes, respectively, subsequent FT'S lamping led to the formation
of uniform and high-density PtIrFeNiCo HEA NPs on reduced
graphene oxide and MXenes (Figure 2k—n). It is well-known that
graphene oxide is readily transformed into reduced graphene
oxide upon light irradiation.’) Such broadening of not only
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~ Binary NPs (PtCu, PtRu, PtPd) on CNF

Figure 2. a) STEM and b) TEM images of CNF decorated with Pt NPs. STEM and EDS mapping images of CNF decorated with binary NPs; c) PtCu,
d) PtRu, and e) PtPd. STEM and EDS mapping images of CNF decorated with ternary NPs; f) PtCuRu, and g) FeNiCo. h) STEM and EDS mapping
images of CNF decorated with quinary NPs; PtIrFeNiCo and i) HRTEM image. j) STEM and EDS mapping images of CNF decorated with novenary NPs;
PtlrFeNiCoLaCelnSr. k—n) STEM and EDS mapping images of reduced graphene oxide (k-I) and MXenes decorated with quinary NPs; PtirFeNiCo (mn).
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Figure 3. Temperature—time curve of CNF membranes having five dissimilar metal precursors (Pt, Ir, Fe, Ni, Co) FTS-treated with the flashlight with an
energy density of a) 1.3, b) 3.2, and c) 4.9 ) cm™2. Each condition achieved temperature peaks of 600, 1200, and 1800 °C at the single flashlight, finally
making 600_PtIrFeNiCo, 1200_PtIrFeNiCo, and 1800_PtIrFeNiCo, respectively. The background of the transient temperature profile displays TEM images
of each CNF strand on the given conditions at a low magnification. STEM images and EDS elemental mapping of d) 600_PtIrFeNiCo, e) 1200_PtIrFeNiCo,
and f) 1800_PtIrFeNiCo. Scale bars: 10 nm. g) Schematic images of the formation steps of HEA NPs by FTS lamping. h) Decomposition temperature of
each metal precursor. i) Calculated heating and cooling rates at each FTS lamping condition (1.3, 3.2, and 4.9 ) cm~2), corresponding to 600_PtIrFeNiCo,

1200_PtIrFeNiCo, and 1800_PtlrFeNiCo samples, respectively.

compositions of HEA NPs but also conducting and active sub-
strates could lead to strong potential feasibility toward the devel-
opment of high-quality catalytic materials.

Next, sequential synthesis steps for HEA NPs were systemati-
cally investigated on various FTS conditions. Figure 3a—c displays
the temperature-time curve of CNF membranes treated with the
FTS method using flashlight with an energy density of 1.3, 3.2,
and 4.9 ] cm™2, respectively. One can see that each energy leads
to a temperature rise up to ~600, 1200, and 1800 °C, respec-
tively, within 5 ms at the single flashlight. The background of
the transient temperature profile displays TEM images of each
CNF strand acquired under the specified conditions, captured at
low magnification. Under the FTS lamping of 1.3 ] cm™, spar-
ely distributed HEA NPs were observed on the surface of the
CNF strand (Figure 3a). On the contrary, high-density dot-like
contrasts were clearly verified on the CNF strand obtained at
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the FTS lamping of 3.2 and 4.9 ] cm™, representing the uni-
form formation of HEA NPs (Figure 3b,c). For better under-
standing, EDS elemental mapping analysis of the FTS-treated
CNFs was performed (Figure 3d—f). Under the FTS lamping
with 1.3 ] cm™ (temperature ~ 600 °C), nonuniform and incom-
plete mixing of five elements led to the inhomogeneous forma-
tion of HEA NPs (i.e., 600_PtIrFeNiCo) (Figure 3d). When irra-
diated with higher light energies (3.2 and 4.9 ] cm™, temper-
ature ~1200 and 1800 °C, respectively), sphere-like HEA NPs
(1200_PtIrFeNiCo and 1800_PtIrFeNiCo) were synthesized with
uniform dispersions of each element. Hu et al. reported that the
synthesis of HEA NPs is greatly affected by surface-bound oxy-
gens (O*) on the substrate, catalytic activities of involving ele-
ments, and thermodynamic conditions of the momentary heat-
ing and rapid kinetics.l®! In more detail, reduction based on car-
bothermic reactions (C + O* — CO?) occurs, which is highly
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determined by O* and the degree of catalytic properties from
each metal. Note that carbon can be sufficiently provided by CNFs
as the reducing agent. According to the Ellingham diagram, the
catalytic effect of the abovementioned carbon metabolism reac-
tion decreases in the given order of Pt, Ir, Fe, Ni, and Co, implying
that Co is the least active metal for the reaction. Figure 3g repre-
sents the step-by-step schematic images of the formation of HEA
NPs via FT'S lamping. For step 1, metal precursors are thermally
decomposed by the photothermallygenerated heat, followed by
the motion of metal catalysts on the surface through O and car-
bothermic reactions. Photothermally generated heat should be
higher than the decomposition temperature of metal precursors
to initiate the formative mechanisms of HEA NPs (Figure 3h).
We introduced chloride-based metal precursor salts, similar to
the previous literature.[®) In addition, when the catalytic effects
become less for the carbothermal reactions, the atomic motion
of metal catalysts occurs less frequently on the surface. As a re-
sult, snapshot-like TEM images for HEA NPs formation were ob-
tained when using relatively deficient light density (1.3 ] cm™)
as shown in Figure 3d. Interestingly, Pt and Ir, the most active
two elements, formed comparably successful and spherical NP
morphologies, while Fe, Ni, and Co showed relatively scattered
distributions. As long as sufficient thermal energies are gener-
ated by FTS lamping, it can drive vigorous particle fission and
fusion events, leading to uniform mixtures of diverse elements as
shown in step 2 of Figure 3g. The fast cooling rate (>10* Ks™') isa
critical factor in successfully mixing and maintaining the diverse
elements in the form of HEA NPs by restricting the formation
of thermodynamically stable phases (i.e., phase separations) in
the solid-solution NPs, maintaining their lattice structures (step
3 of Figure 3g).[°l Heating and cooling rates of each FTS lamp-
ing condition (1.3, 3.2, and 4.9 ] cm™) are higher than 10* K s™!
(Figure 3i).

The HEA NPs have been advantageous as potential catalysts
for hydrogen evolution reactions (HER) and oxygen evolution re-
actions (OER) of water splitting.['”) The Pt-decorated CNFs syn-
thesized at a higher temperature are more likely to exhibit en-
hanced electrocatalytic properties with higher electrical conduc-
tivity (Figure S12, Supporting Information). Therefore, all HEA
NPs were prepared by loading them onto the CNF membranes
synthesized at 1500 °C. To evaluate the HER and OER perfor-
mance, HEA-functionalized CNFs were employed as electrocat-
alysts in an alkaline (0.1 m KOH) solution utilizing a three-
electrode system (Figure 4). Prior to the electrocatalyst test, cyclic
voltammetry (CV) was performed by cycling between —0.9 V and
0.1 V versus Ag/AgCl to remove any remaining gas and facil-
itate the electrolyte—electrocatalyst interface (Figure S13, Sup-
porting Information). When used as an electrocatalyst for HER,
quinary HEA NPs (PtIrFeNiCo) on CNF (CNF@PtIrFeNiCo)
showed an excellent onset potential of 59.8 mV (V vs RHE)
and a small overpotential of 139.9 mV at a current density of
10 mA cm™ with a scan rate of 5 mV s7! (Figure 4a). Meanwhile,
the CNF@FeNiCo composed of solely ternary transition metal
alloy without Pt catalyst exhibits negligible HER performance
with huge onset potential and overpotential. The introduction
of transition metal elements (Fe, Ni, and Co) into CNF@Pt en-
ables a lower overpotential (211.5 mV) of CNF@PtFeNiCo than
CNF@Pt (260.0 mV). When Pt is mixed with such transition
metals to form HEA catalysts, the resulting catalysts can exhibit
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advantages such as increased active sites and binding energy,
even at lower Pt content.'®!!] Interestingly, the addition of Ir
to CNF@PtFeNiCo (CNF@PtIrFeNiCo) further reduces the over-
potential. Both CNF@Ir and CNF@PtlrFeNoCoCe have similar
onset potentials, which are inferior to CNF @ PtIrFeNiCo.

The Tafel plots corresponding to the HER performance are dis-
played in Figure 4b. The Tafel slope of the CNF@PtIrFeNiCoCe
is the smallest (91.1 mV dec™') among the control groups. It
is noticeable that the CNF@PtIrFeNiCoCe with senary alloying
elements exhibits a significantly faster HER catalytic kinetics
with excellent Tafel slope (91.1 mV dec™') compared with those
of the CNF@Pt (135.2 mV dec™?), CNF@Ir (133.5 mV dec™?),
CNF@FeNiCo (178.6 mV dec™'), CNF@PtFeNiCo (134.3 mV
dec™!), and CNF@PtIrFeNiCo (103.7 mV dec™!). This indicates
that introducing the rare-earth metal (REM) element to the
CNF@PtIrFeNiCo was able to enhance a kinetic property, which
can be explained by the fact that the addition of Ce element into
Pt or transition metal (TM) elements increases the anionic elec-
tron and lowers the activation energy of electrocatalytic reaction,
which accelerate the electrocatalytic performance.['?l REMs, such
as Ce, are known to exhibit high oxygen reduction reaction (ORR)
properties when forming alloys with Pt and other metals. Due
to their unique electronic structure, these alloys, including those
with transition metals or precious metals, are also recognized for
their improved catalytic activity in HER or OER.['2!3] Through
the FTS method, Pt-TM-REM alloys can be easily formed, and it
was possible to fabricate metal alloy catalysts with high charac-
teristics.

Electrochemical stability tests were conducted for the
CNF@PtFeNiCo, CNF@PtIrFeNiCo, and CNF @PtIrFeNiCoCe;
the linear sweep voltammetry (LSV) curves were obtained at
5 mV s7! after the first and 5000th CV cycle at a scan rate of
100 mV s (Figure 4c and Figure S14a, Supporting Informa-
tion). Although the HER LSV curve of the CNF@PtFeNiCo at the
first cycle shows low polarization, it was significantly changed
along with a large overpotential after the 5000th cycle, which
can be attributed to the Pt dissolution during cyclic operation.™*]
The CNF@PtIrFeNiCo possesses relatively moderate stability,
which may originate from a similar dissolution behavior of Ir
metal with Pt. It is found that the CNF@PtIrFeNiCoCe exhibits
superior durability even after 5000 cycles, implying that the Ce,
which has low reduction potential, provides a stable anodic layer,
imparts a less mobile feature of the senary HEA, and prevents
the Pt and other elements from dissolution or corrosion into the
electrolyte; Ce can be conceived as a less mobile shield against
mass transfer through the diffusion and migration with its
electrochemical stability.!**]

Besides the HER performance, the OER performance was
examined for all the control groups (Figure 4d). It is evident
that the CNF@FeNiCo electrocatalyst outperforms other HEA-
based electrocatalysts, with an OER onset potential of 1.517 Vi,
an overpotential of 455.6 mV with a current density of 10 mA
cm at a scan rate of 5 mV s. This is particularly notewor-
thy because the CNF@FeNiCo catalyst does not contain any Ir
element that is often considered the most effective catalyst for
OER. The homogeneous mixture of Fe, Ni, and Co in the HEA
contributes to improving the catalytic activity with low polariza-
tion. As expected, the CNF@FeNiCo presents a smaller Tafel
slope of 71.5 mV dec™ than other control samples, indicating
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Figure 4. a) HER LSV curves and b) corresponding Tafel plots of HEA catalysts functionalized on CNF with a scan rate of 5 mV s~'. ¢) The HER LSV
curves of CNF@PtFeNiCo, CNF@PtIrFeNiCo, and CNF@PtIrFeNiCoCe with a scan rate of 5 mV s~ after the initial and 5000th CV cycle with a scan
rate of 100 mV s~'. d) OER LSV curves and e) corresponding Tafel plots of HEA nanoparticles functionalized on CNFs with a scan rate of 5 mV s~'.
f) The OER LSV curves of CNF@PtFeNiCo, CNF@PtIrFeNiCo, and CNF@PtIrFeNiCoCe at 5 mV s~! after the initial and 5000th CV cycle with a scan rate
of 100 mV s~'. g) Comparison of the HER and OER overpotentials of CNF@Pt, CNF@Ir, CNF@FeNiCo, CNF@PtIrFeNiCo, and CNF@PtIrFeNiCoCe
achieved at 5 mV s~1. h) Comparison of the overpotentials of this work at a scan rate of 5 mV s~ regarding process time to fabricate the catalysts

reported previously in the literature.

that the HEA consisting of FeNiCo HEA NPs enabled a dra-
matic increase in catalyzing OER (Figure 4e). To gain a clear
understanding of the mechanisms underlying HEA-based cata-
lysts, we conducted cycling tests of CVs for the CNF@ PtFeNiCo,
CNF@PtIrFeNiCo, and CNF@PtIrFeNiCoCe catalysts after the
firstand 5000th CV cycle (as shown in Figure 4f and Figure S14b,
Supporting Information). The inclusion of the Ir element in the
CNF@PtFeNiCo (purple line) resulted in enhanced OER catalytic
activity. However, the Ir atoms might readily dissolve and un-
dergo loss of active sites due to their low electrochemical sta-
bility in the electrolyte, which is detrimental to consecutive and
repetitive reactions.[' As for the CNF@PtIrFeNiCoCe, the Ir dis-
solution was strikingly mitigated by virtue of much more mo-
tionless Ce than the others. As a result, the CNF@PtIrFeNiCoCe
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showed remarkably improved reversibility for 5000 cycles. To ex-
plicitly understand the bifunctional electrocatalytic activities for
HER and OER, we compared and summarized the overpoten-
tials of the CNF@HEA nanoparticles in Figure 4g. The graph
indicates that the relatively inexpensive three components of Fe,
Ni, and Co are crucial for achieving bifunctionality for both HER
and OER in HEAs, as the HEAs containing these three elements
demonstrated high activities for both HER and OER. Besides the
bifunctionality, the addition of expensive Pt, Ir, and Ce should
Dbe carefully considered and utilized based on their intended pur-
pose, such as to achieve a trade-off between power density and
durability for long-term usage. It also has a higher mass activity
for noble metal than CNF@Pt. The CNF @ PtIrFeNiCoCe also has
a higher mass activity for noble metals (Pt and Ir) than CNF@Pt,
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CNF@Ir, and commercial catalysts (20 wt% Pt/C and 30 wt%
Ir/C). In the HER performance, CNF@PtIrFeNiCoCe demon-
strated a value of 8.48 A mg~';, .., which is ~#12.4 times and 5.8
times higher than that of CNF@Pt (0.68 A mg™'},,) and commer-
cial Pt/C (1.45 A mg™'},), respectively. For OER, it exhibited a
mass activity of 7.84 A mg~!;,,;,, which is ~7.3 times and 7.2
times higher than that of CNF@Ir (1.07 A mg™,,) and commer-
cial Ir/C (1.09 A mg™'},), respectively (Figure S15, Supporting In-
formation). It is confirmed that the synergistic effect of HEA NPs
isincreased in the OER and HER catalytic performance by replac-
ing noble metal. The comparison data give us explicit direction on
how we can rationally design the HEA-based catalyst applied to
HER and OER for water splitting. Conclusively, highlighting the
extremely short process time within 20 ms to fabricate HEA NPs,
we compared the overpotential data of the HEA-functionalized
CNFs at a scan rate of 5 m V s7! for HER and OER reported until
now (Figure 4h). Our CNF@HEA catalysts with multiple compo-
nents could be easily synthesized using a fast one-step synthetic
approach (Figure S16, Supporting Information), providing effec-
tive catalytic sites that are fertile ground for the HER and OER
(Table S3, Supporting Information).

3. Conclusion

We have proposed an innovative and synthetic approach for the
ultrafast, ambient-air, and large-area processing of HEA NPs
through photothermal effects on carbon-based supports, includ-
ing carbon nanofibers (CNFs), graphene oxides, and MXenes.
By exploiting the interaction between light and materials, both
conducting and non-conducting substrates with non-connected
structures can be utilized, providing considerable freedom for se-
lecting supporting materials. A single 20 ms flash of 4.9 ] cm=2 on
CNFs membrane (diameter of 800 nm) led to momentary high-
temperature annealing (>1800 °C and ramping/cooling rates
>10* K s71), allowing for the successful formation of HEA NPs
up to nine elements. In addition, we demonstrated outstanding
compatibility for vacuum-free and large-scale synthesis (6.0 x
6.0 cm? of CNF paper) with promising potential for mass pro-
duction. To demonstrate the feasibility of our approach toward
applications, we designed and screened senary HEA NPs (Ptlr-
FeNiCoCe) with high activity and excellent stability over 5000
cycles in the water splitting, including hydrogen evolution re-
actions (HER) and oxygen evolution reactions (OER). We be-
lieve that the non-contact interaction between light and sup-
port materials can be a breakthrough strategy in realizing a
mass- and time-productive approach, demonstrating great poten-
tial for high-throughput ambient synthesis of high-entropy cata-
lysts with significantly reduced processing costs. Ultimately, this
can contribute to enhancing water splitting and developing high-
performance energy-conversion conversion devices.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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