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High entropy alloy nanoparticles (HEA-NPs) are Before microwave —> During microwave —» After microwave
reported to have superior performance in catalysis, energy storage, 1850 K & 25
and conversion due to the broad range of elements that can be ! ~100 ms SEae
incorporated in these materials, enabling tunable activity,
excellent thermal and chemical stability, and a synergistic catalytic
effect. However, scaling the manufacturing of HEA-NPs with
uniform particle size and homogeneous elemental distribution
efficiently is still a challenge due to the required critical synthetic
conditions where high temperature is typically involved. In this
work, we demonstrate an efficient and scalable microwave heating
method using carbon-based materials as substrates to fabricate
HEA-NPs with uniform particle size. Due to the abundant
functional group defects that can absorb microwave efficiently,
reduced graphene oxide is employed as a model substrate to
produce an average temperature reaching as high as ~1850 K within seconds. As a proof-of-concept, we utilize this rapid, high-
temperature heating process to synthesize PtPdFeCoNi HEA-NPs, which exhibit an average particle size of ~12 nm and
uniform elemental mixing resulting from decomposition nearly at the same time and liquid metal solidification without
diffusion. Various carbon-based materials can also be employed as substrates, including one-dimensional carbon nanofibers
and three-dimensional carbonized wood, which can achieve temperatures of >1400 K. This facile and efficient microwave
heating method is also compatible with the roll-to-roll process, providing a feasible route for scalable HEA-NPs
manufacturing,
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~1300 K, which is too low for effective metallic materials’
alloying and insufficient heating/cooling rates of just tens to

High entropy alloys (HEA) are an emerging group of materials
8 py alloy:s ( ) Bihg group hundreds of K/min. Moreover, it is difficult to ensure the

containing five or more metallic elements that are uniformly

mixed in a crystalline solid-solution phase that is stabilized by uniformity of the temperature from the surface to the center of
high mixing entropy:l_s HEA nanoparticles (HEA-NPs) have the furnace,”"*> which could lead to nanoparticles with
recently received significant attention for energy and catalysis possible elemental or phase separation.

applications due to their advantageous physicochemical To overcome these limitations, rapid heating methods that
properties, including a broad selection of elements, high are not based on conventional furnaces are being developed to
corrosion resistance, high thermal and chemical stability, enable the synthesis of nonequilibrium materials.'*2%%3~25 For
enhanced mechanical strength, and increased catalytic_lar]ctivity example, the carbothermal shock technique is an innovative

. . . 6
due to the synergistic catalytic reaction of elements. batch-to-batch, ultrafast, high-temperature process (>2000 K)
Conventional wet chemistry methods of producing HEA-

NPs usually lead to elemental phase separation since most
metallic elements are immiscible at thermodynamic equili-
brium conditions.'® Achieving the uniform mixing of more
than five elements typically requires the use of extremely high
temperatures, followed by “freezing” this nonequilibrium state
by rapid cooling with a cooling rate of >10° K/ s."7?° However,
traditional furnace heating can only reach temperatures of
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Figure 1. Schematic illustration of the formation of HEA-NPs on rGO by microwave heating. (a) Top: Precursors loaded on the rGO-570
film. Bottom: Magnified view showing the precursor sphere (shown as bigger colorful spheres) composed of mixed metal salts and the rGO-
570 film, which has sufficient functional group defects (highlighted as colored spheres). Here, the red, blue, and purple atoms represent
epoxy bridges, hydroxyl groups, and carboxyl groups, respectively. (b) Top: Schematic of the heating temperature profile, demonstrating a
high temperature of up to ~1850 K within just seconds, as well as a fast heating/quenching process. Bottom: The functional group defects
absorb microwave, inducing localized heat that is rapidly transferred through the whole sample. (c) Top: HEA-NPs distributed on the highly
reduced rGO film without agglomeration. Bottom: Magnified view showing the monodispersed HEA-NDPs.

that can produce uniform, monodisperse HEA-NPs supported
on electrically conductive materials.”’”** However, for each
batch in the carbothermal shock demonstration, the
dimensions of electrically conductive materials are largely
limited, leading to challenges in scale-up fabrication.'” To tap
into the full potential of these materials and their applications,
we still need a cost-effective method of continuously
fabricating HEA-NPs at large scale.

Microwave heating is an effective way to induce thermal
energy and has been used for the synthesis of organicz‘s and
high-quality carbon materials,”” > as well as carbon-loaded
nanomaterials.>*~*' We demonstrate in this work the use of
microwave heating for the rapid and facile synthesis of HEA-
NPs, as illustrated in Figure 1. The partially reduced graphene
oxide film in argon at ~570 K (named rGO-570 film) is
employed as a model substrate. For the rGO-570 film, some of
functional group defects are eliminated, leading to increased
thermal conductivity.*>** At the same time, the microwave
absorbability is not sacrificed since there are still sufficient
functional group defects left.

Before microwave treatment, the rGO-570 film loaded with
metal salt precursors (named precursor/rGO-570) is schemati-
cally shown in Figure la. The small colored spheres connected
with the black rGO network represent the remaining functional
group defects (including hydroxyl and carboxyl groups, as well
as epoxy bridges). The large colorful spheres on top of the
rGO describe the metal salt precursor particles. Under

subsequent microwave heating in argon (Figure 1b), the
rGO-570 film is able to absorb microwave through the dipoles
of the uniformly distributed remaining functional group
defects. Due to the high thermal conductivity in rGO-570,
the induced localized heat at the defects can then be conducted
to the entire sample to achieve uniform heating of the loaded
metal salt precursors, which decompose into liquid metals and
reduce the rGO-570 to a highly reduced degree. The highly
reduced rGO will then tend to reflect rather than absorb
microwave because most of the functional group defects are
consumed, ceasing the heating process automatically. Sub-
sequently, the rapid quenching of rGO after being reduced at
high temperature“ enables direct solidification of the liquid
metal into HEA-NPs without elemental or phase separation
(Figure 1c). Furthermore, other carbon substrates with
different dimensions, such as 1D carbon nanofibers (CNFs)
and 3D carbonized wood (c-wood), are also suitable substrates
and can induce temperatures of >1400 K while also provide a
way of controlling the size of HEA-NPs.

This scalable and facile high-temperature synthesis method
induced by microwave heating can be adapted into the roll-to-
roll process for the scalable manufacturing of nanomaterials,
particularly for use in catalysis and energy.

RESULTS AND DISCUSSION
As a demonstration, we synthesized the PtPdFeCoNi HEA-
NPs on rGO and studied the microwave heating process. We
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Figure 2. (a) Temperature profile of the precursor/rGO-570 film during microwave heating. (I) The precursor/rGO-570 film highlighted in
the orange rectangle is sealed in a vial filled with argon. (II) The precursor/rGO-570 film during the microwave treatment emits glare light.
Image captured by the high-speed camera at 74 ms (IIT) and corresponding temperature color map (IV) confirming a uniform high
temperature of ~1900 K on the substrate. Digital image (b) and SEM (c) of the precursor/rGO-570 film. Digital image (d) and SEM (e) of
the HEA-NPs/rGO film. The FT-IR (f) and Raman spectra (g) of the pristine GO film, precursor/rGO-570 film, and HEA-NPs/rGO film.

first cast and dried the GO solution into a film at 360 K in the
air (named pristine GO film) and then slightly reduced the
pristine GO film at ~570 K in argon (named rGO-570 film).
Then the precursor with uniformly mixed equal molarities of
metal salts (0.01 mol/L of FeCl,, CoCl,, NiCl,, H,PtCl,, and
PdCl,, respectively) was drop-cast into the rGO-570 film
(named precursor/rGO-570 film) (see more details in
Methods).

A piece of the precursor/rGO-570 film in a vial filled with
argon is displayed in Figure 2a(I). Then we transferred the vial
containing the precursor/rGO-570 film into a microwave oven.
After the microwave oven is turned on, the precursor/rGO-570
film emits light (Figure 2a (II); Figure S1). We first
characterized the temperature evolution of this microwave
heating method by color ratio pyrometry using a high-speed
camera according to the gray-body radiation (details shown in
the Supporting Information).”” Plasma due to the partially
ionized argon in the vial inevitably occurs during microwave
(Figure S2) ,* and it could increase the substrate’s temperature
according to previous 1'eports.‘4'5_47 However, it is noted that
the temperature increase from plasma is not continuous and
thus should be secondary for the HEA-NPs formation. In
addition, the temperature of plasma cannot be determined by
gray-body radiation based on color ratio pyrometry. When
calculating the temperature, we cropped the plasma images
from the video and only kept the color images belonging to the
precursor/rGO-570 film. After ruling out plasma, one
consecutive video of joule heating (160 ms) is selected from

the whole process for the pyrometry calculation, and the
resulting temperature profile is plotted in Figure 2a. The
average temperature of the precursor/rGO-570 film reaches
~1850 K, exceeding the temperature reported by the
microwave-induced joule heating of wood (~1400 K) ! and
rGO powders (~1600 K).**** We attribute the higher
temperature observed here to the dense rGO-570 film, which
can absorb microwave and convert it to thermal energy more
efficiently compared to porous wood or loose rGO powder
materials. As an example, at 74 ms (highlighted with a star),
the image captured by the high-speed video camera (Figure 2a
(1)) and the corresponding temperature color maps (Figure
2a (IV)) demonstrate the temperature is uniformly distributed
in the whole rGO-570 film. Selected temperature color maps at
multiple stages of heating are shown in Figure S3. This
temperature (1850 K) is significantly higher than the
decomposition temperature of the precursors and melting
points of the metals (Table S1), enabling the decomposition of
the precursors and the formation of solid solution particles.
The corresponding light intensity (Figure $4) demonstrates a
cooling rate of 6 X 10* K/s, which could guarantee the
formation of HEA-NPs without elemental and phase
separation.

After characterizing the temperature profile during the
microwave heating process, we investigated the morphology of
the material before and after treatment. Before microwave
heating, the surface of the precursor/rGO-570 film (Figure 2b)
is flat. A scanning electron microscopy (SEM) image of the
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Figure 3. Characterization of the PtPdFeCoNi HEA-NPs on rGO substrates. (a) TEM image, (b) high-resolution TEM image with FFT
analysis (inset), and (c) SAED pattern of HEA-NPs on rGO substrates. (d) HAADF-STEM image and STEM-EDS elemental mapping of a
PtPdFeCoNi HEA-NPs. (e) EDS line scan along the blue line across the PtPdFeCoNi HEA-NPs shown in (d), demonstrating a solid high-
entropy particle. (f) Relationship of temperature and vapor pressure for each element in the PtPdFeCoNi HEA-NPs. (g) XRD spectrum of
the bulk PtPdFeCoNi HEA-NPs/rGO film, demonstrating an FCC structure.

cross section of the precursor/rGO-570 film (Figure S$5a)
reveals a relatively dense structure, resulting from the mild
reduction of graphene oxide in the argon at 570 K. A further
SEM image reveals precursor particles uniformly distributed on
the substrate, with an average particle size of ~126 nm and a
standard deviation of 58.2 nm (Figure 2c, Figure S6a). The
broad X-ray diffraction (XRD) pattern of these separated solid
particles on the rGO-570 film also matches well with the
standard XRD patterns of the corresponding metal salts as
shown in Figure S7, demonstrating these salts’ solid particles
are microcrystals. We name the sample after microwave
heating as the HEA-NPs/rGO film. After microwave heating,
obvious bubbles occur on the plicate HEA-NPs/rGO film
since gases are rapidly released from the decomposition of
precursors and the rapid reduction of rGO-570 film at high
temperature (Figure 2d, Figure SSb). After this treatment,
nanoparticles are uniformly distributed on the HEA-NPs/rGO
film with an average size of ~12 nm and a standard deviation
of 51 nm (Figure 2e; Figure S$6b; 105 particles were
measured). These particles exhibit a narrow size distribution,
with nearly 95% of the HEA-NPs below 20 nm (Table S2).
The appearance changes from a flat surface to a plicate
surface in Figure 2b and d, attributed to the change of
functional group defects in the rGO-570 film before and after
microwave heating. As shown in Fourier-transform infrared
(FT-IR) spectroscopy (Figure 2f), compared to the pristine
GO film, the peaks at 1716 cm™ (corresponding to the
functional group of —C=0) and 1154 cm™" (assigned to the
functional group of —CO—-C-CO) disappear in the
precursor,/rGO-570 film, indicating the reduction of the C=
O and CO-C-CO functional groups.48 The difference

between the precursor/rGO-570 film and HEA-NPs/rGO
film after microwave heating in FT-IR is slight. Therefore, we
employed Raman spectroscopy to better reveal the change in
the defects on samples at different stages. The Raman results
exhibit an obvious difference between the precursor/rGO-570
film and the HEA-NPs/rGO film after microwave heating
(Figure 2g). Compared with the pristine GO film, the intensity
ratio of the defect D peak and the graphitic G peak (I g) of
the precursor/rGO-570 film decreases from 1.02 to 1.01,
corresponding to the partial reduction of functional group
defects in argon at low temperature (570 K). Meanwhile, the
Iy, ratio dramatically decreases from 1.01 (the precursor/
rGO-570 film) to 0.52 (the HEA-NPs/rGO film) after
microwave heating, demonstrating a strong reduction of the
rGO-570 film under the rapid high-temperature microwave
process,‘d'g_51 in addition to the synthesis of nanoparticles.
Since the defects of rGO are vital for the microwave
absorption and thermal conductivity of rGO, we designed a
series of control experiments using rGO films with variable
defects. The defect degree of rGO films is controlled by
varying the reduction time and temperature as shown in Table
§3. The defect degree of rGO was measured using Raman
spectra and is presented in Figure S8, and we have summarized
the results in Table S3 and Figure S9. For the rGO film
without further reduction or minor reduction (ie, a large
characteristic defect peak around 1475 cm™ in the Raman
spectra), the rGO film could easily absorb microwave, but
could not transfer the heat uniformly due to the high thermal
resistance, evidenced by no spot light captured in the
microwave oven (Figure S9a,b). For the rGO film with a
moderate degree of defects (i.c., rGO-570 film), it could absorb
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Figure 4. Characterization of PtPdFeCoNi HEA-NPs synthesized on CNFs and c-wood using the microwave heating method. (a)
Temperature profile of CNFs during microwave heating. Inset: Image captured by the high-speed camera (left inset) and the corresponding
temperature color map (right inset). (b) HAADF-STEM image and STEM-EDS elemental mapping of PtPdFeCoNi HEA-NPs on a single
CNF. Scale bar: 100 nm. (c) Temperature profile of c-wood during microwave heating. Inset: Image captured by the high-speed camera (left
inset) and the corresponding temperature color map (right inset). (d) HAADF-STEM image and STEM-EDS elemental mapping of
PtPdFeCoNi HEA-NPs on c-wood. Scale bar: 10 nm. (e) Particle size comparison of rGO, CNFs, and c-wood. (f) Schematic illustration of
the roll-to-roll process for the synthesis of HEA-NPs using the microwave heating method.

microwave efficiently and rapid transfer the heat uniformly on
the substrates (Figure S9c). For the rGO film that is overly
reduced with a low degree of defects, it would reflect rather
than absorb microwave, so there is no uniform light captured
(Figure S9d).

In addition, other microwave parameters are also of concern:
(1) operating in an air atmosphere would lead to the loss of
substrate and the formation of an oxide; that is why HEA-NPs
should be synthesized under an atmosphere of inert gas, eg.,
Ar”® (2) Microwave intensity indeed is less important
compared to the defects, which is crucial to the absorption
of microwave, as previously revealed by our group.”® (3) The
quenching process plays an extremely important role in the
synthesis of HEA-NPs to avoid phase separation due to
elemental diffusion.”” Carbon materials have a good thermal
conductivity to realize the formation of HEA-NPs.

The reproducibility of materials synthesis relies on a uniform
distribution of temperature, which depends on a consistent
microwave absorption and a high thermal conductivity of the
carbon-based support (parallel experiments of material proper-
ties, i.e, composition, size, shape, and substrates size, are
provided in Figure $10 and Tables $4 and S5). We found only
rGO films with moderate degree of defects could guarantee
high temperature at the other parameter set, so we conclude
that the reproducibility of materials synthesis could be
guaranteed in rGO films with moderate degree of defects.

After we studied the synthesis process, we further
characterized the synthesized PtPdFeCoNi HEA-NPs, con-
taining a mixture of noble and transition metals, on rGO.
Transmission electron microscopy (TEM) imaging shows the

PtPdFeCoNi HEA-NPs are uniformly monodispersed on the
rGO without obvious agglomeration (Figure 3a, Figure S11).
The high-angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) imaging and fast
Fourier transform (FFT) analysis reveal the d-spacing of
HEA-NPs to be 2.27, 2.27, and 1.97 A (Figure 3b,
corresponding to (111), (111), and (200) lattice planes,
respectively). Combining the distances and angles between
lattice planes, we confirm a typical FCC metal structure of
HEA-NPs (Figure S12). The lattice constant of HEA-NPs
calculated from FFT results is presented in Table S6. The
average lattice constant of the as-prepared PtPdFeCoNi HEA-
NPs on rGO is 3.92 A. We also summarized the lattice
constant and d-spacing of the (111) plane and (200) plane for
pure Fe, Co, Ni, Pt, and Pd as presented in Table S7. It is clear
that the lattice constant of PtPdFeCoNi HEA-NPs is between
that of Ni and Pt and is closer to that of Pt. This indicates that
HEA-NPs contain more Pt. The material's selected area
electron diffraction (SAED) pattern also shows a typical FCC
structure with lattice constant 3.872 A (Figure 3c). The
formation of an FCC structure could be attributed to entropy-
driven mixing and composition effects.>* With more elements
incorporated in the particles, entropy increases, so Gibbs free
energy decreases under high temperature. In addition,
although Fe has a BCC structure, Co has an HCP structure,
most HEA compositions, i.e., Ni, Pt, and Pd, have an FCC
structure, and they have a higher tendency to form an FCC
structure with less strain in the crystal structure. These results
are also consistent with previous reports about the crystal
structure of HEA-NPs synthesized with different components

https://doi.org/10.1021/acsnano.1c05113
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using different methods (the results are summarized in Table
S8).

Furthermore, the HAADF-STEM image and energy
dispersive X-ray spectroscopy (EDS) elemental mapping of
the HEA-NPs demonstrate the homogeneous mixing of Pt, Pd,
Co, Fe, and Ni elements within an individual particle, without
elemental segregation or phase separation (Figure 3d). The
elemental composition is measured by the elemental line scan
across the PtPdFeCoNi HEA-NPs marked in blue, and the
result in at. % is shown in Figure 3e and Table S9. We found
the atomic ratio of Pt was ~3 times higher than that of the
other four elements in HEA-NPs, likely due to the different
vapor pressures of the metals, which is consistent with the
lattice constant results. The relationship of temperature and
vapor pressure is described by eq 1:%

1og(i] =A+ B/T + Clog(T) + D/T°
atm

(1

where P is the vapor pressure, atm is the atmosphere pressure,
T is the temperature, and A, B, C, and D are fitting parameters.

The vapor pressure as a function of temperature for different
metals is recorded,”* and we plotted the results in Figure 3f. In
the temperature range shown in the plot (1000—2000 K), the
vapor pressure of Pt is significantly lower than that of other
metals (ie, Fe, Co, Ni, and Pd). For instance, the vapor
pressure of Pt is ~2.37 X 107° mbar, which is 4 orders of
magnitude lower than that of the other metals (Pd = 0.029
mbar, Fe = 0.031 mbar, Co = 0.0115 mbar, and Ni = 0.0137
mbar) at 1800 K (corresponding to our microwave heating
temperature). As a result, Pt will evaporate the least compared
with the other four elements, which validates the tendency of
the atomic ratio when adding the same molar amount of metal
salts in the precursors. This temperature—vapor pressure—mass
relationship could serve as a theoretical guideline for designing
desired elemental ratios. So, if we change the precursor
concentration accordingly, e.g,, reduce the concentration of Pt
to about 1/3, we could achieve an equal molar ratio. Moreover,
the XRD results of bulk PtPdFeCoNi HEA-NPs/rGO film (1
X 1 cm) confirm that these five elements are stabilized in a
single FCC structure (Figure 3g), consistent with the
crystallographic results of a single HEA-NP particle shown in
Figure 3b,c.

One more advantage of this microwave heating synthesis
method is its superior universality of carbon substrate choices.
We conducted the experiments on different dimension carbon
material substrates, including 1D CNFs and 3D c-wood. We
loaded the same precursors (Pt, Pd, Fe, Co, and Ni metal salts)
on CNFs and c-wood by drop-casting (same loading amount
with rGO). The CNFs is a typical one-dimensional carbon
material with a diameter of ~300 nm (Figure S13). The
temperature profile of CNFs during joule heating is
represented in Figure 4a, featuring an average temperature of
1400 K for 120 ms before the microwave oven was turned off.
A selected snapshot captured by the high-speed camera (left
inset) and corresponding temperature color map (right inset)
provided in Figure 4a confirm a uniform temperature
distribution on CNFs. Selected temperature color maps at
other times of CNFs during microwave heating are exhibited in
Figure S14, and the relative light intensity (corresponding to
temperature) provided in Figure $15 demonstrates the cooling
rate of CNFs reaches ~7 X 10° K/s. FT-IR spectra of CNFs
showed the defects disappeared after microwave heating
(Figure S16a). Correspondingly, the Ip,; ratio decreases

from 0.95 to 0.91 (Figure S16b). The TEM imaging
demonstrates the HEA-NPs are distributed uniformly on
CNFs without aggregation (Figure $17). Low-magnification
HAADF image and STEM-EDS elemental maps (Figure 4b)
display that these PtPdFeCoNi HEA-NPs are distributed on a
single fiber with ultrafine size and high-density dispersion, and
these five elements roughly distributed without obvious
elemental segregation. Furthermore, STEM-EDS elemental
mapping at higher magnification demonstrates the elements
are homogeneously distributed within individual particles
(Figure S18). The XRD spectrum and STEM imaging with
FFT analysis of HEA-NPs/CNFs also demonstrate an FCC
structure (Figures S19 and $20).

In addition to CNFs, we also investigated the microwave
heating process on c-wood as a manifestation of a 3D carbon
material. The c-wood features many microchannels with thin
walls (Figure S21, pore size ~50 pm and wall thickness ~1
pum), which could effectively increase the surface—volume
ratio, resulting in efficient absorption of the microwave rather
than reflection or transmission and increased particle loading.
During microwave heating, the temperature profile of the c-
wood reaches 1600 K and the corresponding cooling rate is ~4
X 10° K/s (Figures 4c, S22, and $23). FT-IR spectra of c-wood
show the defects obviously disappeared after microwave
heating and the I, ratio decreases from 0.91 to 0.89 after
microwave heating, as revealed by Raman spectra (Figure
$24). We also synthesized and confirmed PtPdFeCoNi HEA-
NPs on the c-wood substrate by HAADF-STEM imaging and
STEM-EDS elemental mapping (Figure 4d). The XRD
spectrum and STEM imaging with corresponding FFT analysis
of HEA-NPs/c-wood also demonstrate an FCC structure
(Figures S25 and $26). The composition of HEA-NPs is Fe,
Co, Ni, Pt, and Pd and the loading amount is 5 wt % on c-
wood according to thermogravimetric analysis (Figure S27).

The particle size comparison of the PtPdFeCoNi HEA-NPs
on the CNFs and c-wood substrates is shown in Figure 4e and
Figure S28, exhibiting that the nanoparticles synthesized on c-
wood display a large average particle size (~40 nm) compared
to that on CNFs (~20 nm). This may be attributed to the
lower cooling rate of the three-dimensional c-wood (4 X 10°
K/s for c-wood and 7 X 10° K/s for CNFs, respectively),
which provides a longer time for the particles to grow.
Moreover, the smaller average particle size on the rGO-570
substrate compared to either the CNFs or c-wood may be
attributed to the heating time being controlled by the self-
extinguishing mechanism of rGO. The heating of rGO
automatically stops when the defects are reduced and
consumed by the induced high temperature, while the heating
of the CNFs or c-wood has to be manually stopped by turning
off the microwave oven. Except from the substrates, the
particle size could also be controlled by the concentrations of
precursors. Increasing the concentrations of precursors from
0.05 M to 0.1 M, the average particle size could increase from
12.8 nm to 31.4 nm with the same loading amount of 150 uL
(Figure S29).

Lastly, compared with other synthesis methods, the
microwave heating method possesses several advantages,
such as (1) induced ultrahigh heating temperature, up to
~1850 K, (2) uniform temperature distribution on substrates,
(3) fast heating/quenching rate (rapid heating within seconds
and cooling rates reaching >10° K/s), (4) universality of
carbon substrates with various dimensions, and (5) easy to
operate with a household microwave oven. With these

https://doi.org/10.1021/acsnano.1c05113
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advantages, the microwave heating method could be integrated
into the roll-to-roll process (Figure 4f) for the scalable
manufacturing of nanomaterials.

In this study, we demonstrate a facile, efficient, and scalable
microwave heating method for the synthesis of HEA-NPs on
carbon-based substrates with different dimensions. Prereduc-
tion of rGO is necessary to reach a balance between sufficient
functional group defects to efliciently absorb the microwave
radiation and simultaneously retain the excellent thermal
conductivity to rapidly transfer the induced localized heat.
After partially reducing the rGO substrate, we were able to
achieve an average high temperature of ~1850 K within
seconds, which enables the decomposition of the precursors
into liquid metal. As a proof-of-concept demonstration,
PtPdFeCoNi HEA-NPs with a uniform size distribution of
~12 nm are successfully synthesized without elemental and
phase separation. The variations in the elemental ratio of the
particles are explained based on the relationship of the
temperature—vapor pressure—mass loss, which could be a
guideline for achieving targeted composition ratios. In addition
to two-dimensional carbon materials such as GO, this
microwave HEA-NPs synthesis approach can also be applied
to other carbon substrates, including one-dimensional
materials such as CNFs and three-dimensional materials such
as c-wood, which also provide a dimensional effect on the
particle size of the resulting HEA-NPs. This microwave heating
method possesses several advantages, including (1) ultrahigh
temperature, (2) uniform heating distribution, (3) fast heating
and cooling rate (within seconds), (4) applicability to carbon
materials with various dimensions, and (5) cost-effectiveness.
Given the above advantages, this microwave radiation-induced
joule heating method has high potential to be adopted to the
roll-to-roll process for the scalable production of nanomateri-

als.

Materials. All precursors were purchased from Sigma-Aldrich,
including palladium(II) chloride (PdCl,, >99.9%), ruthenium(IIT)
chloride hydrate (99.98%), iron(III) chloride hexahydrate (FeCl,,
>98%), nickel(IT) chloride hexahydrate (NiCl,, >98%), cobalt(II)
chloride hexahydrate (CoCl,, 98%), and chloroplatinic acid hydrate
(H,PtClg, >99.9%). Polyacrylonitrile (PAN) was also purchased from
Sigma-Aldrich.

Synthesis of GO. GO was synthesized using a modified Hummer’s
method.

Preparation of CNFs. First, polyacrylonitrile (PAN) was dissolved
in dimethylformamide (DMF) with a concentration of 8 wt % and
stirred for at least 6 h to obtain a transparent solution. Then
polyacrylonitrile fibers were obtained through electrospinning the
solution using a homemade electro-spinning setup. The voltage is 15
kV, the feeding rate is 1 mL/h, and the spinning distance is 10 cm.
The fibers were collected on a rotating drum with a speed of 80 rpm.
Next, the fibers were stabilized at ~533 K for 5 h in air and
carbonized at 1073 K for 2 h in argon. Finally, the carbonized
nanofibers were collected and stored in ambient conditions at room
temperature.

Preparation of c-Wood. A piece of basswood (Walnut Hollow
Company) with dimensions of § cm X 4 cm X 0.5 cm (determined by
the furnace dimensions) was calcined at 533 K for 6 h in air and at
973 K for 2 h in argon to obtain c-wood. Then the c-wood was stored
in ambient conditions at room temperature. The dimensions of the c-
wood used in the experiment are ~2.5 cm X 0.4 cm X 0.2 cm.
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Preparation of HEA-NPs/rGO. We first sealed 3 mL of a 4 mg/
mL graphene oxide (GO) solution in a glass bottle, shaken for 10 min
and sonicated for at least 30 min before being uniformly cast into a
polytetrafluoroethylene (PTFE) plate with a diameter of 5 cm. Then
we transferred the plate into an oven in air at ~360 K for 10 h to
completely remove the extra water. This film is named the pristine
GO film. Further we slightly reduced the pristine GO film in the oven
at 570 K for 2 h in argon to achieve a balance of sufficient functional
group defects and thermal conductivity. This film is named the rGO-
570 film. For the synthesis of FeCoNiPdPt HEA-NPs, 0.1 mmol for
each metal salt, including FeCl;, CoCl,, NiCl,, PdCl,, and H,PtCly,
was dissolved in 10 mL of deionized water by sonication for at least
30 s to prepare the mixed precursor. Then 150 L of mixed precursor
was drop-cast into the rGO-570 film with a loading amount of ~1
pumol/mm?* (named the precursor/rGO-570 film). The precursor/
rGO-570 film was dried in ambient conditions at room temperature
and then sealed in a glass bottle in a glovebox filled with argon to
avoid oxidation. The glass bottle was then transferred in the
microwave oven (Panasonic, 1200 W) for the microwave heating
treatment. The heating time of the microwave oven was set as 10 s for
a piece of precursor/rGO-570 film. We tested the rGO-570 film with
various dimensions as listed in Table S4, which all showed effective
microwave heating. The synthesis of the HEA-NPs on the CNFs and
c-wood was similar to precursor loadings of ~1 pmol/mm®

Temperature Measurements during Microwave Radiation.
The temperature of the rGO, CNFs, and c-wood samples during
microwave radiation was measured based on the color ratio pyrometry
method using a Vision Research Phantom Miro M110 high-speed
camera with video recorded at 2000 frames per second based on our
previously reported method.*>*"**

Material Characterization. SEM was conducted on a Hitachi
SU-70 field emission microscope at 10 kV for morphological
characterization. TEM imaging was obtained with a JEM 2100
LaB6 instrument. STEM imaging was performed by a spherical
aberration corrected JEOL JEM-ARM 200 FC STEM equipped with a
200 keV cold field emission gun. EDS elemental mapping was
acquired vig an Oxford X-max 100TLE with a windowless silicon drift
corrector. HAADF-STEM imaging with fast Fourier transform
analysis was conducted on the digital micrograph software. The
SAED analysis was carried out using a JEOL 3010 TEM operated at
300 keV. XRD was performed (Bruker AXS D8 Advanced, WI, USA)
with a scan rate of 3°/min. The Raman testing was performed with a
Horiba Jobin Yvon Raman microscope, with a laser source of 532 nm.
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physicochemical properties of elemental precursor salts
and corresponding metals, table of details and results of
control experiments of rGO with different size and
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