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High-entropy alloy (HEA) nanoparticles (NPs) exhibit unusual combinations of
functional properties. However, their scalable synthesis remains a significant
challenge requiring extreme fabrication conditions. Metal salts are often
employed as precursors because of their low decomposition temperatures, yet
contain potential impurities. Here, we propose an ultrafast (<100 ms), one-
step method that enables the continuous synthesis of HEA NPs directly from
elemental metal powders via in-flight alloying. A high-temperature plasma jet
(>5000 K) is employed for rapid heating/cooling (10* -10°K s™), and
demonstrates the synthesis of CrFeCoNiMo HEA NPs (- 50 nm) at a high rate
approaching 35 g h™* with a conversion efficiency of 42%. Our thermofluid
simulation reveals that the properties of HEA NPs can be tailored by the plasma
gas which affects the thermal history of NPs. The HEA NPs demonstrate an
excellent light absorption of > 96% over a wide spectrum, representing great
potential for photothermal conversion of solar energy at large scales. Our work
shows that the thermal plasma process developed could provide a promising

route towards industrial scale production of HEA NPs.

High-entropy alloys (HEAs), consisting of five or more principal ele-
ments with a near equimolar ratio, have become one of the most
transformative concepts in current alloy design'>. Homogenous mix-
ing of a large number of elements induces synergistic effects among
different elements, thus resulting in an unusual combination of func-
tional properties appealing to a broad range of applications such as
structural alloys, catalysis, sensing, and energy storage®. While the
synthesis of bulk HEAs has been the main focus in the past decade,
nano-sized HEA particles are emerging as a new class of multi-
functional materials due to their more fascinating properties’. Scalable
and economically viable synthetic methods for HEA nanoparticles

(NPs) are of particular interest, yet the controlled incorporation of
multiple elements into a tiny particle (<100 nm) remains a significant
challenge’.

In 2018, a carbothermal shock (CTS) technique was developed to
incorporate multiple immiscible metal elements into a single NP and
successfully demonstrated the synthesis of HEA NPs containing up to
eight elements uniformly dispersed on a conductive carbon support®.
Although the CTS technique has demonstrated a remarkable potential
in synthesizing HEA NPs in a controlled manner, the process is limited
to electrically conductive supports and operated in a batch mode, thus
not suitable for industrial-scale production of HEA NPs. To overcome
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this challenge, new methods building on the CTS technique were
reported, such as microwave heating’, fast moving bed pyrolysis®, and
aerosol methods’. Very recently, a pulsed/scanning laser ablation
method was also reported and demonstrated synthesis of high-
entropy materials on various substrates'’. However, the feedstock is
typically limited to metal salts. The vapor-source technique also pro-
vides a very effective way to form alloy NPs. In this approach, a well-
mixed vapor comprising multiple elements is formed from the
vaporization of pure metal feedstock, and then rapidly quenched to
form crystal solids. High-temperature (>4000K) environments are
usually created by using arc discharge” and oscillatory spark
discharge®. Similar to the CTS, this approach has demonstrated great
potential for rapid synthesis of various HEA NPs. However, most pro-
cesses are operated in a batch mode. The current state-of-the-art
technology is still lacking a scalable synthesis method that enables the
continuous synthesis of HEA NPs directly from a mixture of pure ele-
mental metal feedstock.

To address the above challenge, we propose an ultrafast
(<100 ms), one-step method for the continuous synthesis of HEA NPs
directly from a mixture of pure elemental metal powders by using a
thermal plasma jet. Thermal plasma jets are partially ionized gases with
high temperature (>8000K) and high speed”. They are capable of
rapid heating of feedstock to produce an atomically mixed multi-
component vapor, and also rapid cooling of the vapor at an ultrahigh
cooling rate of 10° - 10°K s to form solid-solution particles. Feedstock
can be injected continuously, thus this technology is well suited for
scalable synthesis of HEA NPs'. Despite this unique potential, thermal
plasma jets have only been used for the processing of bulk HEAs" or
spheroidization of pre-alloyed HEA powders'. The main challenge
would be the existence of a large nucleation temperature gap among
different metal vapors; upon plasma jet cooling, the element with the
lowest saturation vapor pressure reaches the supersaturated state first
and segregates.

Here, in a proof-of-concept demonstration, we report the synth-
esis of CrFeCoNiMo HEA NPs with an average size of 50 nm at a high
rate approaching 35gh™ using an inductively coupled plasma jet
(ICPJ). Despite the low saturation pressure of Mo, all metal elements in
a particle are homogeneously mixed at the atomic level with good
crystallinity. It is discussed that mixing multiple elements at a near
equimolar ratio not only increases the mixing entropy but also
decreases the partial pressure of the constituent element (i.e.,

b

P; =P/ N, where P; is the partial pressure of ith constituent element,
Prorar is the total pressure, and N is the total number of the constituent
elements) in the vapor, which prohibits the continuous growth of
nuclei into pure metal particles via homogenous condensation. This
renders the HEA NPs formation feasible even in the presence of a large
nucleation temperature gap. We have also investigated the effects of
reactor geometry and plasma gases on the NP growth using homo-
genous nucleation theory and thermofluid simulation. This synthetic
route presents considerable potential in the commercial scale appli-
cations of HEA NPs where a large amount of powders are desirable. The
as-synthesized HEA NPs are exploited as high-performance photo-
thermal materials for solar energy harvest, and achieve a high
absorptance of >96% over a wide spectrum without noble metals.

Results

Thermal plasma synthesis of HEA NPs

Figure 1a shows the schematics of the plasma process developed for
the continuous synthesis of HEA NPs from a mixture of pure elemental
metal powders (see also Supplementary Fig. 1). In a typical synthesis
run, a mixture of five elemental metal powders at an equimolar ratio is
continuously fed into a high-temperature plasma jet generated by an
induction plasma torch (45 kW, -3 MHz, 66.7 kPa). The feed rate typi-
cally ranges from 1.2gmin™ to 2.0 gmin™. The injected feedstock
evaporates within a few tens of milliseconds in the core of the plasma
jet (>8000 K) releasing elemental metal vapors. The metal vapors are
mixed together upon plasma jet expansion and form a homogeneous
multicomponent vapor in the reactor zone. As a rapid quenching is
applied, nuclei are formed from the multicomponent vapor and par-
ticles grow through the co-condensation of metal monomers. The final
HEA NPs formed are continuously collected by a porous filter unit at a
high yield rate of ~35gh™, while unvaporized feedstock is removed
from the reaction stream by a cyclone separator.

To ensure the compositional uniformity, unlike the conventional
alloy (Fig. 1b), it would be ideal that all the constituent elements in the
vapor nucleates simultaneously by co-nucleation process (i.e.,
nucleation by multicomponent), followed by co-condensation of metal
monomers onto the nuclei formed (Fig. 1c). However, the nucleation
temperature of a metal vapor strongly depends on its saturation vapor
pressure - an intrinsic property of an element. This presents a potential
challenge in the synthesis of HEA NPs from the direct vaporization of
metal powders by a plasma jet. As a proof-of-concept demonstration,

a Metal powder mix c
(Cr-Fe-Co-Ni-Mo)
Metal powder mix Metal powder mix
Sheath gas (Ar-H or He) — Central gas (Ar) (< 5 elements) - — (= 5 elements)
Thermal plasma
(~ 8,000 K) ¥ ﬁ ﬂ ¥ i
Off gas < «— RF plasma torch Fast heating % i Fast heating ©
(PL-50) & vaporization Ny - & vaporization S
i -r' = (<10 ms) °e o o (<10 ms) S
i =x
J 090 monomers oo
o o ‘ .{'r: o, ‘ X
°g Homogeneous nucleation - nuclei o Co-nucleation S
= of principal element o€ e, by multicomponent g
Reaction ° @
chamber ‘ ) LN . Cug O ‘ .
Co-condensation &5 @ Co-condensation !
° = Rapid cooling §
i © 4 & (105~ 105K s1) 2
] Coagulation @Z‘,‘{ @
Filtration @
chamber Cyclone Conventionfal alloy High-entrop_y alloy
separator nanoparticles nanoparticles

Fig. 1| The ICPJ strategy for continuous synthesis of HEA NPs. a Schematic of an
inductively coupled plasma jet (ICPJ) process developed for the continuous
synthesis of HEA NPs directly from a mixture of pure elemental metal powders via

in-flight alloying. b, ¢ Schematic diagrams illustrating the formation mechanism of
(b) conventional alloy NPs and (c) HEA NPs by a thermal plasma jet.
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Fig. 2 | Morphological and structural characterization of HEA NPs. a Photo of
the HEA NP samples produced after a 150-min synthesis experiment. b SEM images
of the HEA NPs produced with different plasma gases of hydrogen and helium,

showing morphology change. Scale bar, 100 nm. ¢ Size distribution of the HEA NPs

2-theta (°) 2-theta (°)

produced with different plasma gases. d XRD pattern of the feedstock mixture of
Cr, Fe, Co, Ni, and Mo. e XRD patterns of the HEA NPs (single FCC) produced with
different plasma gases which confirm the in-situ alloying of pure elemental metals
by the ICP) strategy.

we have studied a Cr-Fe-Co-Ni-Mo system where Mo exhibits a sig-
nificantly different nucleation temperature compared with other ele-
ments, and discussed the growth mechanism. To investigate the
effects of the heating/cooling rate, we have also employed plasma
gases with high thermal conductivity such as hydrogen and helium.
These NPs are denoted as HEA-H, and HEA-He, respectively in the
following discussion. A plasma gas comprising 100% Ar is also of
interest for the comparison; however, it was not considered in this
work because pure argon gas is limited to operations at low plasma
powers (<25 kW) to avoid damage to the plasma torch.

Morphology, composition, and structure characterization
Figure 2a shows a photo of the HEA-H, sample collected from the
cyclone separator (42g) and the filter unit (84 g) after a 150-min
operation. In total about 200 g of powder was fed and the productivity
approaches 35gh™ (with a conversion rate of 42%, Supplementary
Table 1), which is >10 times higher than what has been reported in the
literature to date”. The productivity or the conversion rate can be
further improved by minimizing powder deposition on the reactor
walls (74 g), such as by employing porous reactor walls that allow
continuous gas flow through the wall surfaces. Figure 2b presents
scanning electron microscopy (SEM) images of the as-synthesize
powders collected from the filter unit, showing the effect of the plasma
gases (Supplementary Fig. 2 shows more SEM images). In both cases,
the samples consist of spherical NPs, dispersed uniformly without
serious physical aggregation/agglomeration. However, the HEA-He
sample exhibits a smaller average size with a narrow size distribution.
The average diameter is estimated as 39.7 + 20.3 nm for the HEA-He
sample while 60.8 + 30.1 nm for the HEA-H, sample from transmission
electron microscopy (TEM) images (Supplementary Fig. 3). This may
be attributed to the different cooling rate and residence time achieved
by the different plasma gases.

The thermal plasma process is usually accompanied by the pro-
duction of impurities from incomplete vaporization of feedstock
because a fraction of the feedstock injected typically bounces back
from the plasma core. This has also been prevalent in the ICPJ process
due to the elevated viscosity near the plasma core (e.g., 10 times higher
than at room temperature)'® and the presence of recirculation eddies
formed by the magnetic pinch®. Unprocessed feedstock powders are
larger than NPs, and thus can be removed from the reaction stream by
means of centrifugal force. SEM images of the sample collected from
the cyclone separator confirmed the presence of large particulates up
to a few tens of um (Supplementary Fig. 2a). However, such particu-
lates are not observable from the samples collected from the filter unit
(Supplementary Fig. 2b, c), suggesting that the cyclone separator is
highly effective in removing the unprocessed powder in the current
ICPJ process.

The X-ray diffraction (XRD) pattern of the feedstock in Fig. 2d
confirms the existence of the five elements, showing the peaks corre-
sponding to their different crystal structures (Cr: BCC, Fe: BCC, Co:
HCP, Ni: FCC, and Mo: BCC); however, the patterns of the reaction
products exhibit a single FCC structure with diffraction peaks at 43.3°
50.4° and 74.1°, corresponding to the (111), (200) and (220) planes of a
FCC structure, respectively (Fig. 2e). An additional small peak also
showed up around 41°, but this is possibly attributable to the oxide
formation at the surface. This result clearly supports that the mixture
of metal powders injected was successfully alloyed in the ICPJ process.
The sharp peak at 43.3° reveals the high crystallinity of the HEA sam-
ples produced. The d-spacing of each sample was estimated and
summarized in Supplementary Tables 2, 3 with calculated lattice
constants. While both samples exhibit a similar average lattice con-
stant around 3.58 A (ap=3.63 A for Crg >Feg 2C00 2Nig 2M0g > from the
density functional theory (DFT) simulation, Supplementary Fig. 4), the
HEA-He exhibits a larger crystallite size of L,=17.93 nm compared to
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Fig. 3 | Composition and phase stability analysis of HEA NPs. a, b TEM, HR-TEM
and HAADF-STEM images of the HEA NPs produced with different plasma gases of
hydrogen and helium by the ICJP. Scale bar, 10 nm (HR-TEM) and 100 nm (HAADF).
c-f EDX elemental maps of single and multiple HEA NPs, showing homogenous

distribution of the five metals in particles. Scale bar, 25 nm (single NP) and 100 nm
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(multiple NPs). g, h EDX line scans of individual NPs showing the spatial uniformity
in their compositions; (g) HEA-H, case and (h) HEA-He case. i, j Phase stability
calculations by DFT simulation for the HEA NPs; (i) Crg19Fe2,C00.22Nip 25M0g 15
(HEA-H, case) and (j) Cro »4Fe023C00.26Nio.22M0g 05 (HEA-He case), demonstrating a
higher stability of a FCC structure over a BCC.

HEA-H, (L,=17.08 nm), probably due to the different cooling rate
employed. The XRD patterns of the samples collected from the
cyclone are shown in Supplementary Fig. 5. Co-existence of HEA NPs
and feedstock material is evident from the patterns, which is con-
sistent with the SEM observation. Among various metal peaks, the Mo
peak still remains comparable to those of HEA, indicating Mo might
have been evaporated less compared with other elements. This may
present a challenge to reuse those powders because the ratio among
different elements has changed. The vaporization efficiency should be
improved through optimization of the processing parameters (e.g.,

feed rate, plasma power, powder injection geometry and so on) so that
the amount of powders collected in the cyclone can be minimized.
Figure 3 presents representative high-resolution TEM (HR-TEM)
and high-angle annular dark-field scanning TEM (HAADF-STEM) ima-
ges of the samples with energy dispersive X-ray (EDX) spectroscopy
elemental mapping and EDX line scans of individual particles.
Regardless of the plasma gases employed, homogenous mixing of five
elements in a single particle (~60 nm) was observed without significant
elemental segregation or phase separation; however, a slight segre-
gation of Cr is visible from the HEA-He sample (see also Supplementary
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Fig. 6), implying that the two samples were grown under different
environments or via different growth mechanisms. The presence of
oxygen in the HEA NP was also evident from the elemental mapping
(Supplementary Fig. 7); however, the presence of oxygen is limited to
the surface of the NP (-5 nm thick). The oxide layers might have been
formed upon exposure to air. EDX line scans of individual particles for
each HEA sample are presented in Fig. 3g, h, which confirm the spatial
uniformity in their compositions throughout the particle. A statistical
study has been performed to evaluate the composition of the HEA NPs
produced (Supplementary Figs. 8-10 and Supplementary Table 4). The
average composition was estimated as Cr (19.2%), Fe (21.5%), Co
(22.3%), Ni (22.1%), and Mo (14.7%) for HEA-H,, while Cr (23.9%), Fe
(23.3%), Co (25.6%), Ni (22.0%), and Mo (5.2%) for HEA-He, which differ
from that of the feedstock, especially for its Mo composition. This is
likely due to the relatively low evaporation pressure of Mo (e.g.,
0.0107 kPa at 3000 K) compared to those of the other four elements
(e.g., Cr: 132kPa, Fe: 67.3kPa, Co: 40.4kPa, and Ni: 52.8kPa at
3000 K)*. Molybdenum might have evaporated less in the plasma jet,
especially in the helium plasma case. A similar result has been reported
on the HEA NPs synthesis (e.g., Co-Cr-Cu-Fe-Ni system) with the arc
discharge technique", where elements with higher evaporation pres-
sures (e.g., Cu) become rich in the products. To achieve the targeted
composition of a near equimolar ratio, we could increase the plasma
power to ensure the complete vaporization of Mo in feedstock or
increase the Mo content in feedstock to compensate its low evapora-
tion pressure’. The composition also varied among NPs with a variation
up to about 8.4% for HEA-H, and 2.4% for HEA-He, respectively. This
may be attributable to the relatively large particle size distribution.
Further process optimization in this regard is needed to achieve good
uniformity.

Crystal structure of the HEA NPs was also investigated by
atomically-resolved HAADF-STEM image and the corresponding Fast
Fourier Transform (FFT) analysis (Supplementary Fig. 11). Although
most of the constituent elements have a BCC structure (Supplemen-
tary Table 5), the analysis reveals that the HEA NPs were stabilized with
a FCC structure. DFT calculations were performed to investigate the
phase structures for the two different compositions that were identi-
fied by HR-TEM analySiS: Crg.19C00.22F€0 25Nig22M0g 15 (HEA‘Hz) and
Cr0'24C00.23FeO.ZGNiO.zzMOO'OS (HEA‘He) As shown in Flg 3i, j, the
relative stability of the BCC and FCC phases were estimated by eval-
uating the total energy differences between the BCC and FCC phases,
AE,=EBC _ FFCC and the equilibrium lattice constants were obtained
from the calculation of the total energy as a function of lattice constant
a for each phase. For both compositions, AE, was found to be positive,
indicating that the FCC structure is more stable. Atomic lattice dis-
tortion appeared more notable for the BCC phase as presented in the
relaxed structures in Fig. 3i, j. This observation was also quantitatively
confirmed by the lattice distortion energy AE 4, (defined as the dif-
ference between the energies calculated with and without relaxation)
estimated as AE5CS = 60.7 and AEFSS =37.9 meV atom™ for HEA-H, and
AEEC =30.9 and AEFES =21.0 meV atom™ for HEA-He. It was found
that as the atomic fraction of Mo decreases from 15 to 5%, the FCC
phase stability increases from AE, =18.5 to 34.2 meV atom™, while the
equilibrium lattice constant decreases from a=3.60 to 3.56 A. Note
that the VEC value (VEC = > ¢;VEC;, where c; is the atomic fraction of
the alloy component i) increases from 7.98 to 8.12, in agreement with
the DFT calculation indicating that the FCC phase becomes more
stable for the smaller Mo content. The FCC formation enthalpy,
defined as the difference between the total energy of HEA and the
ground-state energy of the i component E;, AH=E g, — Y c;E;, were
calculated as 114.6 and 86.4 meV atom™ for the HEA-H, ahd HEA-He,
respectively. The BCC formation enthalpy was as estimated 133.1 and
120.6 meV atom™ for the HEA-H, and HEA-He, respectively. The mixing
entropy (AS..x= — k> ;clnc;) contributions for the HEA-H, and
HEA-He compositions are 1.60kz and 1.51k 5, where k is the Boltzmann

constant. The temperature that gives the HEA FCC phase formation
(i.e., the negative Gibbs free energy G=AH — TAS,,,) is 832K and
662K for HEA-H, and HEA-He, respectively. The calculation implies
that though the HEA formation is driven by mixing entropy as the
formation enthalpy is positive for both composition cases, the FCC
phase stability over the BCC phase was mainly driven by enthalpy.

Thermal stability of HEA NPs

To investigate the thermal stability of the HEA NPs produced, the
samples were annealed at 1173 K (900 °C) for 72 h using a tube furnace
with a continuous flow of argon. Their XRD patterns are shown in
Supplementary Fig. 12 (Supplementary Note 1). After the annealing, the
main phase (single FCC structure) of the HEA NPs still remained
unchanged without peak splitting or new peak appearances, suggest-
ing that dealloying or segregation of the constituent elements is
minimal in both samples. However, a few minor phases with crystalline
structures newly appeared. Based on the peak identification, it seems
that those are most probably various oxide phases such as Cr,0s.
Other minor phase is also observable with HEA-H, sample which might
be from formation of Co;Mog¢ or Fe;Mo¢ intermetallic phase while this
phase is absent in HEA-He sample suggesting different stabilities of the
HEA NPs. This is attributable to the higher crystallinity of HEA-He
sample. Overall, the HEA NPs produced by the plasma process are
thermally stable even in a high-temperature environment of above
1000K for an extended period of time.

Growth mechanism of HEA NPs in a thermal plasma

To understand the in-situ plasma jet alloying mechanism, we have
performed optical emission spectroscopy (OES), homogenous
nucleation temperature calculations, and thermofluid simulations.
Figure 4a shows an emission spectrum measured at Z=0.23 m from
the top of the plasma torch for the HEA-H, case. Atomic emission lines
from the five elements are evident”, indicating that the plasma jet
temperature is high enough to vaporize the metal powders injected.
Our numerical simulation predicts a temperature of above 8000 K at
the plasma core (Fig. 4c). We note that the thermofluid simulations
were performed without considering the injection of metals and thus
the actual plasma temperature is expected to be slightly lower than the
predicted one due to the powder loading effect.

A spectrum measured at Z=0.49 m is presented in Fig. 4b. In this
region, the plasma jet undergoes a rapid cooling by the jet expansion
and the turbulence, caused by an abrupt diameter change at the
entrance of the reactor (e.g., D, > 3D, where D, is the reactor diameter
and D, is the torch diameter). In this study, a reactor geometry that
promotes turbulence has been employed to improve the intermixing
of vapors produced from different metals (Fig. 4d). In Fig. 4e-g, the
ratios of turbulent to laminar viscosity (i, / 1) are calculated for the
different reactor geometries, and showed that the turbulence effect is
enhanced compared to the D, = D, case. Although the emission inten-
sity in this region has decreased due to the cooling, all the atomic
emission lines from the five elements are still evident. At the same
time, the continuum emission from the formation of nanoparticles is
negligible, suggesting that the temperature is still high to trigger either
homogenous nucleation or co-nucleation. The temperature predicted
at the center is around 4200 K. A similar behavior was observed with
the spectra measured with the helium gas (Supplementary Fig. 13).

As the temperature decreases further, the saturation pressure of
each metal vapor decreases and becomes comparable to its partial
pressure (i.e., supersaturated, Fig. 4h), which leads to homogenous
nucleation of vapors. For the given feed rate of 1.5gmin™, the homo-
geneous nucleation temperature of each metal was calculated using
the self-consistent classical theory (Supplementary Note 2)*%.
Figure 4i presents the calculated nucleation temperature of each metal
with melting temperatures of their bulks. Owing to their low partial
pressures, most of the nucleation temperatures are close to or lower
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Fig. 4 | Optical emission measurements, thermofluid simulations, and homo-
genous nucleation temperature calculations for the ICPJ process. a, b Optical
emission spectra measured at (a) Z=0.23 m and (b) Z=0.49 from the top of the
plasma torch for the HEA-H, case. c-g Thermofluid simulation showing the effect of
the reactor geometry (D, =D, v.s. D,= 3D, where D, is the reactor diameter and D, is

Temperature (K)

the torch diameter) on the turbulence intensity. h, i Calculated (h) saturation vapor
pressures and (i) nucleation temperatures of each element in a vapor mix of
Cr:Fe:Co:Ni:Mo = 1:1:1:1:1 produced at a feed rate of 1.5 g min™, showing the exis-
tence of a large nucleation temperature gap.

than the melting points of the bulk metals. Due to the low saturation
vapor pressure of Mo (Fig. 4h)*°, Mo becomes supersaturated earlier
than other metals and its nucleation temperature is estimated to be
2655K and 2668 K for Ar-H, and Ar-He cases, respectively (see Sup-
plementary Fig. 14 for the Ar-He case). The other metals nucleate
between 1800 and 1500 K; thus, there exists a large nucleation tem-
perature gap, over 1000 K, between Mo and the other metals. This gap
may present a challenge in the formation of HEA particles via co-
nucleation process. The melting temperature of the expected HEA NP
was also estimated by using the mixing rule and considering the
melting point depression effect because of the nanometer size (Sup-
plementary Note 3 and Supplementary Table 6)>?°. For the given
composition, it turned out to be 1865K for case Ar-H, and 1919K for

the Ar-He case, which is close to the nucleation temperatures of most
metal elements except for Mo. Thus, in this ICPJ process, the growth
mechanism of HEA NPs can be predominated either by VLS (vapor-
liquid-solid) or VS (vapor-solid) transformation, depending on the size
of the temperature zone of ~2000-2550 K. With a long residence time
in this zone, it is proposed that Mo vapor forms nuclei first via
homogenous nucleation around 2650 K, followed by co-condensation
(i.e., heterogeneous condensation) of metal monomers (including Mo)
to grow HEA NPs. However, it is unlikely that Mo nuclei continue to
grow into pure Mo particles by homogenous condensation of Mo
monomers due to its low partial pressure, which was decreased by
mixing multiple elements at a near equimolar ratio (i.e., P;=Peqr/N).
In addition, the particles formed reside in their liquid phase for enough
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Fig. 5 | Effects of the plasma gas on the HEA NP growth by the ICPJ strategy.
a Temperature fields calculated for different plasma gases of Ar (100%), Ar-H, (Hy:
8.3%), and Ar-He (He: 77.4%), showing different cooling rates of the plasma jet.

b Thermal conductivity (k. distributions calculated which show the effect of the
plasma gas on the heat transfer rate. ¢ Temperature zones where HEA NPs

nucleated are expected to be in a liquid phase (i.e., liquid zone) for Ar-H, and Ar-He
cases. d-f Axial temperature profiles with local heating and cooling rates calculated
for different plasma gases. The arrows represent the estimated liquid zones.

g Residence times of HEA NPs calculated for different plasma gases. h Growth
mechanisms of HEA NPs under different plasma gases of Ar-H, and Ar-He.

time, and thus the different metal elements condensated can diffuse
around in a particle creating homogenous mixing of the elements (i.e.,
alloying) driven by the high-entropy effect, until the temperature
reaches the solidification limit of ~1890 K (i.e., VLS transformation). On
the other hand, a small size of this temperature zone may resultin a co-
nucleation of five metals in the temperature range of 1800-1500 K,
followed by co-condensation of their monomers. In this case, the
direct vapor to solid transformation (i.e., VS transformation) would be
the predominant NP growth mechanism as the co-nucleation tem-
perature is lower than the melting temperature of HEA NPs estimated.

Effect of plasma gases

The plasma jet temperature and the resulted thermofluid field can be
controlled by carefully choosing the plasma gas composition because
different gases have different heat transfer capabilities. Figure 5a
shows the temperature fields inside the reactor calculated for different
plasma gases of Ar (100%), Ar-H, (H,: 8.3%), and Ar-He (He: 77.4%) (See
Supplementary Fig. 15 for the velocity and species fields). Adding
hydrogen or helium in the plasma gas alters the thermofluid field

substantially; it causes rapid cooling of the gas and consequently the
plasma jet becomes shorter. The rapid quenching of the plasma jet can
be explained by the higher thermal conductivity of hydrogen or helium
over argon (Supplementary Fig. 16). Such gases can enhance the heat
exchange with the surroundings downstream, resulting in rapid cool-
ing of the plasma jet. Figure 5b shows the contours of thermal con-
ductivities calculated. More enhanced heat transfer with the helium
case is attributed to its higher concentration (77.4%) in the plasma gas
compared with the hydrogen case (8.3%). The hydrogen content can
be increased up to 20%; however, excessive hydrogen may have
adverse effects on NPs such as hydrogen-driven embrittlement”.
Complete evaporation of feedstock is a prerequisite to the for-
mation of a homogeneous multicomponent vapor, which is largely
affected by the heat exchange rate between plasma and feedstock and
the residence time. Pure argon plasma presents the largest area of the
hot zone which is favourable for feedstock evaporation while the heat
exchange between feedstock and Ar plasma is expected to be slow due
to the low thermal conductivity of Ar, resulting in a low vaporization
efficiency. The hydrogen plasma seems more promising to achieve a
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good evaporation efficiency thanks to its relatively high thermal con-
ductivity and large hot zone, which is in line with the composition
analysis.

In Fig. 5c, the temperature contour above the Mo nucleation
temperature and below the HEA NP solidification temperature were
cut-off. In this zone, Mo nuclei start to form from the homogenous
nucleation and continue to grow into HEA NPs via the co-condensation
of metal monomers. The particles are in the molten phase and thus can
be alloyed by diffusion process inside particles. The size of this zone is
larger for the hydrogen plasma case due to its moderate cooling rate.
Hydrogen is also found to extend this zone towards the reactor exit,
maintaining the gas temperature above the solidification limit by
releasing the recombination heat of H atoms. The axial temperature
profiles for each case are plotted in Fig. 5d-f with the corresponding
local heating and cooling rates. In all cases, overall high heating and
cooling rates up to 10°K s™ were observed, which is ideal for the for-
mation of HEA NPs. The liquid droplet zone is also indicated by an
arrow and it appears earlier and lasts shorter in the helium plasma
because of the faster cooling. The residence times along the centreline
were calculated and presented in Fig. 5g. As expected, the longest
residence time (100 ms) in the liquid droplet zone was observed with
the hydrogen case while the shortest time (22 ms) was observed with
the helium case. This may imply that NPs were grown via different
pathways for the two different plasma gases.

From the thermofluid simulation, it is probable that the VLS
transformation would be the predominant growth mechanism in the
hydrogen case, while particles would grow via the direct VS trans-
formation mechanism in the helium case (Fig. 5h). This could explain
some differences in the structural and morphological properties
between HEA-H, and HEA-He observed from the XRD, SEM, and TEM
analysis. For the HEA-H, case, NPs grow through the liquid droplet
phase, followed by rapid quenching. This allows for more formation
of an amorphous or glass state (i.e., kinetically frozen liquid)", which
is evident from the XRD analysis; the peak of (111) plane is broader
than that of the HEA-He sample. The distribution of elements in a NP
also seems more homogeneous and diffusive which is evident from
the comparison of elemental maps. In the VLS growth, NPs can grow
further through interparticle coagulation until they solidify. This
increases the particle size as well as broadens the size distribution,
which is in line with the SEM observation. For the HEA-He case, it is
suggested that NP growth mostly occurs in the solidification limit
through the direct VS transformation. Therefore, only stable phases,
such as segregate phases or random alloys can be formed with less
amorphous state'. This would be the reason why the HEA-He sample
exhibit a higher crystallinity or crystallite size from the XRD patterns.
The slight segregation of element observed (see Supplementary
Fig. 6) also supports the VS growth mechanism. In the VS growth, NPs
cannot grow via interparticle coagulation, resulting in size reduction
with a narrow size distribution, which is in line with the SEM analysis.
However, the HEA NPs produced via the VS path (i.e., the helium
plasma case) exhibit a higher Mo loss in the composition due to the
low vaporization efficiency of feedstock. Although the helium plasma
provides a higher maximum temperature (9740K) and gas con-
ductivity compared to those of the hydrogen plasma, it cools down
rapidly through the enhanced heat exchange with the surroundings.
To achieve the VS growth without the large Mo losses, a lower feed
rate of feedstock or nano-sized Mo powders can be employed to
ensure a better evaporation Mo without altering the thermofluidic
field significantly. Our study demonstrates that the structural or
morphological properties of HEA NPs can be tailored in this plasma
process by changing plasma gases which controls the thermal history
of NPs effectively. It should be noted that the thermal history of NPs
can also be controlled by other processing parameters, such as
reactor geometry. For instance, a reactor geometry with a rapid jet
expansion promotes the quenching of the reaction stream resulting

in size reduction with a narrow size distribution. The presence of
thermal insulators or active heating units inside the reactor can
increase the residence time of NPs in the liquid zone reducing ele-
ment segregation.

Synthesis of other HEA NPs

The main purpose of the development of the ICPJ process is to
demonstrate the scalable synthesis of non-precious metal based
HEA NPs for their cost-effective applications. Therefore, in our
study, we considered HEA systems mainly consisting of earth-
abundant metals (e.g., Cr, Mn, Fe, Co, Ni, Cu, Mo) rather than pre-
cious metals. Molybdenum and Cu were included specifically
because Mo has different physical properties compared with other
elements (e.g., low saturation pressure) while Cu is known to be
hardly alloyed with other elemental metals due to its positive binary
mixing enthalpies (Supplementary Table 7)*. We further demon-
strated HEA NPs of CrMnFeCoNi, MnFeCoNiCu, and CrFeCoNiCu,
and their structural and compositional properties were studied by
XRD and HR-TEM analyses including EDX elemental mapping and
EDX line-scanning (Fig. 6, Supplementary Figs. 17-26). All the XRD
patterns of the HEA NPs produced exhibit a single FCC structure
(Supplementary Figs. 17, 20, 23; Supplementary Tables 8-10), indi-
cating successful alloying of the feedstock materials. Two minor
peaks show up around 46.4° and 48.6° in the CrMnFeCoNi sample
synthesized with hydrogen and this would be attributable to the
formation of metal hydrides. Those peaks are absent in the sample
produced with helium. Figure 6 shows EDX elemental maps of a
single and multiple HEA NPs synthesized with different plasma
gases. For CrMnFeCoNi (Fig. 6a-d) and MnFeCoNiCu HEA NPs
(Fig. 6e-h), homogenous mixing of five elements in a single particle
was observed without significant elemental segregation or phase
separation regardless of the plasma gases employed. The elements
in CrMnFeCoNi and MnFeCoNiCu HEA NPs also have near equimolar
ratios (Supplementary Table 11): Cr (20.2%), Mn (20.4%), Fe (20.7%),
Co (20.3%), and Ni (18.4%) for CrMnFeCoNi HEA-H,; Mn (17.8%), Fe
(22.4%), Co (21.6%), Ni (19.2%), and Cu (18.9%) for MnFeCoNiCu HEA-
H,. On the other hand, the EDX elemental maps of CrFeCoNiCu HEA
NPs indicate Cu segregation at the edges of particles while other
elements of Cr, Fe, Co, and Ni are homogeneously distributed
(Fig. 6i-1). This is attributable to the high positive binary mixing
enthalpies between Cu and other elements, especially Cr and Fe
(Supplementary Table 7). Similar observations have been reported
in other HEA synthesis methods (e.g., arc discharge)" and other HEA
systems of AICrFeCoCu® and CoCrFeNiCuAl*°.

To study the uniformity of compositions in the ICPJ process, we
have performed EDX analysis on 10-20 particles with different sizes for
each HEA NP system (Supplementary Figs. 18, 21, 24 and Supplemen-
tary Table 11). The composition of the HEA NPs synthesized by the ICPJ
process varies up to 8.4%. To study the spatial uniformity of compo-
sitions inside a single particle, we also performed EDX line scanning of
individual particles (Supplementary Figs. 19, 22, 25). For CrMnFeCoNi
and MnFeCoNiCu HEA NPs, uniform distribution of five elements
across the particle was observed without significant elemental segre-
gation, confirming the spatial uniformity of compositions throughout
the particle. On the other hand, the EDX line scans of CrFeCoNiCu HEA
NPs indicate Cu segregation at the edges of the particles (Supple-
mentary Fig. 25a). We also found that the Cu segregation seems
reduced as the particle size decreases (Supplementary Fig. 26). We
speculate that a large particle may take more time to cool down and
provide more time for the Cu segregation. In this case, the size of
particle may affect the uniformity of compositions; a smaller particle
size with a narrow size distribution would be favorable to achieve a
good compositional uniformity. A torch or reactor geometry that
allows a better control of the particle size and size distribution could
be considered for further improvement.
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Fig. 6 | HAADF-STEM images and EDX elemental maps of various HEA NPs
synthesized by the ICPJ process. a, b (a) a single and (b) multiple CrMnFeCoNi
HEA NPs produced with hydrogen plasma. ¢, d (c) a single and (d) multiple
CrMnFeCoNi HEA NPs produced with helium plasma. e, f (e) a single and (f) multiple
MnFeCoNiCu HEA NPs produced with hydrogen plasma. g, h (g) a single and (h)
multiple MnFeCoNiCu HEA NPs produced with helium plasma. 1, j (i) a single and (j)

CrMnFeCoNi HEA NPs (Ar-He)

multiple CrFeCoNiCu HEA NPs produced with hydrogen plasma.k, I (k) a single and
(I) multiple CrFeCoNiCu HEA NPs produced with helium plasma. The elements in
CrMnFeCoNi and MnFeCoNiCu HEA NPs have near equimolar ratios while the Cu
content in CrFeCoNiCu HEA NPs (12-14%) is deviated from that of feedstock due to
local segregation (Supplementary Figs. 18, 21, 24 and Supplementary Table 11).
Scale bar, 50 nm (single NP) and 100 nm (multiple NPs).

Optical absorption performance as a photothermal conversion
material
Nanoparticles comprising multiple 3d transient-metal elements (e.g.,
Ti, V, Cr, Fe, Co, Ni, Cu) have been proven that their optical absorp-
tion can be broadened through the d-d interband transitions (IBTs),
presenting a great potential as efficient photothermal conversion
materials®. Such property of HEA NPs is attributable to the reinfor-
cement of IBTs by fully filling energy regions around the Fermi level,
upon introducing more 3d transient-metals in a nanoparticle. Very
recently, this approach has also been extended to HEA NPs com-
prising beyond 3d transient-metals (e.g., Mo, Ta, W)*’. Despite this
new opportunity, the current synthesis method is intrinsically oper-
ated in a batch mode and not suitable for the preparation of HEA NPs
for large-scale/area photothermal conversions®**. Since our plasma
jet process promises the commercial scale production of HEA NPs,
the optical absorption performances of the as-produced HEA NPs
have been investigated through a diffuse reflectance spectroscopic
measurement in a wavelength region of 250 to 2500 nm (UV-Vis-NIR).
Figure 7 shows the absorptance spectra of the HEA NP samples
along with that of the feedstock mixture. Both HEA NP samples exhibit
an average absorptance greater than 96%, which is a significant

improvement from that of the feedstock mixture. The strong absorp-
tion for the HEA NP samples is mainly contributable to d-d IBTs as
reported previously**2. Overall HEA-He sample shows better perfor-
mance than HEA-H,. Its higher crystalline structure or smaller size may
be responsible for the enhanced performance; however, further
understanding is needed to elucidate the mechanism for the
improvement.

Discussion

We develop an ultrafast (<100 ms), one-step method that enables the
continuous synthesis of HEA NPs directly from a mixture of pure
elemental metal powders using a high-temperature plasma jet
(>5000 K). Highly crystalline HEA NPs (CrFeCoNiMo) were con-
tinuously produced at a high rate approaching 35gh™ via in-flight
alloying of elemental metal powders. This plasma process can be
easily scaled up as the core technology is mature with high-power
plasma torches up to ~-MW levels available. Our study also indicates
that the structural or morphological properties of HEA NPs can be
tailored by changing the plasma gas which controls the thermal
history of NPs. The yield demonstrated represents a seminal mile-
stone towards the exploitation of HEA NPs in real-world applications.
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Fig. 7 | Optical absorption performance of the HEA NPs. Absorptance spectra of
the HEA NPs (CrFeCoNiMo) prepared by the ICPJ strategy with different plasma
gases. Both HEA NPs exhibit an excellent light absorption performance of >96%.
The grey area presents the solar radiation spectrum (Air mass 1.5). The noisy signal
above 2000 nm is due to water absorption bands, mostly in air. The discontinuity of
the signal around 800 nm is caused by a detector change in the
spectrophotometer.

The HEA NPs produced exhibit an excellent light absorption perfor-
mance of >96%, and thus represent great potential in the cost-
effective, large-area solar energy harvesting for thermo-
photovoltaics, photocatalysis, and water desalination. In this regard,
a direct solar energy absorption experiment with the HEA NPs pro-
duced in this work is of particular interest as future research.

Methods

Materials

Chromium (Cr, <10 pm, 99.2%), manganese (Mn, <10 pm, 99.6%), iron
(Fe, 6-10 um, 99.5%), cobalt (Co, 1.6 um, 99.8%), nickel (Ni, 3-7 um,
99.9%), copper (Cu, 0.5-1.5 um, 99%), and molybdenum (Mo, 3-7 um,
99.95%) powders were purchased from Alfa Aesar. The as-received
elemental metal powders were mixed at an equal ratio (1:1:1:1:1), and
the mixtures (i.e., Cr-Fe-Co-Ni-Mo, Cr-Mn-Fe-Co-Ni, Mn-Fe-Co-Ni-Cu,
Cr-Fe-Co-Ni-Cu) were employed for the synthesis experiments without
further treatment.

Plasma synthesis system

HEA NPs were synthesized by using an RF thermal plasma tech-
nology. The plasma processing system was originally developed
for the synthesis of nanotubes (e.g., carbon and boron nitride
nanotubes)® and further modified for an effective synthesis of
HEA NPs. The current synthesis system consists of five major
parts: an induction plasma torch, a reaction chamber, a cyclone
separator, a filtration chamber, and feedstock delivery (see Sup-
plementary Fig. 1). For the plasma generation, a commercial RF
induction plasma torch (Tekna PS-50, Tekna Systems, Inc.) com-
posed of a five-turn coil and a ceramic tube with an internal dia-
meter of 50 mm was employed. A 1-m long, double-walled
stainless-steel chamber was employed as the reaction chamber.
Its diameter was designed to be at least 3 times larger (e.g.,
150 mm) than that of the plasma torch to enhance the mixing of
metal vapors by the increased turbulence effect. The chamber
walls were cooled by water to increase the cooling rate of the HEA
NPs produced. To selectively remove unvaporized feedstock
particles, a cyclone separator (inner diameter: 0.034 m; outer
diameter: 0.097 m; length: 0.6 m) was employed at the bottom of

the reactor. The nano-size final products were collected from four
porous metal filter units (surface area=20 x50 cm, 2.8 pm pore
size) inside a filtration chamber connected to the end of the
cyclone separator.

HEA NP synthesis

In the synthesis experiment, the plasma power was fixed at 45 kW at
an RF frequency of -3 MHz (Lepel Co.) while two different plasma gas
compositions were used to investigate the effect of the plasma gas: 5
slpm of carrier gas (Ar), 30 slpm of central gas (Ar), and 120/14 slpm
of sheath gas (Ar/H5); 5 slpm of carrier gas (Ar), 30 slpm of central gas
(Ar), and 120 slpm of sheath gas (He). The feedstock was con-
tinuously fed by a vibrating powder feeder (PFR200 feeder, Tekna
Systems, Inc.) and delivered to an injection probe located on the top
of the plasma torch by Ar carrier gas. The feed rate of the powder mix
was about 1.2-2.0 g min™. During the synthesis, the reactor pressure
was kept constant at 66.7 kPa. The reaction products were collected
from the cyclone separator and the filtration chamber in an open
environment and characterized without further purification or
treatment.

Optical emission spectroscopy

To verify the formation of metal vapors from feedstock vaporization
and investigate their spatial evolution, optical emission spectra were
measured at Z=0.23m and Z=0.49 m from the top of the plasma
torch during the synthesis. A modular spectrometer (JAZ-EL200-XR1,
Ocean Optics, with 1.7 nm FWHM resolution) was employed for the
measurement over a wavelength range from 200 to 1025 nm. The
emission light was collected through a quartz window and transported
to the spectrometer by an optical fiber (QMM]J-55-UVVIS-200/240-
2PCBL-0.25, OZ Optics Ltd., with a core size of 200 um). It was con-
firmed that the emission from atomic oxygen (e.g., 777.4 nm) was not
observable in our process, implying that oxygen contamination was
not significant.

Materials characterization

Morphology, structure and composition of the HEA NP samples
produced under different conditions were analyzed by XRD, SEM
and HR-TEM. SEM analysis was performed with a field emission
scanning electron microscope (Hitachi S-4800). Samples were
mounted on the sample holders with double-sided conductive
glue tape and were imaged in a secondary electron mode. To
avoid dislodgement of magnetic particles by magnetic objective
lens, the working distance was chosen to be more than 9 mm.
X-ray powder diffraction was performed using D8 DISCOVER
(Bruker) with Cu K,l radiation (1=1.5406A, 8.0478 keV). The
2-theta range was set from 20 to 90 degree with a scan speed of
0.02 degree per second. TEM specimens were prepared by dis-
persing the solid powder in ethanol, and sonicating for 5 min. One
drop of the solution was then placed onto a 400 mesh TEM
copper/gold grid coated with an ultrathin (<3 nm) carbon film
supported on lacey carbon (Ted Pella) and dried in air. A FEI
Titan3 80-300 TEM operated at 300 keV, and equipped with a
CEOS aberration corrector for the probe forming lens and a
monochromated field-emission gun was used for the analytical
TEM analysis. HAADF images were collected using a Fischione
detector in scanning transmission electron microscopy (STEM)
mode. The TEM instrument is also equipped with an energy-
dispersive X-ray (EDX) spectrometer (EDAX Analyzer, DPP-II). To
optimize the signal intensity, EDX spectra were acquired with the
specimen tilted at 15 degrees.

Light absorption measurement
The light absorptance spectra of the HEA NP samples were extracted
from diffuse reflectance measurements. Diffuse reflectance
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spectroscopic (DFS) measurements were done with a Perkin Elmer
Lambda-900 spectrophotometer equipped with a 15c¢cm diameter
integrating sphere (Labsphere). A home-made mortar and pestle sys-
tem was used to crush powder samples into 1cm diameter non-
translucent pellets with a near Lambertian scattering behaviour, fol-
lowing a procedure similar to refs [****]. The reflectance was measured
with the pellet still in the mortar, using a 1cm diameter aperture
accessory to expose only the surface of the pellet to the incident light
beam. With the light beam cross-section being larger than the aper-
ture, the reflectance of the aperture without samples (/p) was sub-
tracted from all measurements, and the samples measurements (/)
were compared to a white standard (/;po, spectralon material, lab-
sphere), given the diffuse reflectance as Ry=(Is-1p)/(l;001p). The
absorptance A was directly extracted using A=1-R;+ Ty=1-R4, where
T4 is the transmittance, null is our case (the pellets were opaque). To
reduce the spectral noise above 2000 nm and around 810 nm (detec-
tor change), we decrease the scan rate from 240 nmmin™ to 6 nm
min™ over these regions.

Thermofluid simulations

To investigate the effects of reactor geometry and plasma gas com-
position on the thermofluid field (e.g., turbulence intensity, quenching
rate, and residence time), computational fluid dynamics (CFD) simu-
lations were performed inside the reactor using an in-house plasma
code coupled with ANSYS-FLUENT?®. The plasma generation model
was based on the magneto-hydrodynamic (MHD) theory and consists
of conservation equations for mass, momentum, and energy coupled
with a set of Maxwell’s equations. To investigate turbulence effects
with reasonable computational costs, we adopted the Reynolds stress
model which has been widely employed in the modeling of various
nanomaterials synthesis by thermal plasmas”. Thermodynamic and
transport properties of plasma gases (e.g., density, specific heat at
constant pressure, viscosity, thermal conductivity, electrical con-
ductivity, and radiation losses) were calculated under the local ther-
modynamic equilibrium (LTE) assumption'®. Although powder
injection and its vaporization are important phenomena to study, the
vaporization of feedstock was not taken into account due to the lack of
thermodynamic and transport data of some metal vapors for a wide
range of temperature of 1000 -10,000 K. More details on the gov-
erning equations, computational domain, and boundary conditions
can be found in the Supplementary Note 4 (see Supplementary Fig. 27
and Supplementary Table 12).

Density functional theory (DFT) simulations

The structure relaxation and total energy calculation were performed
by using DFT implemented in the Vienna ab initio simulation package
(VASP). The projector augmented wave (PAW) method and general-
ized gradient approximation (GGA) parameterized by Perdew, Burke
and Ernzerhof (PBE) were used®*™*°. The basis set consists of plane
waves with a cutoff energy of 520 eV. Monkhorst-Pack method with
1x1x2 was used. Spin-polarized calculation were performed. For
both BCC and FCC phases, 100-atom BCC and FCC supercell (5 x5 x 4
unit cells) models were constructed. The random solid solution
structures were generated by using the hybrid Cuckoo search (CS)
code as implemented in ref [*']. Ten different random configurations
for a given phase and composition were generated and examined. All
the calculations were performed at 8 different lattice constants
around the equilibrium, in which the unit cell shape was fixed and the
atomic positions have been fully relaxed using conjugated-gradient
algorithm.

Data availability

All the supporting data are provided in the main text and Supple-
mentary Information. The data sources that support the findings of
this study are available from the corresponding author upon request.

Code availability

The source code for the thermofluid simulation used in this study is
managed by the National Research Council Canada (NRC-CNRC). It
could be made available from the corresponding author for disclosure
upon acceptance of NRC-CNRC'’s terms and conditions.
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