Continuous-Flow Reactor Synthesis for Homogeneous 1-nm-Sized Ex-
tremely Small High-Entropy Alloy Nanoparticles
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ABSTRACT: High-entropy alloy nanoparticles (HEA NPs) emerged as catalysts with superior performances that are not shown in
monometallic catalysts. Although many kinds of synthesis techniques of HEA NPs have been developed recently, synthesizing HEA
NPs with ultrasmall particle size and narrow size distribution remains challenging because most of the reported synthesis methods
require high temperatures that accelerate particle growth. This work provides a new methodology for the fabrication of ultrasmall
and homogeneous HEA NPs using a continuous-flow reactor with a liquid-phase reduction method. We successfully synthesized
ultrasmall IrPdPtRhRu HEA NPs (1.32 + 0.41 nm), theoretically each consisting of approximately 50 atoms. This average size is the
smallest ever reported for HEA NPs. All five elements are homogeneously mixed at the atomic level in each particle. The obtained
HEA NPs marked a significantly high hydrogen evolutional reaction (HER) activity with a very small 6-mV overpotential at 10
mA/cm in acid, which is one-third of the overpotential of commercial Pt/C. In addition, although mass production of HEA NPs is
still difficult, this flow synthesis can provide high productivity with high reproducibility, which is more energy-efficient and suitable
for mass production. Therefore, this study reports the 1-nm-sized HEA NPs with remarkably high HER activity and establishes a
platform for the production of ultrasmall and homogeneous HEA NPs.

High-entropy alloy nanoparticles (HEA NPs) are of interest
in various fields such as energy conversion catalysis.* The def-
inition of HEA is a solid-solution alloy generally consisting of
at least five elements with each elemental ratio between 5 and
35 at.%.° Recently, various synthesis techniques of HEA NPs,
such as carbothermal shock,® fast bed pyrolysis,” and solvother-
mal,® have been developed. These methods generally are per-
formed under high temperature to utilize a large configurational
entropy in Gibbs free energy (G = H-TS). Although these tech-
niques enable the mixing of multi-chemical elements having
different properties in nanoparticles, the particle sizes are
mostly over 10 nm because high temperature accelerates the
atomic diffusion and particle growth. For catalytic application,
increasing the surface-to-volume ratio, which often contributes
to catalytic activity, is important to efficiently use precious
chemical elements. Additionally, some of these techniques

require special equipment, creating difficulties for mass produc-
tion.

Continuous-flow synthesis is an attractive method to effi-
ciently produce many kinds of materials.®! The advantages of
this method are precise reaction control and stable reaction con-
dition, which contribute to high selectivity and reproducibility
of the products. Recently, this method was applied for mass pro-
duction of solid-solution alloy NPs by concurrently reducing
different metal ions.'? Given that the particle size can be tuned
by the strength of reducing agents in chemical reduction, the
combination of a continuous-flow reactor and a strong reducing
agent would be one of the best ways for efficiently synthesizing
homogeneous ultrasmall HEA NPs.

In this study, we successfully synthesized equimolar ex-
tremely small 1.32-nm IrPdPtRhRu HEA NPs by an originally
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Figure 1. Schematic of the developed continuous-flow reactor.
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developed continuous-flow reactor and a strong reducing agent.
We investigated the elemental distribution and crystal structure
of the obtained NPs by scanning transmission electron micros-
copy (STEM), energy-dispersive X-ray spectroscopy (EDX),
powder X-ray diffraction (PXRD), and pair distribution func-
tion (PDF) analyses. The obtained NPs were identified to have
the homogeneous distribution of the five elements in ultrasmall
NPs with an fcc structure. We further investigated their electro-
catalytic activity for hydrogen evolutional reaction (HER). The
obtained HEA NPs marked a remarkably small overpotential of
6 mV at 10 mA/cm? in 1 M HCIQ4, which is one-third of the
overpotential of commercial Pt/C.

Figure 1 shows the developed flow reactor equipped with di-
aphragm pumps with smooth pulsation for stable supplying so-
lutions and 1/8-inch stainless steel tube (2.2 mm inner diameter)
to realize homogeneous mixing precursor and reducing solu-
tions. The connections to the containers of solutions 1 and 2
were three-way cocks sealed by vacuum grease to progress the
reaction completely under Ar condition. Solution 1 was a mix-
ture of iridium(lll) acetylacetonate, palladium(ll) acety-
lacetonate, platinum(ll) acetylacetonate, rhodium(ll) acety-
lacetonate, and ruthenium(l11) acetylacetonate dissolved in de-
oxidized tetrahydro flan (THF). Solution 2 was a strong reduc-
ing agent, lithium naphthalenide, easily prepared by mixing Li
metal and naphthalene in deoxidized THF and stirring for 1 day
in a glove box.!® Deoxidized THF in A was flowed at a rate of
21.0 mL/min and filled the whole line. Then, solutions 1 and 2
were flowed at 21.0 mL/min and reacted at the mixing point.
After only 15 seconds, the black solution was obtained from the
exit of the rector and collected in a flask containing carbon sup-
port under Ar condition. The obtained NPs with carbon were
sonicated for 4 hours and separated and washed by centrifuga-
tion. After drying at RT, the obtained NPs were exposed to hy-
drogen without heating.

The obtained HEA NPs were characterized by high-angle an-
nular dark-field STEM (HAADF-STEM) equipped with EDX.
As shown in Figure 2a, a HAADF-STEM image shows that ob-
tained HEA NPs are homogeneously dispersed on carbon.
Astonishingly, the average diameter of the NPs is 1.32 + 0.41
nm, which is remarkably small, consisting of approximately
only 50 atoms and more than 70% surface-to-volume ratio, and
narrow size distribution (Figure S1). To investigate
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compositions, we performed EDX mapping and X-ray fluores-
cence (XRF) analysis. Figure 2b—f shows elemental maps of Ir,
Pd, Pt, Rh, and Pd corresponding to the HAADF-STEM image.
All five of the elements are homogeneously distributed in the
whole area of NPs, suggesting the successful mixing of the ele-
ments at the atomic level. Each elemental ratio calculated from
these EDX maps is approximately 20%, which is similar to the
result given by XRF (Figure S2). The overlay of the elemental
maps is shown in Figure S3.

Figure 2. (a) HAADF-STEM image of 1.32 nm HEA NPs. Corre-
sponding EDX maps of (b) Ir-L, (c) Pd-L, (d) Pt-L, (e) Rh-L, and
(f) Ru-L.

To confirm the solid-solution structure, we performed line
profile analysis (Figure S4). All five of the elements are uni-
formly distributed in a small NP. Furthermore, EDX point anal-
ysis was conducted to evaluate the homogeneity of composition
depending on the particle size from 0.82 to 2.31 nm (Figure S5).
The elemental ratio was almost 20% in all the particles. A dif-
ference of several percentage points in 0.82 nm is reasonable
because this particle ideally consists of only around 13 atoms,
and one atom in the particle has a contribution of 8% for ele-
mental ratio. These results strongly support successfully syn-
thesizing very homogeneous ultrasmall HEA NPs.

As shown in Figure 3, the PXRD pattern of 1.32-nm HEA
NPs from which carbon and capillary peaks were subtracted
(Figure S6) shows very broad peaks originating from ultrasmall



particle size and lattice distortion because of multiple elements
with different atomic radii. The XRD pattern was analyzed by
Rietveld refinement, and the best fit was obtained by an fcc
structure with a lattice constant of 3.8843(8) A.

Fm3m O  1.32-nm HEANPs
a: 3.8843(8) A —— Fitting
Cry. Size: 0.86(1) nm — BG
= Rs=1.11% R, =5.19% Residual
: = —— Ptbulk
® =
o
= 8
® 5y g =8
c S o
2
£
l — .
10 15 20 25 30 35 40 45
20/ degree

Figure 3. Synchrotron XRD pattern of 1.32-nm HEA NPs and
Rietveld refinement results. Experimental data, fitting, background,
and residual curves are represented by the black circles and red,
green, and gray curves, respectively. Pt bulk data are represented
g\y the blue curve. The X-ray radiation wavelength is 0.630327(7)
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Figure 4. (a) PDF data and the fitting result of 1.32-nm HEA NPs.
Experimental data, fitting, and residual curves are represented by
the black circles, red and gray curves, respectively. (b) Atomic-res-
olution HAADF-STEM image of a 1.32-nm HEA NP. The scale
bar is 2 nm.

The refined fcc structure was confirmed by a combination of
high-energy XRD and PDF analysis (Figure S7). In general,
there are two types of scattering from a material; one is Bragg
scattering and the other is diffuse scattering. In the case of ul-
trasmall NPs, the contribution of diffuse scattering becomes
prominent.’*!® Therefore, PDF analysis using both scatterings
could be a powerful method to reveal their atomic-scale struc-
tures.2® First, it was found that the PDF peak tops (Figure 4a)
were very similar to the atomic distance of the fcc structure ob-
tained from Rietveld refinement (Table S1). Then, we con-
ducted PDF analysis, and the best fit was obtained by an fcc
structure with a 3.8820(4) A lattice parameter and 1.33(1)-nm
particle size. In addition, the atomic-resolution HAADF-STEM
image of the 1.32-nm HEA NPs in Figure 4b shows 2.25 and

1.94 A lattice spacing corresponding to the {111} and {200}
planes, which are very close to the 2.24 and 1.94 A calculated
from the result of PDF analysis. These results proved that 1.32-
nm HEA NPs have an fcc structure.

This ultrasmall size and homogeneous structure in the HEA
NPs can be attributed to the combination of a continuous-flow
reactor and strong reducing agent. IrPdPtRhRu HEA NPs were
previously synthesized by a batch-type chemical reducing
method under 503 K for more than 10 min using triethylene gly-
col as a reducing agent.* The temperature and concentration of
metal precursors were continually changed because metal pre-
cursor solution was added drop by drop into a heated reducing
agent. This method provided HEA NPs with a size of 5.5+ 1.2
nm, with the relatively large particle size and wide size distri-
bution derived from high temperature and inhomogeneous re-
action conditions. In this report, we realized lower reaction tem-
perature and homogeneous reaction conditions using a continu-
ous-flow reactor with a strong reducing agent, LiNaph. The E°
of LiNaph (in THF) is —3.10 V,Y” which is much lower than
those of all the precursors. This reducing power can accelerate
the concurrent reduction of all the precursors and the nucleation
at room temperature, which realizes ultrasmall nanoparticle size
and narrow size distribution. Furthermore, this method provides
two advantages for catalytic use: LiNaph does not need an ad-
ditional protecting agent, and high productivity and reproduci-
bility. Generally, very low concentration is needed to synthesize
ultrasmall NPs, leading to a lack of productivity, while the con-
tinuous-flow method provides high productivity with high re-
producibility, which is more energy-efficient and suitable for
mass production.® In addition, to investigate the effect of the
flow rate on particle size, we synthesized HEA NPs with the
flow rates of 45 mL/min and 10 mL/min (Figure S8), and con-
firmed that flow rates did not significantly affect nanoparticle
size/distribution in this synthesis.

HER plays an important role in energy conversion for the de-
velopment of hydrogen-based energy resources. HER catalytic
activity of the obtained NPs was investigated to demonstrate the
advantage of ultrasmall size in HEA NPs. There was 1 pg of
1.32-nm HEA NPs dropped on a rotating electrode of 3 mm di-
ameter and dried at RT. Commercial Pt/C with 3.42 £ 0.74 nm
(Figure S9) and Pt NPs with 1.98 + 0.80 nm synthesized by the
same condition as the HEA NPs (Figure S10) were also pre-
pared as references with 1 ug in metal loaded on electrodes. In
Figure 5a, each polarization curve was obtained at a scan rate
of 5mV/s in 1 M HCIO, and normalized by the electrode area
(0.0707 cm). Interestingly, the activity of 1.32-nm HEA NPs
was much higher than that of commercial Pt/C and the synthe-
sized Pt NPs. 1.32-nm HEA NPs marked a significantly small
overpotential of 6 mV at 10 mA/cm2, which is one-third of the
overpotential of commercial Pt/C and the synthesized Pt NPs
(15.5 mV). This activity is also higher than the synthesized
4.02-nm HEA NPs (9 mV) as shown in Figure S11. Moreover,
1.32-nm HEA NPs achieved a sufficiently high mass activity of
1.6 A/mg at—0.01 V, which is 8.0 times higher than commercial
Pt/C. The HEA NPs show one of the best HER activities among
reported highly active platinum group metal-based catalysts
(Table S2). To investigate the intrinsic activity, turnover fre-
quency (TOF) values of 1.32-nm HEA NPs and the synthesized
Pt NPs were calculated by electrochemically active surface area
(Figure S12 and S13). At the overpotential of 10 mV, the TOF
values of 1.32-nm HEA NPs were 7.5 times higher (4.04 H; per
second) than that of the synthesized Pt NPs (0.54 H; per second).



These results demonstrate that both the size effect and high-en-
tropy effect contributed to the remarkably high intrinsic activity
of HEA NPs. It is widely accepted that the intrinsic HER activ-
ities such as TOF are mainly explained by the hydrogen adsorp-
tion energy which is related to d-band center (eq4) in the case of
monometals and binary alloys.'® However, for HEA NPs, the
surface atoms have wider range distribution of & due to the
complex atomic arrangement.?® The wider range distribution of
&q Of the surface atoms on 1.32-nm HEA NPs may result in the
high intrinsic activity which cannot be explained only by hy-
drogen adsorption energy.
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Figure 5. HER performance of 1.32-nm HEA NPs in 1 M HCIOa4.
(a) Polarization curves of 1.32-nm HEA NPs, the synthesized Pt
NPs, and commercial Pt/C. (b) Comparison of the polarization
curves before and after the durability test.

Especially in acidic conditions, stability is also a very im-
portant factor. The polarization curves before and after the du-
rability test (Figure S14) were compared. As shown in Figure
5b, significant degradation was not observed, which indicates
the high stability of 1.32-nm HEA NPs. The reason for the high
stability of 1.32-nm HEA NPs could be the contribution of a
high configurational entropy effect such as sluggish atomic dif-
fusion and solid-solution strengthening.?

In summary, we first demonstrated a new methodology in a
liquid-phase reduction method for synthesis of homogeneous 1-
nm-sized extreme small HEA NPs using a continuous-flow re-
actor with LiNaph as a strong reducing agent. We successfully
synthesized IrPdPtRhRu HEA NPs with 1.32 + 0.41 nm, the
smallest ever reported for HEA NPs. This continuous-flow syn-
thesis method provides the HEA catalyst at least 500 g/day,
which is larger than other synthesis methods.?? In addition,
1.32-nm HEA NPs showed remarkably higher HER activity
than commercial Pt/C in acidic conditions. This report will
serve as a platform to develop an efficient synthesis method of
ultrasmall HEA NPs for practical use.
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