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ABSTRACT

_High-entropy alloy nanoparticles (HEA-NPs) are highly underutilized in heterogeneous catalysis due to the absence of a reliable,
sustainable, and facile synthetic method. Herein, we report a facile synthesis of HEA nanocatalysts realized via an ultrasound-driven wet
chemistry method promoted by alcoholic ionic liquids (AlLs). Owing to the intrinsic reducing ability of the hydroxyl group, AlLs were
synthesized and utilized as environmentally friendly alternatives to conventional reducing agents and volatile organic solvents in the synthetic
process. Under high-intensity ultrasound irradiation, Au®*, Pd?*, Pt?*, Rh3*, and Ru3* ions were co-reduced and transformed into single-phase
HEA (AuPdPtRhRu) nanocrystals without calcination. Characterization results revealed that the as-synthesized nanocrystals are composed
of elements of Au, Pd, Pt, Rh, and Ru as expected. Compared to the monometallic counterparts such as Pd-NPs, the carbon-supported HEA
nanocatalysts showed superior catalytic performance for selective hydrogenation of phenol to cyclohexanone in terms of yield and selectivity.
Our synthetic strategy provides an improved and facile methodology for the sustainable synthesis of multicomponent alloys for catalysis and
other applications.
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1 Introduction temperature of the mixed metal precursors to 923 K in less
than 5 seconds. Nanoporous HEAs with enhanced surface area
and uniform pore structure have been synthesized via the
dealloying method [23, 24]. While the scalability of this
remarkable strategy is highly promising, the inevitable
microstructural coarsening resulting from the
high-temperature treatment (> 1123 K) degrades the
functionality = of the materials over time. Also,
HEA-NP-graphene composite has been synthesized by
mechanical alloying of the pure metal powders with graphite,
followed by sonication-based exfoliation [25]. The distribution
in the composition between the NPs is unsuitably large [25].
More recently, Chen et al. synthesized monodispersed
HEA-NPs by converting a two-phase core@shell NPs to
single-phase HEA-NPs via annealing [10]. Other promising
strategies that have been reported include sputtering
deposition [26], kinetically controlled laser synthesis [16],
solvothermal synthesis [27], being limited by the ultrahigh
vacuum requirement, restrictive element applicability, and low
productivity, respectively.

Studies have shown that liquids irradiated with high-intensity
ultrasound generate acoustic cavitation, which drives bubble
formation, growth, and implosive collapse in a monetary

High-entropy alloys (HEAs) are a unique class of materials
with great technological prospects. Unlike traditional alloys,
which do not exceed three elements, HEAs are based on the
premise of integrating near-equimolar concentrations of five or
more elements to form a single-phase solid solution [1, 2].
Nanosized HEAs are highly underutilized in heterogeneous
catalysis due to the absence of a reliable, sustainable, and facile
synthetic method and may constitute a whole new paradigm in
catalysis [3-8]. There has been a growing interest in the
development of simple processes to fabricate HEA
nanocatalysts for thermally-driven and electrocatalytic
reactions (Table S1) [2, 9-21]. Hu and coworkers have reported
a carbothermal shock method in which metal salt precursors
loaded onto carbon-nanofibers were thermally shocked to
obtain HEA-nanoparticle (NP) catalysts [9]. However, this
synthetic strategy is limited to the production of NPs
immobilized on conductive oxygenated carbon supports.
Immobilization of ultrasmall-sized HEA-NPs on granular
supports has been realized by the fast-moving bed pyrolysis
method following wet impregnation [22]. The drawback to this
fabrication strategy is that it is technologically demanding and
requires highly specialized equipment to rapidly raise the
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lifespan while producing enormous heat and pressure in a
highly localized region (hotspot) [28]. This transient localized
hotspot with a temperature above 5000 K and pressures
exceeding 1000 atm can drive a high-energy chemical reaction
and serve as an exceptional route for nanoparticle synthesis
[29, 30]. Taking advantage of this unique phenomenon, we
recently demonstrated the feasibility of fabricating HEA-NPs
via an ultrasound-driven wet chemistry method using ethylene
glycol (EG) as the reaction medium [31]. Unfortunately, the
resultant NPs displayed a two-phase microstructure, requiring
further heat treatment at 700 2C under N, to be transformed
into  single-phase HEA nanocrystals. A  single-step
ultrasound-driven pathway will rely on the design of
multifunctional reaction media capable of well dissolving and
reducing the metal species while simultaneously stabilizing the
as-afforded HEA NPs. Room-temperature ionic liquids (ILs) can
be tailored to meet these requirements due to the relative ease
at which simple and small alterations can be made to their
chemical structure[32-37].

Rationally, owing to the intrinsic reducing ability of the
hydroxyl group, alcohol-functionalized ionic (AILs) was
fabricated as the desired multifunctional reaction media in the
present study. Under high-intensity ultrasound irradiation,
Au3+, Pd?, Pt?*, Rh3*, and Ru®* ions were co-reduced by the AIL
and transformed into single-phase HEA (AuPdPtRhRu)
nanocrystals, effectively eliminating the need for an external
heat-treatment process. Notably, the hydroxyl functionality
played a significant role in the formation of single-phase
nanocrystals of AuPdPtRhRu in one step. Characterization
results revealed that the as-obtained nanocrystals are
composed of elements of Au, Pd, Pt, Rh, and Ru as expected.
Compared to the monometallic counterparts such as Pd-NPs,
the carbon-supported HEA-NP catalysts showed superior
catalytic performance for selective hydrogenation of phenol to
cyclohexanone in terms of yield and selectivity. This synthetic
strategy provides an improved and facile methodology for the
sustainable synthesis of multicomponent alloys in one step
under mild conditions.

2  Experimental

2.1 Synthesis of the ionic liquid - [HEMMor][NTf;]
N-(2-hydroxyethyl)-N-methylmorpholinium
bis(trifluoromethylsulfonyl)imide) abbreviated as
[HEMMor][NTf,] was synthesized according to previous
reports with some modifications [39]. N-methylmorpholine
(0.55 mol) and excess 2-bromoethanol (0.60 mol) were mixed
with 300 mL acetonitrile in a round-bottom flask and stirred at
90 °C for 12 h under an N, atmosphere. The solvent was
removed under reduced pressure, and the residue was washed

with ethyl ether to obtain
N-(2-hydroxyethyl)-N-methylmorpholinium bromide
([HEMMor][Br]) as a crystalline solid. The solid was

redissolved in 300 mL deionized water (DI) and decolorized
with activated charcoal by refluxing at 70 °C overnight. The
aqueous layer was recovered via vacuum filtration and used
for the anionic exchange with lithium
bis(trifluoromethylsulfonyl)imide (0.55 mol) at room
temperature. The non-aqueous layer was extracted in ethyl
acetate and dried under removed pressure to obtain
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HEMMor][NTf,] as a clear, viscous liquid. Other ILs (Scheme 1)
utilized in this work, including ethyl-N-methylmorpholinium
bis(trifluoromethylsulfonyl)imide ([EMMor][NTf,]) and
N-(2-hydroxyethyl)-N-methylmorpholinium tetrafluoroborate
([HEMMor][BF,]), were synthesized in a similar manner as
described in the Electronic Supplementary Material (ESM) and
characterized by NMR spectroscopy (Fig. S1 - S2).

2.2 Synthesis of HEA-NPs/C (AuPdPtRhRh-NPs/C)

An aqueous solution of the metal precursors was made by the
dissolution of 0.005 mmol each of HAuCl;-3H,0, K,PdCl,,
K,PtCly, RhCl;, and RuCl; in 5 mL DI water. The precursors
were combined with a calculated mass of XC-72 carbon
support pre-dispersed in a 30 mL IL for a total metallic loading
of 10 wt.%. The mixture was exposed to sonication treatment
for 10 min by direct immersion of ultrasonic titanic horn
operating at 20 kHz at ambient conditions, as shown
schematically in Fig. 1. When the sonication time was reached,
the solid was recovered by centrifugation and washed
thoroughly with DI before being dried in an oven at 100 °C
overnight. The monometallic counterparts, including Au-NPs/C
and Pd-NPs/C, were synthesized in a similar manner using the
corresponding metal precursor.
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Figure 1 Schematic illustration of the synthesis of high-entropy alloy
nanocatalysts realized via an ultrasound-driven wet chemistry method
promoted by an alcoholic ionic liquid.

2.3 Characterization of HEMMor][NTf;]

Proton nuclear magnetic resonance (!H NMR) spectra were
recorded on JEOL JNM-ECZS 400 MHz spectrometer using dry
DMSO-d¢ as the solvent. The chemical shifts are in ppm. The
splitting patterns are represented by the following
abbreviations: s (singlet), d (doublet), t (triplet), q (quartet),
and m (multiplet).

2.4 Characterization of HEA-NPs/C (AuPdPtRhRh-NPs/C)

X-ray diffraction (XRD) patterns were recorded on a
PANalytical Empyrean diffractometer with Cu Ka1l radiation (A
= 1.5406 A), operated at 45 kV and 40 mA. The 26 range angles
were scanned between 20 to 80° at a step size of 0.02 °.
High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images and energy-dispersive
X-ray (EDS) spectra were collected on FEI Talos F200X
microscope operated at 200 keV. The particle size distribution
was estimated by randomly measuring more than 200 particles
on the images. The elemental composition was determined by
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inductively coupled plasma optical emission spectroscopy
(ICP-OES) analysis performed on Agilent 5110 ICP-OES
spectrometer. The sample was dissolved in aqua regia and
diluted with 2.0 % nitric acid prior to analysis.

2.5 Hydrogenation of phenol
Phenol hydrogenation was performed in a 100 mL stainless

3

steel autoclave equipped with a pressure gauge and a
magnetically driven stir bar. In a typical run, 1.3 mmol of
phenol, catalyst (2.8 mol% relative to phenol), and 6.0 mL
hexane were loaded into the reactor and sealed properly.

(a) (b)
i§ . AuPdPtRhRu-NPs/C

Intensity (a.u.)
Intensity (a.u.)

220 311

(d)

(f)

Figure 2 (a) XRD patterns of the supported high-entropy alloy nanocatalysts (AuPdPtRhRu-NPs/C) and the gold standard (Au-NPs/C). The shift in reflection
positions of AuPdPtRhRu-NPs/C relative to Au-NPs/C is denoted by the dotted lines in (b). (c) HR-STEM image of AuPdPtRhRu-NPs/C (HEA-NPs/NC)
showing a lattice fringe spacing of 0.24 nm consistent with (111) plane of a face-centered cubic crystal structure. (d) SAED pattern of HEA-NPs/C displaying
a Debye-Scherrer ring pattern consistent with a polycrystalline fcc lattice. (e) STEM image of HEA-NPs/C at a higher resolution. (f) STEM image of

HEA-NPs/C at a lower resolution.

The residual air was expelled from the reactor by purging with
purified hydrogen five times before being pressurized to the
desired pressure. The reactor was heated in an oil bath at 150
°C with constant stirring for a predetermined period. At the
end of the reaction time, the reactor was cooled to room
temperature and depressurized. The catalysts were recovered
by centrifugation, and the supernatant liquid analyzed using a
gas chromatograph (Agilent 9790-GC) equipped with a flame
ionization detector (FID).

3  Results and discussion
3.1 Synthesis and characterization of HEA-NPs/C

o o o
N L N
i o e N ol HaC N

[HEMMor][NTf;,] [HEMMor][BF 4] [EMMor][NTf,]

Scheme 1 Structures of the ionic liquids used in this work.

First, the AIL ([HEMMor][NTf;]) was synthesized via a
two-step process and characterized by NMR spectroscopy (Fig.
S3). To test the feasibility of fabricating supported HEA
nanocatalysts by our ultrasound-driven AIL-promoted strategy,
commercial XC-72 carbon support, and the metal salt
precursors were dispersed in the AIL and exposed to
high-intensity ultrasound irradiation for 10 mins. The product
was recovered by centrifugation, washed in DI water, and
characterized by XRD, STEM, EDS, and ICP-OES. For simplicity,
the as-obtained carbon-supported HEA-NP catalyst is denoted
as HEA-NPs/C.

The crystallinity of HEA-NPs/C was determined by the XRD
technique and presented in Fig. 2 (a). HEA-NPs/C showed four
distinct peaks that correspond to the standard Braggs
reflections ( (111), (200), (220), and (311) ) of face-centered
cubic (fcc) lattice with a preferential growth along the (111)
plane. The shift in characteristic reflection with respect to
Au-NPs/C standard, shown in Fig. 2 (b), is attributed to the
change in lattice parameters. The absence of secondary
diffraction peaks suggests that Pt, Pd, Rh, and Ru particles are
well incorporated into the Au lattice to form an
entropy-stabilized single-phase solid solution.

The high-resolution (HR)-STEM image in Fig. 2 (c) and S4

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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show lattice fringe spacing of 0.24 nm, which is consistent with
the (111) plane of a fcc crystal lattice; the corresponding
selected area electron diffraction (SAED) pattern additional
corroborates this. The radial intensity line profile as a function
of reciprocal lattice distance extracted from the SAED pattern
is presented in Fig. 2 (d).

Figures 2 (e) and (f) display the STEM image of HEA-NPs/C
showing nanocrystalline particles of AuPdPtRhRu dispersed on
the XC-72 carbon support. The particle size range is narrow
which may have resulted from the controllable growth of NPs

Nano Res.

induced by the electrostatic and steric properties of the IL.
There are, however, quite a few remarkably larger particles
that possibly resulted from inhomogeneous mixing of the
precursor ions and their subsequent sintering during the
sonication process. Overall, the majority of the particles have
diameters in the nanoscale range.

G

[EMMor][NTf, ]
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=S
(1]
s 200 [HEMMor][NTf ]
%‘ 220 311
s 111 A A
Q
e
= HEMMor][BF,]
200 [ . 4
220 3
40 5 60 70 80
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Figure 3 (a) HAADF image and EDS elemental maps of the supported high-entropy alloy nanocatalyst (HEA-NPs/C) synthesized via the ultrasound-driven
wet chemistry method promoted by alcoholic ionic liquid (AIL). (b) XRD patterns of multicomponent alloys derived in different kinds of IL: (AIL - bottom

two and non-AlIL - top one).

Figure 3 (a) shows the STEM-EDS elemental map of
HEA-NPs/C.

The uniform distribution of Au, Pd, Pt, Rh, and Ru in the
nanosphere directly validates the formation of an alloy system.
The EDS spectrum in Fig. S6 shows the signal intensities of all
five metals, which additionally corroborates this. The EDS
elemental map analyses of different areas on the sample were
acquired (Fig. S7) to demonstrate the homogeneity of
HEA-NPs/C. The results show that HEA-NPs/C is both
structurally and chemically homogeneous.

The elemental composition of HEA-NPs/C was further
determined by the ICP-OES analysis. The atomic percent of Au,
Pd, Pt, Rh, and Ru, are respectively 19.8, 19.0, 20.5, 21.3, and
19.4, which approximates to 1:1:1:1:1 mole ratio used in the
starting materials. Also, the overall metal loading was
determined to be 9.7 wt.%, which is close to the theoretical 10
wt.% metal loadings. We can conclude from these results that a
single-phase solid solution of AuPdPtRhRh-NPs has been
realized in one step via the proposed ultrasound-driven wet
chemistry protocol promoted by AIL.

To demonstrate the flexibility of our synthetic strategy, binary,
ternary, and quaternary multicomponent alloys were
fabricated following the synthetic protocol. As seen in Figure
S8, the XRD patterns, like the quinary alloy (Figure 2a)
displayed four distinct peaks that correspond to the standard
Braggs reflections of the fcc crystal lattice with no phase
segregation. Also, a quinary alloy with theoretical atomic

percent of 15, 25, 25, 20, and 15 for Au, Pd, Pt, Rh, and Ru
respectively was synthesized to investigate how easily the alloy
composition can be controlled. The actual atomic percent
based on the ICP-OES data analysis was 14.7, 24.9, 25.2, 19.8,
and 15.4 which corresponds to approximately 0.6:1:1:0.8:0.6
mole ratio respectively as expected. Additionally, we utilized
[HEMMor][BF,], which has markedly distinct physical
properties from [HEMMor][NTf;] as the reaction medium to
demonstrate the flexibility of the reaction medium. The
as-obtained nanocrystals, as seen in Fig. 3 (b), showed similar
diffraction peaks as those from [HEMMor][NTf;], which
unambiguously proved the adaptability of our synthetic
protocol.

To underscore the importance of the hydroxyl functionality in
the formation of single-phase nanocrystals of AuPdPtRhRh in
one step, [HEMMor][NTf,] was replaced with the
"non-hydroxyl" counterpart, i.e. [EMMor][NTf;] as the reaction
medium. The formation of phase-segregated XRD patterns
displayed in Fig. 3 (b) provides evidence that the hydroxyl
functionality is crucial in the formation of single-phase HEA
nanocrystals in one step.

3.2 Catalytic performance of HEA-NPs/C towards selective
hydrogenation of phenol

Cyclohexanone is an important chemical intermediate in the
manufacture of e-caprolactam, a raw material used in the
production of nylon-6 [38-40]. It can be obtained by the

\f@ TSINGHUA @ Springer | www.editorialmanager.com/nare/default.asp
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oxidation of cyclohexane which requires high temperature and
pressure and often leads to the formation of undesirable side
products [41]. Selective hydrogenation of phenol (Scheme 2) is
an alternative pathway in which cyclohexanone selectivity
largely depends on the properties of the catalysts [41-49].
Tunning the electronic and geometric structures of the
catalysts is a workable strategy to improve performance, as has
been demonstrated from the results of various bimetallic
catalysts [50-55]. HEAs consist of even more elements and thus
regulate the geometric and electronic structures to a larger
extent. The severe lattice distortion induced by the atomic size
mismatch raises their potential energy, resulting in lower
activation energy during catalytic processes [4]. Rationally, the

5

catalytic activity of HEA-NPs/C was investigated for selective
hydrogenation of phenol.

OH 0 OH
Cat., heat
—_— ——
Hz
Scheme 2 Catalytic selective hydrogenation of phenol to cyclohexanone.

As seen in Table 1, HEA-NPs/C efficiently catalyzed phenol
hydrogenation, yielding cyclohexanone as the predominant
product. The phenol conversion was 88.7% within 1 h at 150
°Cand 1 MPa H; pressure (Table 1, entry 1).

Table 1 Results of phenol hydrogenation by HEA-NPs/C under different

conditions

Entry Time H; pressure Conversion Selectivity
(h) (MPa) (%) C=0 C—0

1 1 1.0 88.7 97.8 2.2

2 2.5 1.0 96.3 96.4 3.6

3 6 1.0 99.8 99.5 0.5

4 12 1.0 99.8 99.1 0.9

5 24 1.0 99.2 99.6 0.4

6 1 2.0 98.5 99.8 0.2

Reaction conditions: phenol (1.3 mmol), AuPdPtRhRu (10wt.% in HEA-NPs/C,
2.8 mol% relative to phenol; average molecular mass = 140.5 g/mol),

temperature = 150 °C, C=0 denotes cyclohexanone and C—O denotes
cyclohexanol.

a) 100 - I conversion EFAselectivity L 100 .é"s'._‘ (b) 1004 W conversion EFAselectivity L100 a“e‘
S g = ] 2
8 S 8- 80 3
i} ) o | <
@ 9 ] b
2 6 5 2 60+ 60 5

3]
g 5 g 5
3 40 N— = 404 40 N
c o e o
2 g £ ] z
o2 2 o 204 £20 2
o o
o 1 o
o [
- U) 0- '0 w

HEA-NPs/C

Pd-NPs/C Pd-NPs/C_com
Catalyst

1st 2nd 3rd 4th 5th
Usage cycle

Figure 4 (a) Selective hydrogenation of phenol over different catalysts (1.3 mmol phenol, 2.8 mol% active metal (s) relative to phenol, 150 °C, 1 MPa H,, 1 h).
(b) reusability performance of HEA-NPs/C catalyst in phenol hydrogenation (1.3 mmol phenol, 2.8 mol% active metals relative to phenol, 150 °C, 2 MPa H,,

1h)

Upon increasing the reaction time to 2.5 h, the phenol
conversion reached 96.3% with a cyclohexanone selectivity
of 96.4%. Beyond 2.5 h reaction time, a close to 100% phenol
conversion and cyclohexanone selectivity were achieved.
Meanwhile, as the pressure was increased to 2.0 MPa, the
conversion exceeded 98% within 1 h, with selectivity for
cyclohexanone as high as 99.8% (Table 1, entry 6).

The relatively high selectivity of HEA-NPs/C is possibly due
to the favorable desorption of cyclohexanone on the catalyst
surface, inhibiting its further hydrogenation to cyclohexanol
[56, 57]. Similar selectivity trend towards cyclohexanone
production has also been demonstrated in other liquid-phase
phenol hydrogenation catalyzed by Pd-based materials [58].
Under similar conditions, the catalytic performance of other

multicomponent alloys investigated in the hydrogenation
process decreased in the following order (Figure S9):
quinary (AuPdPtRhRu) > quaternary (AuPdPtRh) > ternary
(AuPdPt) > binary (AuPd). The configurational entropy of the
multicomponent alloys increases with the addition of
different elements; alloys in higher configurational entropy
state demonstrate a higher synergistic effect, hence, superior
catalytic performance.

Notably, a commercial Pd-NPs/C (Pd-NP/C_com) showed
inferior catalytic performance relative to HEA-NPs/C but
similar to as-synthesized Pd-NPs/C under similar reaction
conditions. In Fig. 4(a), HEA-NPs/C displayed a phenol
conversion of 88.7% at 150 °C with 1 MPa H, pressure within
1 h, which is higher than commercial Pd-NP/C_com (76.9%)

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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and as-synthesized Pd-NPs/C catalysts (70.5%) under the
same reaction conditions. Meanwhile, the cyclohexanone
selectivity over all three catalysts was virtually

the same. Although Pd-based catalysts are predominantly
used in selective hydrogenation of phenol, it is important to
note that Pt [59-61], Rh [38, 62-64], and even Ru [65, 66]
-based catalysts have all been investigated with satisfactory
results (Table S2). Nevertheless, our HEA-NPs/C
performed better than several noble metallic catalysts so far
reported at relatively milder conditions [67-69]. For example,
while Ru/y-Al,0; exhibited an 88% phenol conversion and
83% cyclohexanone selectivity at 160 °C, 2 h reaction time
and 5 MPa H; pressure (Table S2, entry 1), our HEA-NPs/C
catalyst showed a much higher phenol of 98.5 % and
cyclohexanone selectivity of 99.8% at milder conditions (150
°C, 1 h reaction time and 2 MPa H, pressure). Similarly,
HEA-NPs/C showed superior cyclohexanone selectivity of
99.8% compared to Rh/SiO, with 82.6% cyclohexanone
selectivity (Table S2, entry 27). While there are a few single
component noble metal catalysts that are more active and/or
selective in reaction conditions that are milder than reported
in the present work, it is important to note, however, that
these single noble metal catalysts are often used in
conjunction with Lewis acids as dual catalysts to activate the
benzene ring and suppress further hydrogenation of
cyclohexanone to cyclohexanol [40]. The superior catalytic
performance of HEA-NPs/C is ascribed to the strong
synergistic effect resulting from the combination of
catalytically active metals. The numerous possible
arrangements of different atoms on the catalyst surface may
have provided different adsorption modes for phenol and its
intermediate, hence the superior catalytic performance.

The recyclability of HEA-NPs/C was investigated through
repeated hydrogenation experiments following a facile
solvent wash process with acetone. As seen in Fig. 4(b),
HEA-NPs/C demonstrated excellent stability, yielding phenol
conversion and selectivity for cyclohexanone greater than
95% under the test conditions across all five usage cycles.

4 Conclusions

Summarily, we demonstrate a facile synthetic method to
fabricate HEA-NP catalysts on a carbon support. Our
methodology is based on the transient localized hotspot
induced by the physical phenomenon of acoustic cavitation
(formation, growth, and implosive collapse of microscopic
bubbles in a liquid) observed in ultrasound irradiation of
liquids. Owing to the reducing ability of alcohols, AlLs were
utilized as environmentally friendly reducing
agent-cum-solvent in our strategy, co-reducing the precursor
ions under high-intensity ultrasound irradiation in ambient
conditions. The as-obtained NPs showed superior
performance for selective hydrogenation of phenol
compared to the monometallic counterparts due to the
strong synergistic effects. Such a technologically feasible and
facile synthetic method provides an improved methodology
for the sustainable synthesis of multicomponent alloys for
catalysis and other applications.
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Materials:

All the chemical reagents used in this work were of analytical grade. Potassium tetrachloropalladate (II) (K,PdCl,), potassium
tetrachloroplatinate (II) (K,PtCl), ruthenium chloride (RuCl;), gold chloride hydrate (HAuCls-3H,0), rhodium chloride (RhCl;),
ethylene glycol (HO-CH,CH,-OH), acetone (CH3-CO-CHj3), cyclohexanone ((CH,) ,CO), commercial Pd/carbon catalyst (Pd weight
loading - 10 %), acetonitrile (CH3CN) were purchased from Fisher Chemicals. N-methylmorpholine (O(CH,CH;) ,NCH3), phenol
(C¢Hs0H), cyclohexanol (HOCH(CH;)5), 2-bromoethanol (BrCH,CH,OH), bromoethane (BrCH,CHs), acetonitrile (CH3CN), ethyl
ether ((CH3CH;),0), and ethyl acetate (CH3COOC,Hs), were acquired from ACROS ORGANICS. Lithium
bis(trifluoromethane)sulfonimide (LiNTf,), sodium tetrafluoroborate (NaBF,), and activated charcoal were purchased from
Sigma-Aldrich. Carbon (Vulcan XC-72R) was bought from the Fuel Cell Store. All the chemicals were used without further
purification.

Synthesis of ethyl-N-methylmorpholinium bis(trifluoromethylsulfonyl)imide - [EMMor][NTf;]:

N-methylmorpholine (0.55 mol) and excess bromoethane (0.60 mol) were mixed with 300 mL acetonitrile in a round-bottom flask
and stirred at 90 °C for 12 h under an N, atmosphere. The solvent was removed under reduced pressure, and the residue was
washed with ethyl ether to obtain ethyl-N-methylmorpholinium bromide ([EMMor][Br]) as a crystalline solid. The solid was
redissolved in 300 mL deionized water (DI) and decolorized with activated charcoal by refluxing overnight. The aqueous layer was
recovered by vacuum filtration and used for the anionic exchange with LiINTf, (0.55mol) at room temperature. The non-aqueous
layer was extracted in ethyl acetate and dried under removed pressure to obtain [EMMor][NTf;]. The reaction scheme is shown
below. The structure was characterized by NMR spectroscopy, and the following peak positions were observed. 'H NMR (400 MHz,
DMSO0-dg, §/ppm, relative to TMS): § 1.22 - 1.28 (t, 3H), 3.05(s, 3H), 3.34 - 3.36 (t, 4H), 3.45 - 3.54 (q, 2H), 3.88 - 3.98 (s, 4H).
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Figure S1 NMR spectrum of [EMMor][NTf;]

Synthesis of N-(2-hydroxyethyl)-N-methylmorpholinium tetrafluoroborate - [HEMMor]BF,]:

[HEMMor]BF,] was synthesized according to previous reports with some modifications. N-methylmorpholine (0.55 mol) and
excess 2-bromoethanol (0.60 mol) were mixed with 300 mL acetonitrile in a round-bottom flask and stirred at 90 °C for 12 h under
an N, atmosphere. The solvent was removed under reduced pressure, and the residue was washed with ethyl ether to obtain
ethyl-N-methylmorpholinium bromide ([HEMMor][Br]) as a crystalline solid. The solid was redissolved in 300 mL deionized water
(DI) and decolorized with activated charcoal by refluxing overnight. The aqueous layer was recovered by vacuum filtration and
used for the anionic exchange with NaBF, (0.55mol) at room temperature. The residual of NaBr was removed from the ionic liquid
by low-temperature filtration.The reaction scheme is shown below. The structure was characterized by NMR spectroscopy, and the
following peak positions were observed. 'H NMR (400 MHz, DMSO-d,, §/ppm, relative to TMS): 6 3.18 (s, 3H), 3.43 (t, 2H), 3.55 (t,
2H), 3.61 (t, 2H), 3.81 (s, 2H), 3.87 (s, 4H), 5.29 (t, 1H).
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Figure S2 NMR spectrum of [HEMMor][BF,]

Synthesis and characterization of N-(2-hydroxyethyl)-N-methylmorpholinium bis(trifluoromethylsulfonyl)imide)
[HEMMor][NTf,]:

HEMMor][NTf;] was synthesized according to the procedure described in the main text. The reaction scheme is shown belo. The
structure was characterized by NMR spectroscopy and the following peak positions were observed. 'H NMR (400 MHz, DMSO-ds,
§/ppm, relative to TMS): § 3.20 (s, 3H), 3.45 (t, 2H), 3.58 (t, 2H), 3.60 (t, 2H), 3.80 (s, 2H), 3.89 (s, 4H), 5.28 (t, 1H).
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Synthesis of Pd-NPs/C:

K;PdCl, (0.025 mmol) was dissolved in a minimum volume of DI water to form a salt solution. This solution was combined with a
calculated mass of XC-72 carbon support pre-dispersed in 30mL IL for a total metal loading of 10wt.%. The mixture was exposed to
sonication treatment for 10 min by direct immersion of ultrasonic titanic horn operating at 20 kHz at ambient conditions. When the
sonication time was reached, the solid was recovered by centrifugation and washed thoroughly with DI before being dried in an
oven at 100 °C overnight.

Synthesis of Au-NPs/C:

HAuCl,-3H,0 (0.025 mmol) was dissolved in a minimum volume of DI water to form a salt solution. This solution was combined
with a calculated mass of XC-72 carbon support pre-dispersed in 30mL IL for a total metal loading of 10wt.%. The mixture was
exposed to sonication treatment for 10 min by direct immersion of ultrasonic titanic horn operating at 20 kHz at ambient
conditions. When the sonication time was reached, the solid was recovered by centrifugation and washed thoroughly with DI
before being dried in an oven at 100 °C overnight.

Figure S4 HR-STEM image of the supported high-entropy alloy nanoparticle catalyst (HEA-NP/C) showing a lattice fringe spacing of 0.24 nm consistent
with the (111) plane of a face-centered cubic crystal structure.

Figure S5 STEM image of the supported high-entropy alloy nanoparticle catalysts (HEA-NP/C) displaying ultra-small-sized particles of AuPdPdPtRhRh
dispersed on the carbon support.
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Figure S6 EDS spectrum of the supported high-entropy alloy nanoparticle catalysts (HEA-NP/C) showing the constituent elements.

Figure S7 HAADF image and EDS elemental maps of the supported high-entropy alloy nanocatalyst (HEA-NPs/C) synthesized via the ultrasound-driven wet
chemistry method promoted by alcoholic ionic liquid (AIL).
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Figure S8 (a) XRD patterns of supported multicomponent alloy nanocatalysts synthesized via the ultrasound-driven wet chemistry method promoted by
alcoholic ionic liquid (AIL). The shift in reflection positions with the addition of more element is denoted by the dotted lines in (b).
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Figure S9 Selective hydrogenation of phenol over different multicomponent catalysts (quinary (AuPdPtRhRu), quaternary (AuPdPtRh), ternary (AuPdPt),
binary (AuPd), 1.3 mmol phenol, 2.8 mol% active metals relative to phenol, 150 °C, 1 MPa H,, 1 h).
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Table S1 Summary of HEA catalysts for thermally-driven and electrocatalytic applications.

Catalyst Synthetic method Structure Catalytic reaction Ref.
AuPdPtRhRu Ultrasonication fcc Phenol hydrogenation This work
PtPdRhRuCe Carbothermal shock fcc NH;3oxidation [1]
Sputtering fec ORR [2]
PtNiFeCoCu Colloidal Synthesis fcc HER and alcohol oxidation [3]
AlNiColrMo Dealloying fcc OER [4]
MnFeCoNiCu Solvothermal fcc OER [5]

i Laser ablation fcc OER [6]
Fast-movingbed pyrolysis fec HER [7]
Polyol method fcc HER [8]
Electrodeposition Amorphous OER and HER [9]
] Melting:-cryogrinding fec CO; reduction [10]
IrOsReRhRu Thermaldecomposition hcp Alcohol oxidation [11]

Table S2 Summary of hydrogenation of phenol to cyclohexanone over noble metal-based catalysts

Catalyst Solvent Reactor Temp. _Time H; pressure Conversion  Selectivity Ref.
L0 ) (MPa) (%) (%)

9.7 wt% Hexane Autoclave 2.5 1 96.3 96.4 This
AuPdPtRhRu/C 150 work
9.7 wt% Hexane Autoclave 1 2 98.5 99.8 This
AuPdPtRhRu/C 150 work
5.0 wt% Ru/y-Al,03 Cyclohexane Autoclave 160 2 5 88 83 [12]
5.0 wt% Ru/MIL-101 CH.CI, Batch reactor 50 4 0.5 80 74 [13]
5.0 wt% Ru/MIL-101 H,0 Batch reactor 50 4 0.5 90 90 [13]
Pd/mpg-C3N, H,0 45 12 0.1 99 98.5 [14]
Pd/mpg-C3N, H,0 100 1 0.1 99 99 [14
Pd-Ca/La,03 C,H;0H Tubular reactor 220 0.1 52 93 [15]
Pd-Ca/CeO; C,HsOH Tubular reactor 220 0.1 55 92 [15]
Pd-Ca/Al,03 C,HsOH Tubular reactor 220 0.1 38 93 [15]
5 wt%Ru/y-Al,03 Cyclohexane Autoclave 160 3 5 100 90 [16]
2.7 wt%Pd/A-45 H,0 Reactor 100 3 1 100 89.9 [17]
2.2 CH,Cl, Batch reactor 2 0.5 91 85 [18]

wt%Rh@S-MIL-101 50
5 wt%Pd/MIL-101 H,0 Autoclave 25 11 0.1 99.9 99.9 [19]
2 mol%Pd/C H,0, HCOOK Round bottom 6 Open 99 99 [20]
flask 90 atmosphere
Rh Cyclodextrins 60 3 4 88 100 [21]
5 wt%Pd/Al;03 CHCl, 30 12 1 15.5 89.5 [22]
5 wt%Pd/Al;03, AlCl3 CH.Cl, 30 8 1 99.9 99.9 [22]
2 mol%Pd/C H,0, HCOOK Round bottom 6 Open 99 99 [21]
flask 90 atmosphere
8.1 wt% Rh@SiCN GVL, H,0 Steel autoclave 25 4 0.6 67 72 [23]
8.1 wt% Rh@SiCN H,0 Steel autoclave 25 2 0.6 54 67 [23]
8.1 wt% Rh@SiCN CH3COCH3, H,0 Steel autoclave 25 2 0.6 37 82 [23]
2.2 H,0 Batch reactor 2 0.5 95 92 [18]
wt%Rh@S-MIL-101 50
0.6 wt%Ru@NaX H,0 Three-necked 10 0.1 90 99.9 [24]
flask 80
1 wt%Pd-HAP H,0 Tube 75 3 0.1 100 100 [25]
1 wt%Pt@TNT CH,Cl, Autoclave 50 0.5 95 83 [26]
5 wt%Rh/Si0; Cyclohexane Autoclave 30 9 0.1 100 82.6 [27]
Pd/CNTs CH3;0H Tubular reactor 220 3.52 18 99 [28]
3 wt%Pt-out/CNTs CH,Cl, Autoclave 50 0.5 0.5 11.6 72.3 [29]

@ Argon pressure.
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