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Abstract

Metal oxide-supported multielement alloy nanoparticles are very promising as
highly efficient and cost-effective catalysts with a virtually unlimited composi-
tional space. However, controllable synthesis of ultrasmall multielement alloy
nanoparticles (us-MEA-NPs) supported on porous metal oxides with a homoge-
neous elemental distribution and good catalytic stability during long-term opera-
tion is extremely challenging due to their oxidation and strong immiscibility. As
a proof of concept that such synthesis can be realized, this work presents a gen-
eral “bottom-up” 1 ultrasonic-assisted, simultaneous electro-oxidation-reduc-
tion-precipitation strategy for alloying dissimilar elements into single NPs on a
porous support. One characteristic of this technique is uniform mixing, which
results from simultaneous rapid thermal decomposition and reduction and leads
to multielement liquid droplet solidification without aggregation. This process
was achieved through a synergistic combination of enhanced electrochemical
and plasma-chemical phenomena at the metal-electrolyte interface (electron
energy of 0.3-1.38 eV at a peak temperature of 3000 K reached within seconds
at a rate of ~105 K per second) in an aqueous solution under an ultrasonic field
(40 kHz). Illustrating the effectiveness of this approach, the CuAgNiFe-
CoRuMn@MgO-P3000 catalyst exhibited exceptional catalytic efficiency in
selective hydrogenation of nitro compounds, with over 99% chemoselectivity
and nearly 100% conversion within 60 s and no decrease in catalytic activity
even after 40 cycles (>98% conversion in 120 s). Our results provide an effective,
transferable method for rationally designing supported MEA-NP catalysts at the
atomic level and pave the way for a wide variety of catalytic reactions.
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1 | INTRODUCTION

Nanoparticles (NPs) with tunable compositions, various
size, and controllable morphologies have been exten-
sively used for energy applications and many catalytic
applications™?; however, to avoid synthetic complexity
and prevent structural heterogeneity most NPs only con-
tain up to three metallic elements.' Multielement alloy
NPs (MEA-NPs; that is, ultrafine NPs with >3 elements)
represent a vast and unexplored region in chemical space
that could provide enhanced material tunability via a
synergistic combination of various environments and dif-
ferent elements and high-dimensional composition
control.*® Compared with bare NPs, NPs anchored on
porous carbon or metal oxide supports possess remark-
ably enhanced surface energy and specific surface area,
which prevent aggregation by reducing the migration
rate.”'® In addition, dispersion and immobilization of
NPs on supports, such as carbon-based materials, metal
oxides, and porous silica, zeolite, and alumina, allows
further tuning of the catalyst shape, size, phase (solid
solution or phase-separated) and stability, thus improving
the overall catalytic activity.>'' Therefore, supported
ultrasmall (us)-MEA-NPs (less than 10 nm) can be very
useful in catalysis, energy storage, biology, and energy
conversion due to their large specific surface area and
abundant, single-atom active sites.'*'*

To date, two main synthesis approaches for supported
us-MEA-NPs based on tuning of the stability and collec-
tive properties have been developed: (I) in situ growth'?
and (II) synthesis-then-assembly.'® Among the synthesis-
then-assembly methods, Yao et al. reported a fast, high-
temperature (>2000 K) process and a two-step
carbothermal shock (CTS) process based on flash heating
of metal salt precursors loaded onto a carbon support.*®
This process generates extremely high temperatures
(~2000 K), which arise from ultrasonic irradiation and
local plasma temperatures of up to thousands of K
and induce the decomposition of the loaded salt precur-
sors to metallic NPs.'”'® The prepared MEA-NPs can be
well dispersed on carbon nanofibers via impregnation
followed by electrical Joule heating (temperature of
~3000 K) and ultrafast cooling, with a high loading rate
and good size control.'” More often, us-MEA-NPs are
produced on conductive supports in situ via hydrother-
mal reactions or chemical reduction, which is a simple
and comparatively inexpensive method® or sometimes
via physical strategies, such as selective surface
functionalization®! and in situ electron-beam radiation.*?
As-prepared us-MEA-NPs tend to redistribute and
agglomerate during synthesis and after heat treatment
since the interactions between us-MEA-NPs and support
materials are weak and because conductive materials are

nonwetting for most metals, leading to performance dete-
rioration following us-MEA-NP agglomeration and/or
detachment.”>** Previous methods were carried out at
high temperature to yield a favorable Gibbs free energy
(AGpix = AHpix — T*ASLix) and a high-entropy environ-
ment for the synthesis of us-MEA-NPs.*> A small mixing
enthalpy (AH,,;x) is essential for promoting the formation
of us-MEA-NPs; therefore, the produced particles are
generally larger than 10 nm because high temperatures
increase particle growth and atomic diffusion. Similar
conclusions were reported in many earlier studies; for
example, Yang et al. constrained the mixing enthalpy to
AHix < 5kI mol™! by applying with empirical single-
phase selection rules, and Stocks et al. reported that a
small AH,;, < 3.57 kJ mol ' was a safe upper limit for
single-phase alloys.”® Thus, mixing strongly repulsive
transition metals with an intrinsically high AHp;,
(e.g., Cu-Mo with a AHp;, of 19 kJ mol !, Mo-Sn with a
AH,;, of 20kImol™!, and Au-W with a AH,,; of
12kJImol ') is highly challenging. Hu et al described
a high-entropy and high-temperature-based method
(in which MEA-NPs were produced under a high T*AS;«
at 1800 K) to overcome the immiscibility of strongly repul-
sive combinations (e.g., Mo-Cu, Au-W, and Mo-Sn), which
increases the range of possible transition metal alloys that
can be mixed.*” A high temperature places greater demand
on the equipment and causes agglomeration of atoms,
resulting in a decrease in the surface area and the number
of active sites.® Thus, novel approaches that are transfer-
able and potentially universal must be developed to fur-
ther broaden the compositions range of metallic NPs and
enhance their catalytic properties. Among the core chal-
lenges, overcoming the immiscibility of transition metals
with high mixing enthalpies is paramount for realizing
single-phase solid solutions at local high temperatures.

In general, the synthesis strategies for supported us-
MEA-NP catalysts and the chemical nature of the support
materials, whether metal oxides (e.g., Al,05, TiO,, SiO,,
or ZrO,) or nanooxides (e.g., graphite and SiC), play
important roles in controlling the final properties of the
NPs. Very strong metal support interactions (SMSIs)
between support materials and oxide NPs generally ham-
per chemical reduction of NPs.*® For instance, Co;0,-
based catalysts with nonreducible supports such as Al,O3
and SiO, prepared via conventional impregnation with
nitrate precursor aqueous solutions were difficult to reduce
to metallic Co in a H, atmosphere, resulting in conitration
after calcination. Additionally, although reduction of Co;0,
on a reducible support is thermally feasible, it is more diffi-
cult than reduction of unsupported Coz0,.

Herein, we report a straightforward, transferable and
general strategy based on ultrasonic-assisted simultaneous
electro-oxidation-reduction-precipitation ~ (U-SEO-P) to
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synthesize stable us-MEA-NPs supported on porous metal
oxide substrates (Scheme 1). The resulting CuCoNi-,
CuAgCoNiFe-, and CuAgNiFeCoRuMn-NPs (down to
4 nm in size, which are the smallest MEA-NPs reported
thus far) were firmly anchored and well dispersed on mag-
nesium oxide (MgO-P3000, i.e., formed via plasma dis-
charge at 3000 K), which played a critical role in stabilizing
the us-MEA-NPs. Compared to direct support on conduc-
tive materials such as carbon,? the MEA-NPs showed
better chemical stability when dispersed on defective
MgO-P3000. Density functional theory (DFT) calculations
revealed that the binding energy of CuAgNiFeCoRuMn-
NPs dispersed on defective MgO-P3000 was much greater
than that on defective carbon, suggesting better overall
stability of CuAgNiFeCoRuMn@MgO-P3000.%° In another
model system, the CuAgNiFeCoRuMn@MgO-P3000 cata-
lyst exhibited unique catalytic performance and high
stability, which are challenging to achieve in heteroge-
neous catalysis research and enable allowing reduction of
nitroarenes within 60s leading to high conversion
approaching 100% for the production of the corresponding
amino compounds under mild conditions. This catalyst
exhibited high catalytic stability and recyclability along
with strongly inhibited sintering and aggregation due to
the strong us-MEA-NP-support interactions. The atoms in
the MEA-NPs have different densities of states (DOSs);
in other words, some atoms lose their elemental identity,
and the DOS can be tuned by adjusting the neighboring
atoms. The probable electronic structure changes were
studied based on supervised learning.** This approach
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Schematic illustration of us-MEA-NP@MgO-P3000 fabrication with the U-SEO-P synthetic approach.

paves the way toward achieving stable catalysts and
constructing effective NPs for a variety of applications.

2 | RESULTS
2.1 | Rational design of MEA NPs with
up to septenary mixing

Conventionally, fast-moving bed pyrolysis, the solvothermal
method, top-down lithography, vapor-phase deposition and
CTS (Joule heating) can generate many us-MEA-NPs via
pyrolysis of mixed precursors loaded on various electrically
conductive supports (i.e., carbon, zeolite, y-Al,Os, and black
and graphene oxide); however, these methods require sev-
eral steps and costly equipment and are suitable for limited
combinations of strongly repulsive metallic elements and
supports.’**" In contrast, a series of us-MEA-NPs, from ter-
nary (CuAgCo) to quinary (CuAgCoNiFe) and septenary
(CuAgNiFeCoRuMn) us-MEA-NPs, were synthesized via a
straightforward one-pot water-based solution method. An
equimolar mixture of salt precursors My(NO3), (M is Ag,
Co, Cu, Ni, Fe, Ru, or Mn) was used in the a facile one-pot
U-SEO-P synthesis method at 0°C with a short treatment
time (60 s) (further information in Supporting Information
with Figures S1 and S2). The ultrasonic frequency (28, 40,
and 138 kHz) (Figure S3) and high-electric field plasma dis-
charge induced rapid dissolution of the hydrolyzed precur-
sors to form mixed metal atoms. This process caused
growth and rupture of microbubbles in regions with local
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FIGURE 1 HR-TEM images of (A) ternary (CuAgCo), (B) quinary (CuAgCoNiFe), and (C) septenary (CuAgNiFeCoRuMn) us-
MEA-NPs encapsulated within MgO-P3000. (D-H) HR-TEM images of CuAgNiFeCoRuMn NPs on cross-sections of MgO-P3000. (I-L)
Distribution of CuAgNiFeCoRuMn inside micropores and on the surface of the MgO-P3000 support. (M-O) High-angle annular dark-field
(HAADF) scanning TEM (STEM) images and EDS chemical maps of Cu, Ag, Ni, Fe, Co, Ru, and Mn in CuAgNiFeCoRuMn@MgO-P3000 in
different areas from (F).
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plasma temperatures higher than 3000 K, which rapidly
increased over a short time in the discharge channels. Rapid
oxidation of the magnesium metal plate occurred when
molten Mg left the channels; this oxidation promoted the
combination of the porous MgO-P3000 support and metal
ions through the uniform formation of well-mixed us-
MEA-NP droplets during reduction, which rapidly cooled at
the surface support interface (Scheme 1). We consider the
higher temperature (~3000 K) here to be the reason for the
distribution of NPs on the porous MgO-P3000 film, which
absorbed ultrasonic radiation and converted it into thermal
energy more efficiently than MgO powder or porous wood.
The temperature was significantly greater than the melting
points of the metals and decomposition temperatures of the
metal precursor salts (Table S1), facilitating reduction of the
metal ions and formation of solid solution particles while
avoiding oxide impurities. In addition to this high tempera-
ture effect, the ultrasonic energy enhanced the chemical
reactions and chemical agent-free reduction of precursors
via thermal dissociation (pyrolysis combined with the physi-
cal effects of ultrasound) of H,O molecules, generating
extremely reactive free radicals, including H* and OH"
(Equation 1).

H,O0 +ultrasound — e, H;0",H;H,,0H;H,0, (1)

The ternary (CuAgCo), quinary (CuAgCoNiFe), and
septenary (CuAgNiFeCoRuMn) us-MEA-NPs, which
were similar in size (diameter of 2-5 nm) regardless of
the multielement combination or composition, were uni-
formly distributed on the surface of the porous MgO-
P3000 support without significant aggregation and were
incompletely encapsulated by the support material, leav-
ing a partially exposed free surface (Figure 1A-C).
Despite the variations in the porosity of MgO-P3000 after
reduction at high temperatures, the growth of us-
MEA-NPs inside the pores resulted in comparable parti-
cle size distributions (Figure 1E-H). The as-prepared
CuAgNiFeCoRuMn us-MEA-NPs were uniformly distrib-
uted and crystallized on the MgO-P3000 support
(Figure 1H). Moreover, x-ray diffraction confirmed the
close interfacial interactions between the MEA-NPs and
MgO-P3000 (Figure S4). Accordingly, the seven metal ele-
ments in the CuAgNiFeCoRuMn us-MEA-NPs formed a
face-centered cubic (FCC) structure with a lattice constant
of 0.21 nm, as shown by the electron diffraction ring pat-
tern. Moreover, the lattice spacing of 0.21 nm between
adjacent lattice fringes of the CuAgNiFeCoRuMn us-
MEA-NPs was indexed to the d spacing of the (111) plane
of the FCC structure. The CuAgNiFeCoRuMn us-
MEA-NPs in CuAgNiFeCoRuMn@MgO-P3000 were gen-
erally smaller than 4 nm and had an average size of 2 nm
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(Figure 1C) inside and outside the micropores. The high-
resolution transmission electron microscopy (HR-TEM)
images showed an overlayer covering the us-MEA-NPs
of the CuAgCo@MgO-P3000, CuAgCoNiFe@MgO-P3000,
and CuAgNiFeCoRuMn@MgO-P3000 samples (Figure 11-K;
any structural changes that may have been induced by the
electron beam were excluded); the layer boundaries within
the regions containing us-MEA-NPs were constant, consis-
tent with the expected features of an encapsulated struc-
ture.’® To confirm the well-mixed homogeneous nature of
the us-MEA-NPs, we performed energy-dispersive x-ray
spectroscopy (EDS) TEM mapping. Elemental analysis
(Figure 1L-0O) of CuAgNiFeCoRuMn@MgO-P3000 con-
firmed that the seven elements were uniformly distributed
in representative Cu-Ag-Ni-Fe-Co-Ru-Mn-NPs, with no
evidence of phase separation or single metal segregation in
the NPs; that is, CuAgNiFeCoRuMn-NP solid-solution
alloys were generated. In order to further prove that the
proportion of each element is equal to the desired ratio of
metals, we used inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES) to analyze the composition of
us-MEA-NPs (Table S2).

After facile one-pot U-SEO-P synthesis, the us-
MEA-NPs were uniformly distributed on the MgO-P3000
film, with an average size of ~2.1 nm (Figure 2A; 100 par-
ticles were measured). These NPs exhibited a homoge-
neous distribution and a very narrow size distribution,
with approximately 98% of the us-MEA-NPs having a size
smaller than 2.5 nm. CuAgNiFeCoRuMn@MgO-P3000
was also prepared by the conventional deposition-
precipitation method under the same conditions. The us-
MEA-NPs@MgO-P3000 catalyst, which was composed of
CuAgNiFeCoRuMn-NPs supported on MgO-P3000, was
prepared by anchoring us-MEA-NPs synthesized via CTS
heating onto MgO powder.>* The CuAgNiFeCoRuMn NPs
prepared by the conventional method (e.g., deposition-
precipitation [DP] method) quickly formed particles mea-
suring ~5.02 nm after calcination at 400°C (Figure 2B)
(for more details, see Reference [32]). As expected, the us-
MEA-NPs@MgO catalyst prepared by the DP method had
no special embedded configuration for anchoring us-
MEA-NPs on the support surface, which led to weak cata-
lyst support interactions®* and poor sintering resistance at
high temperatures and in water.

Moreover, x-ray photoelectron spectroscopy (XPS) of
the surface (~1 nm in depth, as determined by the Al Ka
beam energy) revealed that all the elements were present
in the us-MEA-NPs and indicated the presence of
interatomic interactions as well as surface oxidation
of the NPs (Figure 2). The core Ag 3ds, Cu 2ps/,, Ni
2ps/2, Fe 2p3/5, Co 2ps/5, Ru 2ps/5, Mn 2ps),, and Mg 1s
binding energies were measured for each sample, and the
peaks were deconvoluted. The peaks corresponding to
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FIGURE 2 Characterization of CuAgNiFeCoRuMn NPs supported on MgO-P3000 synthesized via the DP method and our method.

(A and B) TEM images and histograms showing the particle size distributions of CuAgNiFeCoRuMn NPs on MgO-P3000 for each method.
XPS data showing the (C) Ag 3d, (D) Cu 2p, (E) Ni 2p, (F) Co 2p, (J) Fe 2p, (H) Mn 2p, (I) Ru 2p, and (G) Mg 1s binding energies.

the elemental metals are presented with orange shaded
lines in Figures 2C-G and were separately extracted for
each of the CuAgNiFeCoRuMn/MgO-P3000 catalysts.
The core-level shifts (CLSs) relative to the pure metals
were consistent with previous reports on bimetallic sys-
tems>” and indicated that the underlying electronic struc-
tures of the MEA systems were dissimilar to those of
pure metals. The CLSs for any given elemental compo-
nent were in the same direction for each of the catalysts
consisting of us-MEA-NPs on MgO. Moreover, the CLSs
of the Mn 2p, Mg 1s, Fe 2p, Co 2p, and Ni 2p spectra
were all in the direction of higher binding energies,
whereas that of Cu 2p was in the direction of lower bind-
ing energies (Figure 2D and Figure S5). These effects can
be attributed to interatomic electron transfer between the
materials and relaxation effects arising from core-hole
screening around the atoms.”® Thus, during MEA-NP

formation in CuAgNiFeCoRuMn@MgO-P3000, some of
the metal atoms likely acted as electron acceptors (nega-
tive shift) or electron donors (positive shift) for other
metals (Figures S5 and S6). To further examine this
hypothesis, we prepared us-MEA-NPs with the more
electronegative element Ru (CuAgNiFeCoRuMn@MgO-
P3000) to examine the behavior of the Cu core. The Cu
binding energy in CuAgNiFeCoRuMn@MgO-P3000
shifted to a lower value, indicating that Cu changed from
a net electron acceptor to an electron donor.

NP models were built from the relaxed CuAgNi
FeCoRuMn unit cell after geometry optimization (see
Section 5 for details), as shown in Figure 3A-C. The
projected total DOS (PDOS) is displayed in Figure 3D.
The energy sequence, based on the center of each PDOS
(at 50% occupancy), was Ag-3d, Cu-3d, Ru-4d/Rh-4d,
Ni-3d, Co-3d, Fe-3d, and Mn-3d. Accordingly, the states
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FIGURE 3 (A) Model of a CuAgNiFeCoRuMn NP obtained from (B) the relaxed unit cell. (C) Detailed atomic arrangements within the
relaxed unit cell-smaller boxes show the distribution of each atomic species. (D) PDOSs of CuAgNiFeCoRuMn and CuAgNiFeCoRhMn—the
Cu-3d states for the Ru- and Rh-containing NPs are shown, and their energies are indicated. A shift in the Cu 3d states to higher energies
upon Ru replacement by Rh is observed. (E) DOS and PDOS for the sequence AgCu NPs, CuCoNi NPs, AgCuCoNiFe NPs,

AgCuCoNiFeMnRh NPs and AgCuCoNiFeMnRu NPs. Atom colors: Fe (red), Mn (brown), Ni (bright green), Co (blue), Ru (purple), Cu
(cyan), Ag (silver), H (white), and N (grass green).
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FIGURE 4 Catalytic activity of CuAgNiFeCoRuMn@MgO-P3000 in the hydrogenation of 4-NP. (A) UV-vis spectra of 4-NP on selected
samples. (B) Solvent selection. (C) Catalyst amount. (D) Conversion and selectivity. (E) 4-NP conversion at different temperatures.

(F) Reduction reaction with temperature control in the dark or under light irradiation. (G) TOF values of different samples (1:
CuAgNiFeCoRuMn@MgO-P3000, 2: CuAgNiFeCo@MgO-P3000, 3: CuAgFeCo@MgO-P3000, 4: CuAgCo@MgO-P3000, 5: CuAg@MgO-
P3000, 6: Ag@MgO-P3000). (H) Results of recycling CuAgNiFeCoRuMn@MgO-P3000 in the 4-NP reaction. (I) Comparison of the TOF

values of different catalyst systems.

at the Fermi level mainly included Mn and Fe states,
followed by Ru and Co states. We therefore expect the
reactivity to be driven by Mn and Fe. Upon replacement
of Ru with Rh, the Cu 3d energy shifted from —2.8 eV
(Ru) to —2.68 eV (Rh) (the corresponding Cu 3d peaks

for Ru and Rh are shown in Figure 3D in cyan and tur-
quoise, respectively, together with their energies). The
energy of Rh states was lower (—2.33 eV) than that of
the Ru states (—1.85 eV). The energy of the Fe states also
shifted to a slightly higher value (—0.73 to —0.66 eV)
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upon replacement of Ru with Rh. DOS and PDOS were
calculated for the sequence AgCu, CuCoNi, AgCuCoNiFe,
AgCuCoNiFeMnRh, and AgCuCoNiFeMnRu (Figure 3E),
using a CPA impurity model to simulate the disordered
supercells (see Supporting Information for details). The
inclusion of both Cu and Ag, and the replacement of Rh
by Ru, lead to a fine-tuning of the electronic properties of
the AgCuCoNiFeMnRu NPs, which show the largest rela-
tive amount of empty states above the Fermi level (mainly
Fe/Mn/Co, then Ni, all relevant as active site), accompa-
nied by a lowering of low-energy states and higher chemi-
cal potential of d states, consistent with the analysis
performed on a specific NP model (see Figure 3). Besides
further activating Fe/Mn/Co/Ni states, Ru is playing a
global role of electronic property and reactivity optimiza-
tion, well beyond its contribution to enhancing configura-
tional entropy.

2.2 | Reduction with the
CuAgNiFeCoRuMn@MgO-P3000 catalyst

The catalytic hydrogenation of 4-nitrophenol (4-NP), a
model substrate, to 4-aminophenol (4-AP) by CuAgNiFe-
CoRuMn@MgO-P3000 was examined under mild condi-
tions with hydrazine and 2-propanol (secondary alcohol)
as the hydrogen sources at 25°C. Figure 4A shows the
conversion of 4-NP obtained for each catalyst after 60 s of
reduction. CuAgNiFeCoRuMn@MgO-P3000 showed high
conversion (100% at 1 min), whereas the other catalysts
(i.e., CuAgCo@MgO-P3000 and CuAgCoNiFe@MgO-
P3000) delivered slightly lower conversions of 90% and
95%, respectively, at 1 min. We screened several solvents
and found that water was the optimum solvent for our cat-
alytic system. CuAgNiFeCoRuMn@MgO-P3000 exhibited
exceptional catalytic activity in water and protic solvents
(such as methanol and ethanol). In contrast, the catalytic
activity was lower in solvents such as tetrahydrofuran,
n-butanol, toluene, isopropanol, dioxane, and N,N-
dimethylformamide (DMF) (Figure 4B). These results are
consistent with previous reports that protic solvents can
transport hydrides from active sites to substrates and thus
enhance the hydrogenation reaction (Figure 4B).>” The
conversion of 4-NP and the reaction rate depended on the
catalyst amount; a maximum yield of 100% and a turnover
frequency (TOF) of 7400 h™' were obtained with an opti-
mal ratio of 10 mg catalyst/5 mmol 4-NP (Figure 4C). In
the absence of a catalyst or a reducing agent, the reaction
did not produce any 4-AP under natural light or darkness,
demonstrating the excellent catalytic performance of
CuAgNiFeCoRuMn@MgO-P3000. The above TOF was
substantially greater than those previously reported for
thermal catalysts or photocatalysts for the reduction of
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nitro compounds (Table S1). In addition, CuAgNiFe-
CoRuMn@MgO-P3000 exhibited an exceptionally strong
catalytic performance (100% conversion and 100% selectiv-
ity within 60 s) (Figure 4D).

To gain further insight, control reactions were
performed in the dark in a water bath at 25 or 45°C,
which afforded 4-AP with conversions of 20% and 45%,
respectively (Figure 4E), confirming that CuAgNiFe-
CoRuMn@MgO-P3000 is intrinsically active, which is a
significant feature of an ideal photocatalyst.*® The control
reduction reactions in the dark in a water bath at 25 or
45°C delivered lower conversions than the reaction at
25°C under light, indicating that the CuAgNiFe-
CoRuMn@MgO-P3000 acts via intermediate photoex-
cited species and photothermal activation. As a result,
CuAgNiFeCoRuMn@MgO-P3000 may be considered a
photothermal agent; thus, irradiation (UV light source, 1
~ 310 nm) during the catalytic reaction produced a natu-
ral temperature increase to 50°C (Figure 4F, “light with-
out the cooling system”).>* When the same catalytic
reaction was carried out while using the cooling system
of the photoreactor, the temperature was 25°C, and a
somewhat lower yield of 90% was obtained, with 100%
4-AP conversion (Figure 4F, “light with the cooling sys-
tem”).  CuAgNiFeCoRuMn@MgO-P3000  exhibited
extremely high catalytic activity, with a TOF of 7400 h™*
(Figure 4G), suggesting the indispensable roles and
unique properties of Ru, Fe, and Mn species as electron-
enriched active sites in nitrophenol hydrogenation reac-
tions, as confirmed by DOS results (Figure 3D,E). From
out MD simulations and electronic structure calculations,
we can support the scenario of active sites on the surface
of the NP, to which Mn, Fe, and Ru belong. However, Ag
and Cu are equally important to help fine-tuning the
overall electronic properties of NP, in particular in
shifting atomic states to different energies, like demon-
strated in our previous and new DOS/PDOS analysis.
For the magnesium oxide-supported metal atoms in
CuAgNiFeCoRuMn, H, activation (1/2 H, — H*) prefer-
entially occurred at the metal sites, and the activation
energies for H, (1/2 H, — H*) on Cu, Ag, Ni, Fe, Co, Ru,
and Mn differed according to the DFT results.

CuAgCoNiFe@MgO-P3000 showed a low TOF of
2400 h™', which might have resulted from the absence
of active sites such as Ru and Mn. The use of
CuAgCo@MgO-P3000 and AgCo@MgO-P3000 yielded
4-AP with low TOF values of 1900 and 1750 h™ ", respec-
tively, along with slow 4-NP conversion. These results
were consistent with our report® that Ni, Fe, Ru, and
Mn provided binding sites for NH,NH, via strong physi-
cal adsorption, while in their absence, the number of
hydrogen adsorption sites decreased. Notably, the
CuAgNiFeCoRuMn@MgO-P3000  system  exhibited
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excellent stability for 40 cycles in terms of both conver-
sion and selectivity without loss of catalytic activity
(Figure 4H). Additionally, inductively coupled plasma
atomic emission spectroscopy (ICP-AES) characterization
of the spent catalyst revealed no noticeable structural
changes and no metal leaching (i.e., only 0.020 at. % of
CuAgNiFeCoRuMn atoms fell off the fresh catalyst) in
aqueous solution. CuAgNiFeCoRuMn NPs still keep the
same dispersions with unchanged morphological features
and chemical composition after cycling tests, as shown in
Figures S7-S9, demonstrating that the CuAgNiFe-
CoRuMn@MgO-P3000 remains active with remarkable
catalytic stability. This is attributed to the strong elec-
tronic multielements metal-support interactions between
unsymmetrical CuAgNiFeCoRuMn NPs configuration
and the MgO-P3000 support. The HRTEM and STEM
results shown the strong metal-support interactions
between the us-MEA-NPs and the MgO-P3000 support,
as shown in Figure S8. These consequences clarified the
structural advantages of CuAgNiFeCoRuMn@MgO-
P3000, which had an embedded structure and strong us-
MEA-MgO-P3000 interactions that stabilized the
CuAgNiFeCoRuMn NPs against leaching, inducing
the improved capability for H, dissociation, the easy
release of the products to prohibit over hydrogenation
and dehalogenation and the re-exposure of the surface
active site for the coming hydrogenation. Furthermore,
the recycled and fresh catalysts exhibited similar mor-
phologies and composition (Figures S8 and S9 and
Table S3).

2.3 | Benchmarking of the us-MEA-NP
catalyst

The CuAgNiFeCoRuMn@MgO-P3000 catalyst prepared
via the U-SEO-P approach was stable for 40 cycles and
maintaining its catalytic activity (4-NP yield of ~100%),
while the other catalysts prepared via different methods
exhibited stability for fewer than 40 cycles during reduc-
tion in an aqueous solution. Based on the above analysis,
CuAgNiFeCoRuMn@MgO-P3000 exhibited remarkable
reduction activity compared to that reported in the litera-
ture (Figure 4I and Table S1), as confirmed by its conver-
sion activity and TOFs.*® These results are due to the
unexpected synergistic responses, along with the high
surface-to-volume ratios, arising from the mutual elec-
tronic interactions between the constituent elements,
resulting in multielement active sites on CuAgNiFe-
CoRuMn@MgO-P3000. In addition, the chemical and
electronic behavior of us-MEA-NPs is different from that
of their compositionally simpler counterparts and

facilitates improved catalytic functions. Furthermore,
CuAgNiFeCoRuMn@MgO-P3000 could be easily sepa-
rated from the aqueous phase. In contrast, most cata-
lysts require sophisticated approaches for extraction
from the reaction solution.

2.4 | Simulations of the adsorption

To understand the reactivity of the CuAgNiFeCoRuMn
NP surfaces and the role of atomic sites, simulations of
the adsorption and decomposition of H, and N,H, on
~2nm NPs were performed. The NP model was built
based on the geometry optimized periodic model (see
Section 5 and Supporting Information for details). Hydra-
zine (Figure 5A) was preferentially adsorbed at Mn
(brown)/Fe (red) sites (0.0-0.15 ps) and then underwent
splitting processes that also involved Ni sites (0.15-
0.43 ps, transparent green). For H,, the simulations
showed preferential adsorption at Fe/Ru sites, followed
by rapid dissociation and desorption of the active species
(Figure 5B). MD calculations show that 4-NP has a strong
affinity for Fe/Mn/Ni-rich sites (red/brown/green atoms),
with Ru in proximity (purple atom). Bonding to the sur-
face of the NP entails a strong rehybridization around N
(Figure 5C, 20 ps), under partial rearrangement of the NP
surface, which takes a Fe atom closer to N and Mn/Ni
closer to O (20-40 ps). Within our simulations, fluctua-
tions of the surface lead to the elongation of a N—O
bond (40 ps).

2.5 | Substrate scope for the
CuAgNiFeCoRuMn@MgO-P3000 catalyst

Given the high catalytic activity of CuAgNiFe-
CoRuMn@MgO-P3000, we investigated its use for a wide
variety of substrates irrespective of the presence of differ-
ent functionalities (Scheme 2). Excitingly, substrates with
electron-acceptor and electron-donor groups, especially
at the para position, were reduced under visible light to
the corresponding amines with excellent conversion and
selectivity at room temperature. Overall, substrates with
electron acceptors, such as —NO,, —CHO, and —ClI,
exhibited much greater conversions of aldehydes and
nitro compounds. In contrast, the presence of electron
donors, such as —NH, and —CHs;, decreased the conver-
sion of nitro compounds. This difference is due to the
decrease in the charge on the NO, group in the presence
of an electron acceptor in the aromatic ring, which acti-
vates nitro compounds toward reduction. Additionally, in
the presence of an electron donor in the aromatic ring,
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N

0.11 ps

FIGURE 5

0.20 ps

0.40 ps

Adsorption and activation of N,H,/4-NP and H, on CuAgNiFeCoRuMn NPs; (A) N,H, adsorption at Mn/Fe sites, followed

by N-N bond breaking (0.15 ps), surface diffusion and further fragmentation at Fe/Ni sites (0.25-0.43 ps). (B) H, adsorption (0.012 ps),
dissociation and desorption (0.037 ps). (C) 4-NP adsorption (0.011 ps), dissociation and desorption (0.40 ps). Atom colors: Fe (red), Mn
(brown), Ni (bright green), Co (blue), Ru (purple), Cu (cyan), Ag (silver), H (white), and N (grass green).

the ability of NO, to receive electrons is weakened, and
NO, cannot be reduced. Para-substituted compounds
showed higher conversions than meta-substituted in the
reduction of nitroarenes to the corresponding amino
compounds with either electron acceptors or electron
donors, such as NH, and NO,. Substrates containing
carbonyl groups were reduced to hydroxyl groups. In
addition, when the compounds contained heterocyclic
aromatic rings, CuAgNiFeCoRuMn@MgO-P3000 cata-
lyzed the hydrogenation of nitro groups to amino groups
without destroying the heterocyclic compounds.

3 | DISCUSSION

In the synthesis of CuAgNiFeCoRuMn@MgO-P3000, we
used a high local plasma temperature and a high-entropy
process (TASnx) to form small liquid droplets of us-
MEA-NPs to thermodynamically drive the formation of
alloys with specific compositions. The U-SEO-P process
enabled the formation of homogeneous us-MEA-NPs
by inducing a high local temperature that increased
the entropy contribution (TAS,) (expressed as
ASmix =—RY_ 1 ,cilnc;, where ¢; is the molar fraction of
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Heteroatom-substituted substrates

Conv.=90% (>99%)

Conv.=99% (>99%)

C

Conv.=98% (>99%)

Bifunctional substrate

Conv.=100% (>99%)

Conv.=99% (>99%)
Heterocyclic substrates

Conv.=80% (>99%)

C
C
Conv.=100% (>99%) Conv.=100% (>99%)
SCHEME 2

the ith element, R is the molar gas constant, and » is the
total number of metallic elements).**** As an example,
Figure 6 A and B show the contour maps of AH,; and
ASpix for the CuAgCo system as a model ternary alloy.
The energy gain in the most of the metallic alloys was suf-
ficient for AS,;x stabilization of the random solid-solution
phase against the intermetallic catalysts according to
Richard's rule.'® Therefore, the mixing entropy ASp;, for
equiatomic us-MEA-NPs is given by Equation (2).**"*

H,NNH,, 25 °C, 60 s

Conv.=100% (>99%)

C

Conv.=100% (>99%) Conv.=100% (>99%)

C C

Conv.=90% (>99%) Conv.=99% (>99%)

C @

Conv.=100% (>99%) Conv.=100% (>99%)

Scope for the hydrogenation of various organic compounds in water with CuAgNiFeCoRuMn NPs.

ASmix =Rlnn. (2)

Consistent with the “high-entropy” effect, the random
solid solution was stabilized in the presence of several
metallic elements mixed together in equimolar propor-
tions. A larger ASpix (ASmix scaled vs. In n) was achieved
for metallic alloys with a greater number of metal ele-
ments, thus increasing the probability of solid solution
formation according to Equation (2). In general, the
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Computational study of alloy formation by the us-MEA-NPs. (A) Contour plot of the mixing entropy (ASmx) (J/mol K) of

region”, whereas the blue corner regions represent the

conventional regions. (B) Contour plot of the mixing enthalpy (AH,,;,) (J/mol K) of the CuAgCo system. The red region indicates the “high-
enthalpy region”, whereas the blue peripheral regions indicate high miscibility. (C-F) Temperature-dependent Gibbs free energy (AGp;y) of

the CuAgCo-NPs derived from thermodynamic calculations. The blue central region indicates the “easily mixed alloys”. (G) Mixing enthalpy
(AHp;y), (H) mixing entropy (ASpmix), and (I) temperature-dependent Gibbs free energy (AGpy;) of CuAgCo-NPs, CuAgNiFeCo-NPs, and
CuAgNiFeCoRuMn-NPs derived from thermodynamic calculations. us-MEA-NPs with a higher AS,,;, formed an alloy phase at a low

temperature owing to the entropy effect (— TASyix)-

formation of a single-phase solid solution has an
enthalpy window of —15 kJ mol ' < AH;, <5kJ mL™,
which is consistent with the results of Zhang et al’ In
our work, the synthesis of CuAgNiFeCoRuMn@MgO-
P300 involved synergy between high entropy and high
temperature, which was achieved by ultrasonic irradia-
tion. Thermodynamically, the mixing Gibbs free energy
(AGpiy) is the sum of two terms, that is, the mixing
enthalpy (AHp;) and the mixing entropy (ASpmix)
(Equation 3):

AGmix = AHpix — TASmix. (3)

AHp;, is related to the atomic bonding energy
according to a quasichemical model and does not depend
on the number of components (n) in the system. For
example, AH,,;;, did not show a monotonic trend as
n increased from 3 to 7 in the CuAgCo system
(Figure 6A). In contrast, ASp; increases when more
components are introduced into a system (Figure 6B)
because a higher n results in a higher configurational
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entropy. If AGn is plotted against temperature
(Figure 6C), then AS,,; is given by the slope of the curve.
Thus, decreasing AGpy, that is, stabilizing a single phase
by increasing the temperature, was most effective at
n = 7. In addition, the high temperature resulting from
plasma discharge and ultrasonic irradiation was essential
for realizing high entropy (AGmix = AHmix — TASmix)- In
the CuAgCo system, for example, although AH,,;;x peaked
when the mole fraction of Ag was zero, the peak for
ASnix occurred at a near-equimolar composition
(Figure 6D,E). Thus, AH;, strongly affects AGp; at low
temperatures (1000 K), but its effect becomes negligible
as the temperature increases to above 2000 K
(Figure 6F-I). Consequently, AGpnix can be controlled
almost solely by ASpx at the high temperatures caused
by plasma discharge and ultrasonic irradiation, which
induces severe lattice distortion and slow in-depth diffu-
sion, stabilizing the structures of metallic alloys against
nanoscale phase separation and elemental aggregation
and confirming the presence of a solid-solution structure.

Mixing is spontaneous at AGpyx < 0, and | AGpx | is
the driving force for mixing. For the systems with 3, 5,
and 7 components, AGp; was 0 at 601, 615, and
251, respectively, and AG,; became increasingly nega-
tive with a greater number of components due to the
greater ASp;, (Figure 6C). Notably, NP formation
induced lattice strain due to the incorporation of multiple
elements with higher n values. However, the steeper
AG,x gradient in a higher n system can compensate for
the lattice strain at the very high temperatures (~3000 K)
generated by plasma discharge and ultrasonic irradiation.
In conclusion, the higher AG,; and atomic diffusion at
high temperature played important roles in NP forma-
tion. In addition to influencing the temperature, the
ultrasonic energy and plasma discharge broadly excited
the vibrational degrees of freedom; thus, the unfavorable
AH.;x was exceeded by the AS.; contribution
(Figure 6), and the us-MEA-NP system was entirely mis-
cible. Numerous nucleation sites appeared due to vibra-
tions, which provided a uniform distribution and
refinement of the NPs. Therefore, the synergistic effect of
the electric field with ultrasonic irradiation successfully
generated alloy mixtures, but precise evaluation of each
contributing parameter requires additional trials and pos-
sibly a data-driven discovery approach. The MEA-NPs
aided in metallic alloy formation by increasing the
entropy (AGmix] = AHpmix—TASmix), and the higher
entropy resulted in severe lattice distortion and slow in-
depth diffusion, thus stabilizing the structures of the
metallic alloys against nanoscale phase separation and
elemental aggregation and confirming the presence of a
solid-solution structure.

4 | CONCLUSIONS

In summary, we developed a scalable synthetic approach
(simultaneous  electrooxidation-reduction-precipitation
strategy) to prepare a series of us-MEA-NP systems with
strongly immiscible element pairs. This strategy provides
(i) an excellent platform for synthesizing us-MEA-
NPs@MgO-P3000 with (ii) tunability, (iii) generality, and
(iv) potential scalability. The local plasma electron tem-
perature in plasma channels under ultrasonic irradiation
in this approach (reaching 3000 K) was higher than the
decomposition temperatures of all of the metal precur-
sors, which enabled uniform mixing of nearly any metal-
lic combination (i.e., generality). Accurate control of the
ultrasonic-assisted combined electrooxidation-reduction
parameters (i.e., ultrasonic irradiation, temperature, sub-
strate, plasma discharge duration, and heating/cooling
rate) affected the dispersity, final structure, and size of
the particle. The easily tunable synthesis of a unique
embedded support (i.e., MgO-P3000) for stabilization and
dispersion of us-MEA-NPs on its surface with a high
entropy contribution, a high local temperature and ultra-
sonic energy is ideal for large-scale nanomanufacturing,
where energy-efficient (instant heating through an
electric field) and rapid (within milliseconds) synthetic
processes could enable the high-volume production of
high-quality us-MEA-NPs@MgO-P3000. These U-SEO-
P-prepared materials represent a new area of research for
material discovery and optimization in which the mixing
entropy of us-MEA-NPs and the elemental composition
of the support surface can be designed and controlled.
More importantly, CuAgNiFeCoRuMn@MgO-P3000
exhibited significant catalytic activity, excellent recycla-
bility, durability, and stability during the reduction of
nitro groups to amino groups.

5 | EXPERIMENTAL SECTION
All the experimental procedures are described in the
Supporting Information.

5.1 | Manufacture of the alloy
us-MEA-NPs@ MgO-P3000

Plate-type samples of an AZ31 Mg alloy (Al 3.08 wt%, Zn
0.76%, Mn 0.15%, Mg balance) were coated via U-SEO-P
by applying a 60 Hz frequency, a 20 kW AC power sup-
ply and ultrasonic irradiation (as an energy source) with
a power of 500 W and a 40 kHz frequency. Cooling and
stirring systems imposed a constant temperature (0°C)
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during the U-SEO-P process to stabilize the electrochemi-
cal reactions for 180 s, in which with a Mg anode was
immersed in an electrolyte composed of 8 g/L~" K;PO,,
7 g/L~" KOH, and 40 g/L " C,H¢O, in 2 L of DI water
(pH = 12). U-SEO-P is conventionally used to fabricate a
porous MgO layer on a Mg substrate. After Cu(NOs),-3H,0,
AgNO;, Ni(NO3),-6H,0, Fe(NO;);-9H,0, Co(NOs);-6H,0,
Mn(NO;),-4H,0, or Ru(NOs); was added to a K;PO,-based
electrolyte containing ethane-1,2-diol as the reducing agent,
the metal ions were reduced to Cu, Ag, Ni, Fe, Co, Mn, or
Ru, respectively.

Ultrasonic irradiation provides a cavitation effect that
generates fine bubbles in the solution. The formation and
bursting of bubbles produce local heating at the plasma
discharge locations on the surface of the Mg substrate,
creating weak spots in the barrier layer. The plasma
sparks obtained under U-SEO-P were smaller and had a
longer lifetime than those obtained under SEO-P (i.e., no
ultrasonic irradiation). In this case, metal atoms could
not spread across large distances, thus facilitating aggre-
gation of the us-MEA-NPs on the porous MgO-P3000
surface due to the very small and very short-lived local-
ized plasma discharges.

To understand the working mechanisms of U-SEO-P
in depth, the cathode (work piece) was surrounded by a
gas envelope. Electrical breakdown was observed in the
vapor envelope around the oxide layer upon voltage
application (several hundred volts), leading to ionization
of the gas phase and the generation of soft plasma
discharge in the near-cathode region. Moreover, the bub-
bles and NPs formed from reduction in the solution at
extremely high temperatures were cooled by the electro-
lyte near the cathode surface, which accelerated the
deposition and incorporation of metal elements (more
details are provided in the Supporting Information).

The density of the plasma was greater in the presence
of ultrasonic irradiation, that is, in U-SEO-P than in
SEO-P. During the formation of us-MEA-NPs@MgO-
P3000 in U-SEO-P, two concurrent processes occurred:
(I) oxidation of the Mg alloy and (II) simultaneous
decomposition and reduction of all metal salts in the
electrolyte and oxidation of the Mg metal plate owing to
the high voltage discharge, as summarized in Equa-
tions (4)—(7).

Mg — Mg*" +ne". (4)
Mg*" +H,0 — MgO +2H". (5)
2H" +2¢” —H, 7. (6)
M*" +ne” —M°. (7)
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The amount of ultrasonic irradiation transmitted to
the electrolyte can be expressed by the acoustic energy
density (W mL™), ultrasonic intensity (W cm?), cavita-
tion intensity, or ultrasonic power (W). The ultrasonic
power, acoustic energy density, and ultrasonic intensity
are defined in Equations (8)—(10):

T
Power (W) =mC, [d—} (8)
dt|,_,
L L P
Ultrasonic intensity (w/cm?) =T (9)

: (10)

<l

Acoustic energy density (W/mL) =

where A is the area of the sample surface, D is the diame-
ter of the ultrasonic probe, m is the mass, C, is the spe-
cific heat capacity, V is the volume, and % is the initial
rate of temperature change during ultrasonic irradiation.

During the U-SEO-P process, the Mg anode was
oxidized to yield a porous MgO-P3000 support, while the
metal precursors in the solution that moved to
the formed MgO-P3000 layer, were reduced under the
high local temperature in ethane-1,2-diol to produce us-
MEA-NPs. The us-MEA-NPs (nonvolatile liquid droplets)
were instantaneously quenched on the support surface,
forming CuAgNiFeCoRuMn-NPs on the MgO-P3000 sup-
port surface without phase separation, agglomeration, or
element segregation. A unique embedded MgO-P3000
structure was formed, in which CuAgNiFeCoRuMn-NPs
were firmly anchored on the surface of the porous MgO-
P3000 support.

5.2 | Material characterization and
catalytic reduction of nitroarene
compounds

Full details of the characterization and catalytic
reduction procedures are provided in the Supporting
Information.

5.3 | Computational method

We used the ATAT code™ to create a special quasirandom
structure (SQS) of the CuAgNiFeNiCoRuMn high-entropy
alloy (HEA) from a 5 x 2 x 1 supercell of the Ag (111)
surface. The ATAT code uses a Monte Carlo strategy to
find the best match for the paired correlation functions of
the alloy of interest. Correlation functions capture the
atomic arrangements in alloys and are therefore suitable
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fingerprints when searching for crystal models. In the SQS
(HEA), there were 112 atoms in the basic unit cell of the
crystal structure. Ag, Fe, Ni, Cu, Ru, Co, and Mn had
roughly equal proportions in the overall composition. The
positions and cell parameters were optimized with the
conjugate gradient method within cp2k with the Gaussian
and plane wave (GPW) formalism* (quickstep method).
The Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional® was employed, as was the DZVP basis set in
combination with the Goedecker-Teter-Hutter (GTH)
pseudopotential.’® The plane wave density cutoff was
400 Ry. The self-consistent field (SCF) convergence crite-
rion was 1.0 x 10~° Ha, and convergence was reached
with a Broyden density mixing scheme. The DFT-D3 dis-
persion correction was used.’® Partial DOSs were calcu-
lated for the optimized structures of both the
CuAgNiFeCoRuMn and CuAgNiFeCoRhCoMn alloys and
projected onto atomic orbitals.

Molecular dynamics (MD) simulations of hydrogen and
hydrazine adsorption and activation on CuAgNiFeCoRuMn
were performed based on ~20 nm NP models (329 atoms)
obtained from the geometry-optimized periodic model.
For efficiency and enhanced sampling, interatomic force
calculations were based on the transferable tight-binding
GFN-XTB scheme,’*>* as implemented in cp2k.

5.4 | Thermodynamics calculations
ThermoCalc (v. 10) was used the SSOL7 database to
calculate the mixing enthalpy (AH,,;), mixing entropy
(ASmix), and mixing Gibbs free energy (AGpx). The
calculations were performed for a liquid phase because
the temperature caused by plasma discharge was high.
To compare AH,ix, ASpmix, and AGn; among systems
with different numbers of components, equimolar sys-
tems were assumed.
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