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a b s t r a c t  
 
Control of chemical composition and incorporation of multiple metallic elements into a single metal nanoparticle (NP) in an 

alloyed or a phase-segregated state hold potential scientific merit; however, developing libraries of such structures using 

effective strategies is challenging owing to the thermody-namic immiscibility of repelling constituent metallic elements. 

Herein, we present a one-pot interfacial plasma–discharge-driven (IP-D) synthesis strategy for fabricating stable high-entropy-

alloy (HEA) NPs exhibiting ultrasmall size on a porous support surface. Accordingly, an electric field was applied for 120 s to 

enhance the incorporation of multiple metallic elements (i.e., CuAgFe, CuAgNi, and CuAgNiFe) into ally HEA-NPs. Further, 

NPs were attached to a porous magnesium oxide surface via rapid cooling. With solar light as the sole energy input, the 

CuAgNiFe catalyst was investigated as a reusable and sus-tainable material exhibiting excellent catalytic performance (100% 

conversion and 99% selectivity within 1 min for a hydrogenation reaction) and consistent activity even after 20 cycles for a 

reduction reaction, considerably outperforming the majority of the conventional photocatalysts. Thus, the proposed strategy 

establishes a novel method for designing and synthesizing highly efficient and stable catalysts for the convertion of nitroarenes 

to anilines via chemical reduction. 

  
 
 
 
 
1. Introduction 

 
Combination and interconnection of interdisciplinary areas, technologies, 

and sciences have led to rapid advances in a vast range of areas. In 

nanotechnology and nanoscience, the combina-tion of multicomponent 

nanoparticles (NPs) and interdisciplinary research is particularly important 

because a majority of significant discoveries in previous fields occur at the 

intersection of multiple nanoscale domains in terms of their applications and 

conceptual-ization [1,2]. Unlike monometallic materials, in the field of NPs, 

multimetallic alloy catalysts exhibit excellent physical and chemi-cal 

properties, either by (i) facilitating hybrid magnetic, electronic, and chemical 

interactions between metal precursors [2] or (ii) merging dissimilar properties 

associated with each component, with an expansive and underexplored 

compositional space,  
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because of the presence of various elements in a single NP and the association 

of strong synergistic effects of physicochemical properties of individual 

components [3]. Among various alloy materials, high-entropy-alloy 

nanoparticles (HEA-NPs) (i.e., single-phase or equimolar) pose formidable 

challenges that cannot be using corresponding monometallic counterparts 

[4,5]. HEA-NPs have been used in tunable catalysis, chemical sensors, and 

drug delivery as well as possess high chemical/thermal stabilities against 

corrosion and oxidation [4]. 

 

Synthesizing HEA-NPs requires precise control of reaction con-ditions, 

which has been difficult to achieve using site-specific syn-thesis techniques, 

including traditional wet-chemistry synthesis [6], two-step carbothermal 

shock (CTS) method [7], and lithography-based synthesis [8], owing to the 

slow rates of cool-ing/heating process that facilitate the agglomeration and 

growth of NPs and limit the compositional space/structural complexity to 

phase-separated HEA-NPs, particularly for immiscible elemental 

combinations [9]. Formation of multiple elements is primarily dri-ven by a 

high temperature ( 2000 K) among metallic species to 

 

. 

mailto:%20%20wailalzoubi@ynu.ac.kr
mailto:younggun@ynu.ac.kr


  

 
build high-entropy structures (DG = DH T DS), which explains why the 

majority of published alloy NPs prepared using wet-chemistry approaches 

does not include three metals [10]. For instance, Yao et al. have reported 

high-throughput synthesis of multimetallic nanoclusters loaded on surface-

treated carbon sup-ports as promising catalytic materials using two steps: (i) 

combi-natorial chemical composition design by mixing in the solution phases 

and (ii) a rapid thermal-shock treatment (i.e., 1700 K, 500 ms) of salt 

precursor-loaded carbon support to decompose metal salts [7]. Additionally, 

an HEA-Pt18Ni26Fe15Co14Cu27 catalyst was fabricated using a low-

temperature one-pot oil phase synthe-sis approach at 222 LC for 120 min for 

methanol oxidation reac-tions and hydrogen evolution reactions (HERs) [9]. 

Moreover, alloying of immiscible metal elements into single NPs (average 

size of NP 5 nm) loaded onto carbon support (e.g., carbon nanofibers) utilizes 

a two-step CTS process based on flash heating (tempera-ture = 2000–3000 K, 

shock duration = 55 ms, and rate 105 

 

 

s 1
) and quick quenching [10]. Qiao et al. [11] utilized this quick, high-

temperature heating process to prepare HEA-NPs on a carbon-based substrate, 

which has an average particle size of 12 nm owing to the breakdown of precursors 

into liquid metal solidification. Carbon-based materials, such as carbon nanofibers 

and carbonized wood, can be employed as substrates at tempera-tures exceeding 

1400 K. At 923 K, Gao et al. demonstrated a pyrol-ysis strategy following wet 

impregnation to immobilize HEA-NPs dispersed on granular supports such as 

alumina oxides, active car-bon, and zeolite (Permutit) [12]. Based on the above, the 

aforemen-tioned methods for fabricating of NPs have limitations. Consequently, it 

is difficult to develop an effective technique for preparing supported HEA-NPs 

catalysts exhibiting high stability in one-step because dispersed NPs on a support 

require an addi-tional carbonization step to achieve high conductive material. Fur-

ther, downsizing HEA-NPs to tens of nanometers is a formidable task, particularly 

using traditional alloying techniques [13-23]. Accordingly, the development of a 

one-step chemical oxidation and reduction method for preparing stable supported 

HEA-NP cat-alysts that yield a new array of nanostructures and alloys exhibit-ing 

excellent capabilities and cycling performance is challenging. Herein, we proposed 

a facile and ultrafast ( 2 ms), one-pot interfacial plasma–discharge-driven (IP-D) 

synthesis strategy 

 
 
 
 
using soft plasma discharges (a voltage of < 300 V, a temperature  
of 2000 K, and an ultrafast plasma discharge duration  
of 10 ms) to decompose additional salt precursors to metallic NPs and oxidize 

the metal plate as a coating layer, at metal–alka-line electrolyte [comprising a 

green reductant (ethylene glycol) and phosphate] interfaces. This 

simultaneously yields HEA-NPs (i.e., CuAgFe, CuAgNi, and CuAgNiFe) of 

dissimilar metallic ele-ments on a defective oxide layer (Table S1). The 

multielement (ME) NPs and porous material support synthesized using IP-D 

pro-cess have an HEA and a limited size distribution despite being sub-jected 

to high temperatures that often promote particle coarsening. Additionally, in 

conjunction with the reduction activi-ties of ethylene glycol and the oxidation 

of the Mg metal plate, the soft plasma discharges cause the rapid ‘‘fusion” of 

particles, yield-ing homogeneous chemical mixtures of multiple elements. 

Conse-quently, high-voltage discharge during IP-D forms HEA-NPs and 

facilitates the anchoring and stability of the NPs in porous struc-tures once 

they have been prepared, owing to their extremely strong interaction with the 

support. By adjusting the applied volt-age, plasma effect, and concentration of 

utilized reducing agents, we can also manufacture uniform HEA-NPs by 

reducing the reac-tion time. The IP-D method can be used for generating of 

alloys and HEA-NPs, exhibiting redox potentials for a wide variety of 

applications. With solar light as the energy input, CuAgFeNi cata-lyst 

supported on P-MgO operates through the adsorption and interaction between 

hydrazine and the catalyst to improve the cat- 

 
alytic reduction of 4-nitrophenol, as clarified by density functional theory 

(DFT). We believe that the mechanistic explanation docu-mented herein will 

guide the preparation of HEA-NPs exhibiting ultrasmall sizes via soft plasma 

discharge–based methods as well as pave the way for the discovery of 

practical application of HEA-NPs and other excellent rapid high-temperature 

synthesis strategies. 

 

 
2. Experimental 

 
2.1. Materials 
 

Silver nitrate (AgNO3), Copper (II) nitrate (Cu(NO3)2 3H2O), nickel(II) 

nitrate hexahydrate (Ni(NO3)2 6H2O), iron(III) nitrate nanohydrate 

(Fe(NO3)3 9H2O), hydrazine (H2NNH2), ethylene gly-col(C2H6O2), and all 

the nitroarene compounds were purchased from Merck, and used as received. 

Magnesium alloys of 10 mm-thick into 10 20 4 mm plates using wire 

electrical discharge machining. 

 

 
2.2. IP-D method: Experimental procedure 

 
A MgO support was deposited on Mg alloy by applying a 60 Hz 

frequency for 120 s to an anode immersed in an electrolyte of 6 g 

L 1 KOH, 30 gL 1
 C2H6O2, 8 gL 1

 K3PO4 in 2 L of DI water (pH = 13). IP-D is 

a conventional anodic oxidation method used to prepare a porous inorganic layer 

on the MgO substrate. Metal ions were reduced to Cu, Ag, Ni, and Fe, respectively, 

with the addition of AgNO3, Cu(NO3)2 3H2O, Ni(NO3)2 6H2O, and Fe(NO3)3 

9H2O to a phosphate-based electrolyte containing C2H6O2 as the reducer. MgO-

supported Mg alloy was subjected to spontaneous oxidation–reduction–

precipitation reactions at 0 LC, 60 Hz, and 120 s in a phosphate-based electrolyte. 

 

 

The MgO support grew gradually in thickness due to an applied voltage. 

 

IP-D demonstrates many electrochemical processes. (I) Evolu-tion of 

oxygen at the common anode, (II) oxidation of Mg alloy, and (III) reduction 

of metal salts in the electrolyte. Depending on the composition and chemical 

activity of the electrolyte, oxidation may cause either surface dissolution or 

the formation of a MgO support. The reactions occurred as shown in the 

following equations. 

 

2H2O  4e ! O2 " þ4Hþ ð1Þ 

Mg ! Mg2þ þ ne ð2Þ 

Mg2þ þ H2O ! MgO þ 2Hþ ð3Þ 

2Hþ þ 2e !H2" ð4Þ 

M2þ þ ne ! M0 ð5Þ  
During the IP-D process, the growth of HEA-NPs and MgO sup-port 

increased in the voltage. Meanwhile, micro-arc-discharge (MAD) triggered 

the breakdown-voltage and accelerated the for-mation of the porous MgO 

layer. MAD increases the local electron temperature, initiating a plasma 

discharge chemical reaction at the arcing sites. During these plasma-chemical 

reactions, the Mg sur-face was gasified and oxidized to produce defective 

MgO support, and the metal ions [i.e., Cu(NO3)2, AgNO3, Fe(NO3)2, and Ni 

(NO3)2) in the electrolyte solution, which forwarded to the Mg anode, were 

reduced at a high local temperature in the discharge channel in the presence of 

ethylene glycol to produce CuAgFeNi NPs. CuAgFeNi NPs were quenched 

simultaneously by the plasma discharge, forming CuAgFeNi-P-MgO catalysts 

on the Mg plate 

 



.  

 
surface. Consequently, a unique embedded structure was pro-duced, 

promoting the firm anchoring of CuAgFeNi NPs to the por-ous MgO support 

surface.  
Gradually, the arc discharge intensified and the thickness of the defective 

MgO coating containing CuAgFeNi NPs increased quickly, increasing the 

voltage. Once the thickness of the support reached a predetermined threshold, 

the film could no longer be broken down at high voltages owing to its high 

resistance. Consequently, the arc discharge disappeared gradually, indicating 

the end of the IP-D process. 

 
 
2.3. Characterization 

 
More details are provided in supplementary materials. 

 
2.4. Catalytic reduction of nitroarene compounds 

 
On the Mg alloy surface, 5–15 mg of CuAgFeNi/P-MgO catalyst was 

precipitated on the Mg by adding 4 ppm of 4-nitrophenol, 5 mL of hydrazine 

hydrate (50% solution), 4 mL of ethanol, and 3 mL methylamine. After 

stirring, a 100-mLround-bottom flask was irradiated in a photoreactor 

equipped with a light source (a 10-W UV lamp, k = 254 nm was employed as 

the light source) for 0 to 3 h at 25 LC. For further analyses, the chloroform 

solution of the product was diluted and analyzed using HPLC (see the sup-

plementary materials). Products were identified by comparing the retention 

duration to that of standard chemicals, and the quantita-tive composition of 

each component was analyzed using HPLC by interpolating the calibration 

curves. 

 
Below are the equations (6–8) used to calculate the conversion and 

selectivity. 
 

Converson ð %Þ ¼ 

 Moles all products 

100 

  

ð6Þ 
  

 

  

 Moles of reactant   

Selectivity ð%Þ ¼ 

Moles of diresd product 

100 ð7Þ 
  

 

 Moles of all products 

TOF ¼ 

Moles of dired product     
ð8Þ 

 

 

Moles of catalyst   hours of reaction 
 

Herein, we calculate the turnover frequency (TOF) using the 

CuAgFeNi/P-MgO catalyst because the support is an integral part of catalytic 

activity. 

 
2.5. Computational details 

 
Using DFT, the structural and electronic properties of the syn-thesized 

nanoparticles were analyzed. As the initial structure, we used a cubic structure 

of Ag containing eight atoms of Ag mounted on a MgO substrate (5 5 3-unit 

cells). After optimizing the structure, the bandgap and density of states 

(DOSs) were calcu-lated. The value of the lattice constant corresponded well 

with the reported data. These calculations were performed using the hybrid 

Perdew–Burke–Ernserhof (PBE) GGA functional. The D3-grimme dispersive 

corrections, and plane-wave cutoff energy was calculated 70 Ry (952 eV). 

The external electric field used to com-pute the electrical characteristics 

ranges from 0.1 V/Å to 0.6 V/Å. All the calculations were performed using 

the computer program Quantum ESPRESSO. 

 
 

To explore and investigate the mechanism of hydrazine dissoci-ation, 

molecular dynamics (MD) simulations were performed. Except for the 

additional hydrazine molecule, the simulation sys-tem is the same as it was 

previously in Fig. 1. All the atoms were free to move during MD simulations. 

The atomic coordinates and energies of trajectory were recorded for 5 ps with 

a time step of 0.5 fm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1. Simulation system is the same as before in addition to on hydrazine molecule.  
 
 

 
2.6. Thermodynamic calculations 
 

Ternary phase diagrams, mixing enthalpy (DHmix), and entropy (DSmix) 

were calculated using ThermoCalc 2022 with SSOL data-base. The mixing 

Gibbs free energy was then estimated using the formula, DHmix TDSmix at 

various temperatures. For calculating DHmix and TDSmix, the compositions of 

the NPs obtained using EDS (Fig. S1) were used as input. The liquid was chosen as 

the exis-tent phase because multielement solutions at high local tempera-tures 

would exist as liquid droplets. 

 

 
3. Results 

 
3.1. Synthesis of HEA-NPs 

 
Conventionally, vapor-phase dispositions and thermal-shock treatments 

can generate a large number of NPs using a chemical composition gradient 

[7]; however, they require multiple element steps, complex and expensive 

equipment, and a limited selection of elements and supports. Conversely, a 

series of HEA-NPs, from ternary (CuAgFe and CuAgNi) to quaternary 

(CuAgFeNi) HEA-NPs, were synthesized using a straightforward one-pot 

strategy, with water as the solvent by adding a mixture of salt precursors 

MxCly (M = Ag, Cu, Fe, and Ni) through plasma-assisted electrochemical 

reactions at 0 LC for 3 min. Driven by high electrical field plasma (106 V/cm) 

at the local plasma temperature (>2000 K) in a dis-charge channel as well as 

the oxidation of the Mg metal plate, which occurs when molten Mg flows out 

of the channel, the high temperature and reducing agents (1,2,3-propanetriol 

and 1,2-diethanediol) induce rapid thermal decomposition (reduction) of the 

hydrolyzed precursors to form metal atoms that are mixed with each other, 

generating small liquid droplets of multimetallic solutions that rapidly cool at 

the surface–support interfaces (Scheme 1) [21]. However, because of the very 

small and brief localized plasma discharges, metallic atoms cannot spread 

over a considerable distance to facilitate the agglomeration of HEA-NPs on 

the porous magnesium oxide (P-MgO) surface. Instead, metallic atoms are 

kinetically entrapped by porous surfaces, forming HEA-NPs (Figs. S1 and 

S2). Upon rapid cooling of the electrolytic solution, these nonvolatile liquid 

droplets crystallized into homo-geneous and alloy HEA-NPs without 

agglomeration/aggregation, phase separation, or element segregation. 

Additionally, the size 

 



   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Scheme 1. Schematic of the CuAgFeNi/P-MgO fabrication process using IP-D synthesis strategy and reduction of nitro-aromatic compounds. 

 

of HEA-NPs can be tuned by varying the duration of the plasma and 

dropwise: a shorter IP-D yields NPs (Fig. S3).  
Using inductively coupled plasma atomic emission spec-troscopy (ICP-

AES), the metal compositions of HEA-NPs were determined to be 12:73:15, 

9:82:7, and 17:54:14:15 for CuAgFe HEA-NPs, CuAgNi HEA-NPs, and 

CuAgFeNi HEA-NPs, respectively. High-resolution transmission electron 

microscopy (HR-TEM) images of CuAgFeNi HEA-NPs show that the 

morphology of the surface and cross-section is fused to the P-MgO surface 

(denoted  
as  CuAgFeNi/P-MgO),  and  the  diameter  is 1.6  ±  0.5  nm  
(Fig. S4). Additionally, the HR-TEM (Fig. 2) image for CuAgFeNi HEA-NPs 

and Fig. S5 for CuAgFe HEA-NPs and CuAgNi HEA-NPs reveal that the 

lattice spacing is 0.14 and 0.21 nm corresponding to the (111) plane. As 

shown in Fig. 2(a-d), the HR-TEM results of the distribution of CuAgFeNi 

HEA-NPs are distributed with a diam-eter of <2 nm in the outer layer, while 

the diameter is > 2 nm in the inner layer because the diffusivity of atoms or 

ions depends on plasma temperature and the thickness of P-MgO, which 

reduces the aggregation and sintering of the HEA-NPs. This can be explained 

by the fact that the number and density of the sparks decreased between 100 

and 120 s owing to a thicker support layer, making the initiation of such 

discharges more difficult (real-time images, Fig. S6), limiting particle growth 

and preventing agglomer-ation in the top-layer. On the P-MgO support, the 

formed CuAgFeNi HEA-NPs are uniformly distributed and crystallized (Fig. 

2e-h). X-ray diffraction (Fig. S7) also confirms the close interfacial interac-

tion between the NPs and P-MgO support. Accordingly, four metal elements 

comprise HEA in a single FCC structure with a lattice con-stant 2.1 Å. 

Moreover, the distance of 0.14 and 21 nm between adjacent lattice fringes of 

CuAgFeNi NPs can be indexed to the d spacing of the (111) plane of FCC. 

Additionally, Fig. 2(i-m) illus-trates energy-dispersive X-ray spectroscopy 

(EDX) measurements, revealing that Cu, Ag, Fe, and Ni elements coexist in 

single NPs and are almost uniformly distributed throughout the NPs, 

elucidating the effective preparation of HEA-NPs (Figs. S8 and S9). Further 

 

analysis shows that Cu, Ni, and Fe are more concentrated in the center of the 

NP, with a shell comprising Ag elements. This is likely because Ag/Ag+ (E0 

= 0.8 V) exhibiting a high positive reduction potential can displace the metal 

elements with a lower reduction potential, i.e., Cu/Cu2+ (E0 = 0.34), Ni/Ni2+ 

(E0 = 0.25 V), and Fe/ F3+ (E0 = 0.04 V), from the edge of the NP, and 

therefore, they are more prone to oxidation than Ag owing to their low 

reduction potentials [25]. 

 

Further analysis of HEA-NPs using high-angle annular dark-filed 

scanning transmission electron microscopy (HAADF-STEM) (Fig. 3a-f and 

Fig. S10) revealed the unexpected presence of small CuAgFe, CuAgNi, and 

CuAgFeNi HEA-NPs with mean diameters of 5, 3.7, and 3.8 nm, 

respectively. Additionally, they were uni-formly distributed over the defect 

structure and a certain amount of single atoms was dispersed on the P-MgO 

support. These results revealed that heat treatment at a local plasma electron 

tempera-ture with a short lifetime of 2000–3000 K through an electrical field 

did not induce considerable agglomeration and sintering, demonstrating the 

advantage of the defects and plasma discharge, including melting, melt-flow, 

and resolidification, as nucleation sites for housing Ag, Cu, Fe, and Ni 

particles and particle dispersion in the outer layer (Fig. S8). Moreover, the 

rapid melting–cooling process of NPs within the discharge channel occurs so 

quickly that HEA-NPs in the melted site do not have time to agglomerate or 

even nucleate. To analyze the chemical states and binding nature of the 

elements present in CuAgFeNi HEA-NPs, an X-ray photoelec-tron spectrum 

of the surface region ( 1 nm in depth, as deter-mined by the beam energy of 

Al Ka) was obtained (Fig. 3). The main peaks at 1303.14 and 1303.73 eV in 

the high-resolution Mg 2p XPS profile of CuAgFeNi/P-MgO were assigned 

to P-MgO and Mg3(PO4)3, respectively, confirming the presence of Mg in the 

as-prepared support [26]. Additionally, the results of XPS indicate that all the 

elements in HEA-NPs are in metallic states. Fig. 3(h–l) shows the descriptive 

XPS spectra for Ag, Cu, Fe, and Ni elemental compo-sitions. Accordingly, 

the two peaks associated with the Ag 3d5/2 

 

 

 

 



   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2. HR-TEM and elemental mapping analysis. (a) TEM image of the cross-sections of CuAgFeNi HEA-NPs encapsulated by the P-MgO support, (b) HR-TEM image of the CuAgFeNi HEA-NPs 

in the inner layer of support, (c and d) HR-TEM image of the CuAgFeNi HEA-NPs on the outer layer of the support surface, (e–h) HR-TEM images of the CuAgFeNi HEA-NPs and the P-MgO 

support on the surface, and (i–m) HAADF-STEM images and EDX chemical mappings of Ag, Cu, Fe, and Ni in the CuAgFeNi HEA-NPs. 

 
 

and 3d3/2 doublet were detected at 366.80 and 372.85 eV, indicat-ing the 

metallic state of Ag in HEA-NPs, whereas the shake-up peaks disappeared 

and Cu 2p3/2 and 2p1/2 peaks appeared at Cu0 (932.02 eV) and Cu2+ (952.01 

eV), respectively, indicating the pres-ence of metallic copper [24–26]. 
Correspondingly, charge transfer between the metals in CuAgFeNi HEA-NPs 

may not be consider-able. Moreover, the Ni 2p spectra reveal the presence of 

Ni0 (854.8 and 872.36 eV) and Ni2+ (860.44 and 878.56 eV), confirming the 

presence of Ni2+ owing to the high chemical activity of Ni. Fur-thermore, the 

Fe 2p spectra display two peaks at 710.28 and 723.30 eV corresponding to Fe 

2p3/2 and Fe 2p1/2, respectively [27]. 

 

 
3.2. Reduction-reaction performance of CuAgFeNi HEA-NPs 

 
The reduction activity of CuAgFeNi HEA-NPs for the hydrogena-tion of 

nitroarenes (Fig. 4a) was assessed using 2-propanol (sec-ondary alcohol) and 

hydrazine as the electron donor and hydrogen source, respectively. Hydrazine 

and 2-propanol are advantageous because of the hydrogen-donor ability and 

easily separable thermodynamically stable products (only hydrogen and 

nitrogen are generated by hydrazine and acetone is generated by 2-propanol, 

which can act as the hydrogen acceptor) [28,29]. Cor- 

 

 
respondingly, excess 2-propane is required during the reduction reaction, and 

the presence of hydrazine and P-MgO as bases helps extract dihydrogen from 

alcohol. Reduction-reaction optimization using 8 mg of the CuAgFeNi HEA-

NP catalyst deposited on the magnesium surface revealed that 4-aminophenol 

(4AP) was pro-duced within 2 h in the presence of 10-mM hydrazine with 

85% conversion and 80% selectivity using 1.35 mM of 4NP (Fig. 4b, left 

section) under 450-nm light. By increasing the concentration of 4NP to 2.5 

mM in the presence of 10-mL 2-propanol, 100% conver-sion and selectivity 

were attained after 3 h of reduction reactions (Fig. 4b, middle section), 

corresponding to a TOF of 13.5 h 1, which is among the highest reported 

values (Table S2). The efficiency of NPs catalysts was determined by 

increasing the 4NP concentration to 4 mM under the same experimental 

conditions, generating 4AP in 100% yield and selectivity, corresponding to 

the highest TOF value of 20 h 1 compared to other publications (Fig. 4b, right 

sec-tion). In the absence of the catalyst and hydrogen donor, the reduc-tion 

reaction did not yield any 4AP under light or darkness, indicating the high 

catalytic activity of CuAgFeNi HEA-NPs (Fig. 4c). 

 

 

To gain further insights, we found that the conversion and rate of the 

reduction reaction depended on the amount of catalyst (Fig. 4c), with the 

highest conversion and TOF value of 20 h 1 with 
 



   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 3. HAADF-SREM images of the (a and b) CuAgFe/P-MgO catalyst prepared by IP-D with 0 LC solution and three metal precursors, i.e., Cu(NO3)2, AgNO3, and Fe(NO3)2, (c and d) CuAgNi/P-

MgO catalyst prepared by IP-D with 0 LC solution and three metal precursors, i.e., Cu(NO3)2, AgNO3, Ni(NO3)2 and Ni(NO3)2, and (e-g) CuAgFeNi/P-MgO catalyst prepared by IP-D with 0 LC 

solution and three metal precursors, i.e., Cu(NO3)2, AgNO3, Ni(NO3)2 and Fe(NO3)2. HR-XPS spectra of (h) Mg 1s, (i) Ag 2p, (j) Cu 3d, (k) Fe 2p, and (l) Ni 2p for the CuAgFe/P-MgO catalyst. 

 
 
 

 
8 mg of catalyst and 4 mM of 4NP. Additionally, reduction reac-tions were 

conducted in a water bath in darkness with tempera-tures ranging from 25 LC 

or 40 LC, yielding 4AP with a conversion of 99.6% and 99.5%, respectively, 

indicating that CuAgFeNi HEA-NPs are fundamentally active under 

illuminated and dark conditions. 

 
CuAgFeNi HEA-NP is a well-known photothermal agent com-pared to 

carbon-based materials, such as graphite and reduced gra-phene oxide [28]; 

therefore, during the reduction reaction under UV light, the spontaneous 

surface temperature increased to between 30 LC and 35 LC (Fig. 4d and e, 

simulated light and natural light). However, when the same reduction reaction 

was conducted in the ambient temperature of the photoreactor, the 

temperature was controlled at 25 LC, affording a slightly lower yield of 90% 

for 4NP conversion (Fig. 4d and e, ‘‘light with temperature stabi-lized at 25 

LC”). Accordingly, the control of the reduction reactions in the absence of 

light at 30 LC or 35 LC yielded a lower efficiency (32% and 33%, 

respectively, Fig. 4d and e ‘‘dark”) than the reduction reaction under 

simulated and natural light, indicating that NPs acted not only via 

photothermal process but also via intermediate photoexcited types. 

Correspondingly, the absorption of all simu-lated light can be understood by 

combining distinct 3d transition metals, and the optical absorptions can be 

enhanced by adding Fe and Ni owing to the correlation between the 

performance and dissimilar 3d band-restricted energy and d–d interband 

transitions. 

 

 

 

 

3.3. Recyclability of MENPs 

 

The recyclability of the CuAgFeNi catalyst was examined for 20 cycles 

following reduction reactions using 4 mM 4NP and 8 mg of the catalyst (at its 

maximum activity, Fig. 4f). Even after 20 cycles, the loss in catalytic 

performance was marginal (100% conversion and 90% selectivity). 

Additionally, the XPS results of the reduction reaction (Fig. S11) following 

the recycling test demonstrated that the catalytic structure retained its 

characteristics. The Ag 3d high-resolution XPS spectra following the reaction 

were identical, demonstrating the typical spin–orbit splitting of the Ag atoms, 

resulting in two different chemically status Ag 3d5/2 and Ag 3d3/2 peaks 

separated by 6 eV, confirming AgCuFeNi HEA-NPs and AgCuFeNi-Janus-

NPs. The Cu 2p spectra also displayed the characteristic doublet owing to 

spin–orbit splitting, yielding Cu 2p3/2 and Cu 2p1/2 peaks separated by 19.9 

eV, indicating the existence of Ag-CuFeNi HEA-NPs. The Fe 2p and Ni 2p 

core level spectra (Fig. S11) revealed a spin–orbit splitting (two primary dou-

blets), Fe/Ni 2p3/2 and Fe/Ni, corresponding to the CuAgFeNi nanoalloy on 

the surface and within the P-MgO support. In addi-tion to high performance, 

the CuAgFeNi catalyst has considerable reduction potential to decrease a 

large array of functional group-containing compounds, regardless of the 

presence of diverse functionalities. Some electron-withdrawing functional 

groups, such as -I, -Cl, and –CN, on the phenol ring, were sensitive to the 

reduction reaction of the NO2 group (Fig. 4g). However, these 

 

 



   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4. Catalytic reduction reaction. Reduction of 4NP (a) in the existence of 8-mg CuAgFeNi catalyst, (b) for different concentrations of 4NP and hydrazine hydrate as well as reaction times, 4-

aminophenol yield at different reaction temperatures, (c) (3 h, 4-mM hydrazine, 10-mL 2-propanol, 4-mM 4NP, and 8-mg CuAgFeNi catalyst) and under variable temperature, with dissimilar 

CuAgFeNi catalyst amounts, (d) (3-h reduction-reaction time), 4NP yield at dissimilar conditions, (e) reaction conditions: 3 h, 4-mM hydrazine, 10-mL 2-propanol, 4-mM 4NP, and 8-mg CuAgFeNi 

catalyst, under light and heat irradiation with stirring for 3 h. (f) Reusability test for CuAgFeNi catalyst in the 4-NP reduction reaction. (g) Photocatalytic reduction of different nitro compounds to 

amines catalyzed by CuAgFeNi. 

 
previous substituents were unaffected, and a high yield of 4AP was observed 

on the CuAgFeNi catalyst. This once again demonstrates the exceptional 

photocatalytic activity of the CuAgFeNi catalyst for the selective chemical 

reduction of nitroarenes. Indicatively, yields of nitroarenes with competing 

reducible groups were greater than those reported in other studies [29,30] at 

50 bar H2 and high temperature (Table S3). 

 
 
 
3.4. Insights into the electron-transfer mechanism of the CuAgFeNi 

catalyst 

 
The electronic bandgap (DE) can be decreased from 1.007 eV for CuAgFe 

and 0.464 eV for CuAgNi to as low as 0.073 eV by CuAgFeNi 

heteronanostructures (Fig. 5a-e). These results suggest that the physical 

adsorption of hydrazine molecules on the surface of CuAg-FeNi 

heteronanostructures is more stable, enhancing the applica-bility of various 

optoelectronic devices via a tunable bandgap. Based on DFT calculations, we 

found that an increase in the num-ber of primary elements, particularly Ni and 

Fe, serves as a binding active center for NH2NH2 molecules with excellent 

physical adsorption within the previously reported acceptable energy range 

[31]. As indicated by the density of states (DOS) for the metal atoms of the 

CuAgFeNi system, which are depicted in Fig. 5(f), it can be observed that the 

states close to the Fermi energy (FE) are dominated by 3d orbitals for Ni and 

Fe atoms. In these systems, this yields a significant DOS at the FE, whereas 

Ni and Fe remain magnetic even after the synthesis of ME NPs. The magnetic 

moment is usually contributed by Fe and Ni atoms, as shown in Fig. 5(g), 

while Ag and Cu atoms contribute very little. Fig. 5(h-j) 

 

shows the most favorable adsorption structures on the NP surface, 

demonstrating that CuAgNiFe NPs can enhance the adsorption and 

subsequent breakdown of hydrazine molecules into H2 and N2 gases at 215 

K. Stabilization of metal-bound HN = NH as a transient intermediate or an 

abundance of NH2 groups adsorbed on CuAg-NiFe NPs is crucial and causes 

the release of H2 and N2 by better cleavage of N–H to that of the N–N bond 

on CuAgNiFe NPs, more hydrogen and nitrogen gases (Supplementary Movie 

1). Further-more, the formation of H2 is enhanced by the inclusion of 

multiele-ment NPs (CuAgNiFe NPs). 

 

Electron paramagnetic resonance (EPR) spectra of CuAgFe and 

CuAgFeNi catalysts revealed g = 2.208 and 2.226, respectively, owing to the 

presence of Fe spin-containing sites. Table S4 shows the calculated EPR 

parameters for five distinct systems. Addition-ally, it has been observed that 

the external electric field greatly increases the magnetism as the number of 

transition elements positioned on the surface of the substrate increases. This is 

because the iron atom receives more donated electrons than nickel, copper, 

and silver. Further, the total spin for iron and nickel is 2 and 1, respectively, 

meaning that more single electrons are transported when an external electric 

field is applied, and the g-matrix increases when the iron is inserted into the 

system. 

 

 

 

4. Discussion 

 

Fig. 6(a) illustrates the differences in the physicochemical prop-erties 

among monotransition metals deposited on P-MgO substrate exhibiting a 

wide range of electronegativity, valence electron concentration, atom size 

mismatch, size effect, and crystalline 
 



   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Proposed mechanism of reduction. (a) The possible reduction mechanism associated with 4-NP of the CuAgNiFe NPs, (b-d) frontier molecular orbitals (HOMO and LUMO) of CuAgFe, 

CuAgNi, and CuAgNiFe catalyst, respectively, (e) bandgap of CuAgNiFe NPs, (f) total and partial DOS of the metal element in the CuAgNiFe catalyst, (g) the EPR spectrum of CuAgFe and 

CuAgFeNi/P-MgO catalysts. Adsorption of H2NNH2: (h) horizontal, (i) vertical, and (j) NH2 on the CuAgNiFe surface.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 6. (a) d-block metals and their various physiochemical properties and (b) the time relations of cell voltage (rms) in the phosphate-based electrolyte during IP-D. 

 
structures, which afford strong immiscibility, quick oxidation, and failure of 

metallic alloying (Scheme 1). To achieve extreme mixing and overcome 

immiscibility, the voltage–time (V–t) curves were plotted (Fig. 6b), revealing 

three steps at 100 A m 2 along with an almost linear rise in the voltage with 

time owing to defective P-MgO on the anode surface growth up to the first 

bending voltage with the dissolution of the Mg alloy. This suggests a change 

in the support structure from a passive category to a porous category. After 

increasing the breakdown voltage to 130 V, a large number of tiny white 

sparking discharges formed on the anode surface, fol-lowed by an increase in 

the spark size and a drop in the number of sparks. To understand the synthesis 

of CuAgFeNi HEA-NPs, we used a high local plasma temperature and HEA-

based plasma discharge to form small liquid droplets of multielement 

solutions. The 

 

plasma discharge enabled the formation of homogeneous CuAg-FeNi HEA-

NPs by inducing a high local temperature that effectively increased the 

entropy contribution (TDSmix). From the example of the CuAgNi system, it is 

evident that increasing the temperature narrows the miscibility gap (Fig. 7a-

d). Consequently, the liquid becomes miscible in every composition range 

over 3000 K. Addi-tionally, mixing entropy increases proportionally to the 

number of components (Fig. 6e-j). It was also estimated that the CuAgNiFe 

quaternary system exhibited 2.5 fold higher mixing entropy than that CuAg 

binary system. At the high temperature caused by plasma discharge, the 

mixing enthalpy (DHmix) could be exceeded by entropy contribution (Fig. 7i-

j), and the system would become completely miscible. Correspondingly, 

small liquid droplets of HEA would crystallize into single NPs without 

element 

 



   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 7. Isothermal setting of CuAgFeNi phase diagram at (a) 1000 K, (b) 2000 K, (c) 3000 K, and (d) 4000 K. Gibbs free energy diagram of CuAg, CuAgNi, and CuAgFe, and CuAgFeNi at (e) 1000 

K, (f) 2000 K, (g) 3000 K, and (h) 4000 K. Estimated mixing of (i) the entropy (DSmix) and (j) mixing enthalpy (DHmix) for CuAg, CuAgNi, CuAgFe, and CuAgNiFe system. 

 

 
segregation, particle agglomeration/aggregation, or phase separa-tion in the 

system with a greater number of components. Further-more, the reported 

results indicate that some degree of short-range ordering is anticipated in the 

modeled NPs: Cu, Ag, Fe, and Ni atoms exhibit a strong repulsive magnetic 

interaction between atom pairs in CuAgFeNi HEA-NPs prepared with a 

nonequilibrium preparation designated as focused herein. Our atomistic 

modeling reveals that quenched CuAgFeNi HEA-NPs were kinetically 

trapped in homogeneous NPs, which are stable at room temperature, via 

plasma discharge with only little short-range chemical ordering over the 

examined electrical field range (0.2–0.6 V/Å). Our electri-cal field effects are 

consistent with thermodynamic prediction, val-idating the tendency of various 

metal compositions to form a single solid-solution phase. In other words, all 

magnetic moments (short bond and long bond) in magnetically active 

CuAgFeNi HEA-NPs have significant antiferromagnetic next-nearest-

neighbor cou-plings. Moreover, magnetic moments of CuAgFeNi catalysts 

are vertical to one another, which can weaken interactions between them. In 

comparison to conventional synthesis methods [31–34], the impulse plasma 

deposition method could overcome the immis-cibility between different 

elements by creating liquid metal alloy droplets at high plasma discharge, 

followed by quick cooling to preserve the alloy mixing to a significant extent. 

The CuAgFeNi HEA-NPs could aid in the preparation of metal alloys by 

increasing 

 

 

entropy (DGmix; = DHmix TDSmix"), and the increased entropy provides 

slow diffusion and severe lattice distortion, stabilizing the alloy structures 

against elemental segregation and nanoscale phase separation, confirming the 

existence of a solid-solution structure. 

 
In our proposal, kinetic and thermodynamic HEA advantage alloy 

production was observed to match the following criteria: (i) the mixing 

enthalpy ( 11.6 < DHmix < 3.3 kJ/mol) and (ii) atomic differences (d 6.5%). 

Thermodynamically, electrical field and high-local-temperature driven HEA 

favors a random mixing of alloy structure formation depending on the DGmix 

but an increase in the DSmix will typically decrease DGmix and thus drive 

alloy for-mation. From a kinetic standpoint, a high ( TDSmix) structure pro-

vides a random mixing of distinct transition elements, affording a 

considerable lattice strain within MENPs. The distorted chemical structures 

can furthermore ‘‘freeze’’ or ‘‘trap’’ the mixing of distinct elements inherited 

from a high-temperature-local-plasma-dis charge and electrical field owing to 

obstacles in structural relax-ation and diffusion of atoms. Therefore, the 

electrical field and entropy-driven approach is an important way for alloy 

mixtures but the precise evaluation of each contributing parameter will 

require additional trials and maybe a data-driven discovery method. To 

understand the changes in the direction and isotropy of metal atoms on a P-

MgO substrate in the presence of an external 
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Fig. 8. The magnetic system of the following: (a) CuAg, (b) CuAgNi, (c) CuAgFe, and (d) CuAgFeNi. Total DOS: (e) Ag3, (f) Ag4, (g) Ag5, (h) Cu, (i) Fe, and (j) Ni, (k-m) including the total DOS 

of Ag, CuAg, CuAgFe, CuAgNi, and CuAgFeNi. 

 
electric field, the effects of the external electric field on the inter-actions 

between metal atoms under variable electric filed (0.2, 0.3, 0.4, 0.5, and 0.6 

V/Å) were studied.  
To comprehend the change in the electronic properties of CuAg-FeNi 

HEA-NPs on the P-MgO surface, an external variable electric field (i.e., 

electron transfer) was introduced into the investigated nanosystem. This 

generated the paramagnetic moment of depos-ited atoms on the P-MgO 

surface; this indicates that when the tem-perature T was increased in the 

discharge channel, more atoms were inserted into defects, and the 

superposition atom structure formed after applying the electric field, the 

entropy of NPs 

 

increased with decreasing static permittivity (es) of the deposited NPs [14,35-

37]. Paramagnetic moments of different metal atoms are differently aligned in 

a paramagnet on a P-MgO support by applying an external electric field and 

increasing es (Fig. 8a-d). Because electron transfer occurs between Fe and the 

ternary (Ag–Cu–Ni) system from d–d orbitals via agnostic interaction, the 

internal electric fields are oriented in different directions owing to the 

insertion of the Fe atom, which has high paramagnetic properties compared to 

other atoms (Fig. 8d). The calculated DOS diagram of multiple elements 

demonstrates that the peaks in the range from 4 to 2 eV and the peak observed 

at 1.86 eV 

 



 
correspond to the Ag-4d and Cu-3d orbitals, and are located near and above 

the Fermi level, respectively, indicating that the Ag-4d and Cu-3d orbitals are 

empty and can accept electrons. Fig. 8(e-  
m) presents a different perspective of the DOS diagram of Fe-3d, clearly 

illustrating the accumulation of electrons around the LUMO of Fe, which 

indicates a donation interaction between Fe and the ternary system (Ag–Cu–

Ni) [38-40]. 

 
4.1. Benchmarking of the catalyst 

 
CuAgFeNi/P-MgO prepared using the IP-D method maintained its 

durability and catalytic performance (4-NP yield was 100%). Based on the 

analysis shown in Table S2 and Fig. S4, the present CuAgFeNi/P-MgO 

catalytic discovered its high reduction perfor-mance and transformative 

activity based on TOF [41-48]. 

 

5. Conclusions 

 

The IP-D method provides an excellent platform to synthesize small-sized 

CuAgFeNi HEA-NPs using a straightforward method at atmospheric 

pressure. Immiscible MEs are alloyed into single NPs on P-MgO with the 

following features: (i) nonequilibrium pro-cessing, where plasma discharges 

take milliseconds and are energy efficient generating HEA-NPs via rapid 

cooling of the melt during IP-D process, thus avoiding phase separation 

among immiscible metal elements by increasing the local electron 

temperature via an electrical field, and (ii) maximization of entropy 

contribution to miscibility using multicomponents and a high local tempera-

ture. This strategy also exhibits universality, potential scalability, and 

tunability; the local plasma electron temperature in the plasma channel is 

higher than the chemical decomposition caused by the heating of any metal 

salt, which promotes the homogeneous mixing of any combination of metal 

elements. CuAgFeNi/P-MgO exhibits superior catalytic activity, recyclability, 

and stability in the reduction of nitro to amino groups compared to those of 

other leading photo and thermal catalysts. Catalyst surface modification with 

new metals and nonmetals to tailor the surface energy and match the frontier 

orbitals of other substrates, such as Ti, Al, and Mg, could further enhance the 

standing and utility of the present findings. 
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