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Abstract: Because of their high mixing entropies, multi-component alloys can exhibit enhanced cat-
alytic activity compared to traditional catalysts in various chemical reactions, including hydrogena-
tion, oxidation, and reduction processes. In this work, new AgCoCuFeNi high entropy alloy nano-
particles were synthesized by the hydrogen reduction-assisted ultrasonic spray pyrolysis method.
The aim was to investigate the effects of processing parameters (reaction temperature, precursor
solution concentration, and residence time) on the microstructure, composition, and crystallinity of
the high entropy alloy nanoparticles. The characterization was performed with scanning electron
microscope, energy-dispersive X-ray spectroscopy, and X-ray diffraction. The syntheses performed
at 600, 700, 800, and 900 °C, resulted in smaller and smoother spherical particles with a near-
equiatomic elemental composition as the temperature increased to 900 °C. With 0.25, 0.1, and 0.05
M precursor solutions, narrower size distribution and uniform AgCoCuFeNi nanoparticles were
produced by reducing the solution concentration to 0.05 M. A near-equiatomic elemental composi-
tion was only obtained at 0.25 and 0.05 M. Increasing the residence time from 5.3 to 23.8 s resulted
in an unclear particle microstructure. None of the five metal elements were formed in the large
tubular reactor. X-ray diffraction revealed that various crystal phase structures were obtained in the
synthesized AgCoCuFeNi particles.

Keywords: high entropy alloy; hydrogen reduction; ultrasonic spray pyrolysis; reaction
temperature; precursor solution concentration; residence time

1. Introduction

Metals and their alloys have recently evolved from simple to complex component
systems due to the increasing demand for materials with unique physical, chemical, or
magnetic properties [1]. Usually, conventional alloys are based on one and rarely two
principal elements [2] such as silver in sterling silver, iron in steel, and nickel in superal-
loys, with only smaller amounts of other elements. But this traditional strategy has be-
come less successful due to the limited number of base elements in the periodic table [3].
Fortunately, a novel class of alloys based on multi-principal elements was independently
introduced in 2004 by Yeh and his collaborators to reinforce the development of new ma-
terials. These complex metallic alloys, referred to as “high entropy alloys” (HEAs), are
made by combining at least five well-mixed metal elements at near- equiatomic concen-
trations]. Because of their high mixing entropies, HEAs favor the formation of advanced
materials with specific and diverse properties, including high thermal and chemical sta-
bility, excellent strength, outstanding corrosion and oxidation resistance,
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superconductivity, and magnetic properties [4,5]. Many of these properties cannot be
achieved in conventional alloys, making HEAs a growing field of interest [6].

Moreover, HEAs will exhibit more interesting properties at the nanoscale compared
to larger scales because of the very small size and shape of the particles. HEA nanoparti-
cles (NPs) can be used in a variety of potential applications, particularly as high-perfor-
mance catalysts [7]. The utilization of noble metal and noble metal-based oxide catalysts
(such as Pt, RuO;, and IrO2), along with traditional alloy catalysts (like Fe-Pt, Pt-Ni,
CuPdAu), in large-scale applications is hindered by their high costs, limited natural re-
sources, and scarcity [8]. This creates a strong incentive to innovate and fabricate electro-
catalysts that are cost-effective, exceptionally efficient, and easily accessible, surpassing
the catalytic performance of noble metals and conventional alloys, hence the importance
of HEAs in catalytic applications such as the hydrogen evolution reaction (HER), oxygen
reduction reaction (ORR), oxygen evolution reaction (OER), CO: reduction reaction
(CO2RR), and ammonia (NHs) decomposition [9]. In their study on the synthesis of Co
CuFeNi particles by hydrogen reduction-assisted ultrasonic spray pyrolysis (USP-HR),
Kiiclikelyas and his co-workers found that these particles exhibited high ferromagnetic
behavior, making them promising materials for catalytic applications [10]. Also, silver
(Ag) nanoparticles, due to their unique properties and high surface area, have often been
used as catalysts in catalytic processes. The AgCoCuFeNi HEA NPs could therefore serve
as highly effective catalysts.

A variety of methods such as laser scanning ablation [11], carbothermal shock [12],
wet chemical reduction [13], moving bed pyrolysis [14], electrosynthesis [15], and ultra-
sonic spray pyrolysis [16] have been proposed for the synthesis of HEA NPs. Ultrasonic
spray pyrolysis (USP) is often preferred due to the several distinct advantages it offers
such as a low-cost, scalable, and continuous process; uniform particle size distribution;
and finite and spherical grains [17-19]. In the USP technique, a metal precursor solution
is used to produce an aerosol in an ultrasonic atomizer. The aerosol is subsequently trans-
ported into the heated reaction tube by a carrier gas, mainly a reducing agent. Within the
tube, the aerosol droplets undergo evaporation, decomposition, and densification to form
spherical particles. The desired particle size and morphology can be controlled by varying
the precursor solution concentration, temperature, gas flow rate, and reactor dimensions
[20,21].

The selection of an eco-friendly reducing agent is also another crucial measure to help
lower the significant CO: emissions released from the metallurgical industry. In fact, the
iron and steelmaking industry alone accounts for nearly 34% and 7% of industrial and
global CO2 emissions, respectively [22], motivating the replacement of carbon with hy-
drogen as the reducing agent for NPs [23].

So far, various HEA NPs, such as CoFeLaNiPt [15], NiCoCuFePt [24], and Ag-
PdPtCuNi [16], have been synthesized using diverse techniques. However, the combina-
tion of AgCoCuFeNi alloy and its particle synthesis via the hydrogen reduction-assisted
ultrasonic spray pyrolysis (USP-HR) technique has not been explored. Therefore, this
study aims to investigate the effects of processing parameters (reaction temperature, pre-
cursor solution concentration, and residence time) on the microstructure, composition,
and crystallinity of the AgCoCuFeNi high entropy alloy nanoparticles. Specifically, the
objectives consist of using scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDS), and X-ray diffraction (XRD) analyses to (1) study how the variation
in furnace temperature influences the morphology, microstructure, composition, and
crystallinity of AgCoCuFeNi NPs; (2) understand how the morphology, microstructure,
composition, and crystallinity of AgCoCuFeNi NPs are modified through variation in pre-
cursor solution concentration; (3) and analyze the transition in morphology, microstruc-
ture, composition, and crystallinity of AgCoCuFeNi NPs due to the change in residence
time.
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Flowmeter

2. Experimental Part
2.1. Material

An initial aqueous solution (0.5 mol/L, 1 L) was prepared by dissolving in deionized
water an equimolar amount (0.1 mol) of five different reagents, silver nitrate (AgNOs),
cobalt nitrate hexahydrate [Co(NOs)2-6H20], copper nitrate trihydrate [Cu(NOs)2-3H20],
iron nitrate nonahydrate [Fe(NOs)s-:9H20], and nickel acetate tetrahydrate
(CsHeO4Ni-4H20). In contrast to the used metallic nitrate precursors, the subsequent de-
composition of the basic nickel acetate at 340 °C directly leads to the formation of either
NiO or Ni, under treatment atmospheres of hydrogen. The autocatalytic NiO reduction to
metallic nickel is the driving force to the reduction process of nickel acetate. During the
major decomposition of the acetate group, a small amount of hydrogen is also evolved to
the gas phase at about 390 °C, which has a positive influence on the reduction process. On
the other hand, CO production as a second reducing agent is expected mainly at 350 °C
and is interestingly the only product that can be obtained at 900 °C, which accelerates the
reduction process. All the chemicals were purchased from the Sigma-Aldrich company
and used as received without further purification because of their analytical grade (=99%
pure). The solution was stirred for 1 h and diluted three times {S1(1:1), Sz(1:4), and Ss(1:9)}
to obtain three precursor solutions with different concentrations, 0.25, 0.1, and 0.05 M,
respectively.

2.2. Methods

The AgCoCuFeNi HEA NPs were synthesized by the hydrogen reduction-assisted
ultrasonic spray pyrolysis (USP-HR) technique. A small tubular reactor was used to study
the effect of temperature and concentration, while the small and large tubular reactors
were used to investigate the influence of residence time on the particle microstructure,
composition, and crystallinity. The USP-HR apparatus designed in our previous studies
for the preparation of Fe-alloy NPs [25] was also used in this work for synthesizing AgCo-
CuFeNi NPs (Figure 1).
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Figure 1. Schematic view of the USP-HR apparatus used for the AgCoCuFeNi high entropy nano-
particle synthesis.

2.2.1. Synthesis of AgCoCuFeNi NPs via the Small Tubular Reactor

The small tubular reactor involved a silica glass tube passing through two combined
small furnaces (THERMOSTAR, Aachen, Germany). The experiment started by setting the
furnace temperature. The HEA precursor solution was then nebulized at a frequency of
1.7 MHz into aerosol droplets. Water from the thermostat (JULABQO, Seelbach, Germany)
was used to cool the vessel to 23 °C. The droplets were carried by a mixture of gases.
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Hydrogen gas was used as a reducing agent at a rate of 2 L/min while argon gas was used
to transport the aerosol droplets into the reactor at a 1 L/min gas flow rate. Knowing the
gas mixture flow rate (3 L/min) and the geometry of the tubular reactor heated by the
furnaces (1: 61 cm and d: 2.35 cm), the residence time of aerosol droplets inside the furnace
was determined using Equation (1):

T = Viye/q =1 1%-1/q o)

where q is the gas flow rate, 1 is the radius of the cylinder, and 1is the length of the glass
tube heated by the furnace. The calculated T was ~5.3 s. Once the reduction process was
finished, the resulting AgCoCuFeNi NPs were collected in the wash bottles connected to
the reactor’s outlet. The operating time for each experiment was 2 h. The details of the
experimental parameters for the synthesis of AgCoCuFeNi NPs in the small tubular reac-
tor are given in Table 1.

Table 1. Parameters used for the synthesis of AgCoCuFeNi NPs in the small tubular reactor.

Solution No. Concentration (mol/L) Temperature (°C)

1 0.25 600

3 2 0.25 700
3 0.25 800

4 0.25 900

5 0.1 600

S 6 0.1 700
’ 7 0.1 800
8 0.1 900

9 0.05 600

s, 10 0.05 700
11 0.05 800

12 0.05 900

Due to the short residence time of aerosol droplets within the small reactor, the reac-
tion time was also relatively short. However, the synthesis of spherical AgCoCuFeNi NPs
typically requires a longer reaction time. For that purpose, a large furnace (CARBOLITE
GERO, Neuhausen, Germany) with an alumina glass tube was used.

2.2.2. Synthesis of AgCoCuFeNi NPs via the Large Tubular Reactor

The precursor solution homogeneity is necessary for obtaining nanoparticles with
uniform size and shape. Due to the unexpected formation of solid residues in the first and
second precursor solutions (S1 and Sz) over time, only the third, more diluted solution Ss
with a concentration of 0.05 mol/L was used as the starting material in the large furnace
setup. The AgCoCuFeNi nanoparticle synthesis method is the same in the Thermostar and
Carbolite apparatus, except that the latter is automated (start and end time of the experi-
ment, cooling system, and furnace temperature) with a large furnace. There are also dif-
ferences in the settings. The large furnace heats up and cools down slower than the small
one. The heating rate of the small furnace is about 900 °C/h while that of the large furnace
is programmed at 300 °C/h. The large furnace should be left to cool to 500 °C before safely
switching it off. This excessively prolongs the total duration of the experiment by approx-
imately 3 h, which is more than the operating or reaction time (2 h). The residence time of
droplets in the large tubular reactor was also calculated, knowing that the gas flow rate is
the same (3 L/min), the furnace length (95 cm) equals the heating zone length, and the
inner diameter of the alumina tube is 4 cm. Using Equation (1), the calculated residence
time of aerosol droplets passing through the heating zone of the large tubular reactor was
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about 23.8 s. The experiments were performed on the precursor solution Ss using the same
parameters as in the small tubular reactor (Table 2).

Table 2. Parameters used for the synthesis of AgCoCuFeNi NPs in the large tubular reactor.

Solution No. Concentration (mol/L) Temperature (°C)
13 0.05 600
s, 14 0.05 700
15 0.05 800
16 0.05 900

After the synthesis process, sedimentation, and water removal, some of the particles
were dried to obtain powders for X-ray diffraction (XRD) analysis. The particle suspen-
sions were also sampled for scanning electron microscope (SEM) and energy dispersive
X-ray spectroscopy (EDS) analyses. SEM images were taken using the Jeol JSM 7000F FEG-
SEM and used to observe the surface morphology of particles formed at different reaction
parameters. The particle size and size distribution were investigated from SEM images by
ImagePro. EDS was carried out with a Si(Bi) X-ray detector connected to the SEM and a
multi-channel analyzer to quantify the chemical composition of the particles. The crystal
structure of the particles was determined by XRD (Philips-1700 X-ray diffractometer).

3. Results and Discussion
3.1. Influence of Temperature on the AgCoCuFeNi HEA NPs

The effect of the reaction temperature on the particle size, morphology, and compo-
sition of AgCoCuFeNi nanoparticles was investigated while keeping the other parameters
at constant values. SEM images of the particles synthesized in the small tubular reactor at
600, 700, 800, and 900 °C using 0.05 M precursor solution are shown in Figure 2.

— —
15.0kv  X10,000 ium WD 5.7mm SEl 15.0kV  X10,000 1um WD 4.8mm

B oS,
S G ¢ é

150kV  X10,000 fum WD 4.9mm Sl 150KV X10000 ~dwm. WD 5.7mm
(d)
Figure 2. SEM analysis of AgCoCuFeNi particles at (a) 600 °C, (b) 700 °C, (c) 800 °C, (d) 900 °C.
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The SEM results show that almost all particles had a spherical morphology and ap-
peared to be smoother on the surface with increasing temperature. Moreover, it was ob-
served that the densification of small particles increased while the average particle size
tended to decrease with increasing reaction temperature (Figures 2 and 3). The average
particle sizes, calculated using ImagePro software V2, were 428, 382, 280, and 264 nm at
600, 700, 800, and 900 °C, respectively (Figure 3).
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Figure 3. Mean diameters of AgCoCuFeNi particles at (a) 600 °C, (b) 700 °C, (c) 800 °C,
(d) 900 °C.

The results of EDS analysis (Figure 4) of the AgCoCuFeNi HEA particles synthesized
at different reaction temperatures, 600, 700, 800, and 900 °C, are given in Table 3. The re-
sults indicate that the elements making up the composition were present in close amounts
at all reaction temperatures, suggesting that the AgCoCuFeNi HEA NPs were successfully
formed using the USP-HR approach. When the temperature reached 900 °C, four of the
metal elements (Ag, Co, Fe, and Ni) in the synthesized nanoparticles appeared to be in
very similar proportions and their atomic percentages increased to 15.25% for Ag, 15.68%
for Co, 15.05% for Fe, and 15.44% for Ni, while the percentage of Cu remained relatively
large at all temperatures and increased to 21.2% at 900 °C. Because of the short residence
time in the small furnace at higher temperatures, the reduction efficiency is different for
the studied metals. This led to one difference in its chemical composition in the metallic
alloy. As shown in Table 3, the oxygen content in the particles decreased from 28.33 to
16.99% with an increase in temperature from 600 °C to 900 °C, as proven in the work of
Simic¢ et al. [16]. Protecting the formed fine particles from oxidation poses a significant
challenge. Additionally, an incomplete reduction in the precursor contributes to the pres-
ence of oxygen in the metallic alloy powder at different temperatures.

Small peaks of aluminum (Al), chlorine (Cl), and silicon (Si) were also detected in the
EDS spectra. Al was used as the background material for EDS analysis. We believe that Si
came from the use of the silica glass tube. During the USP-HR method for producing na-
noparticles, it is possible that through heating the silica tube by the furnaces, small traces
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of silicon decomposed and infiltrated the particles. It is also possible that the water used
during precursor solution and sample preparation was not properly deionized. As a re-
sult, it may have contained impurities such as silicon and chlorine.

Bl Spectum 15 10 ; B Spectum 10

L L

B Spectum 5

(c) (d)
Figure 4. EDS spectra for AgCoCuFeNi particles at (a) 600 °C, (b) 700 °C, (c) 800 °C, (d) 900 °C.

Table 3. EDS results of AgCoCuFeNi NPs produced at different temperatures.

Element (at.%)

Temperature (°C)

Ag Co Cu Fe Ni (0] Al Cl
600 13.06 11.77 1955 14.35 12.09 2833 - 0.91
700 1177  14.04 18.09 11.79 1517 2824 0.78 0
800 1296 1479 1757 13.85 14.66 2553  0.60 0
900 1525  15.68 21.2 1505 1544 16.69  0.66 0

Figure 5 illustrates the XRD patterns of the AgCoCuFeNi HEA NPs produced
through hydrogen reduction-assisted ultrasonic spray pyrolysis. The XRD analysis re-
vealed various phases, with two of them being identified as FCC phases [26]. The FCC
phase with a high Ag content is labeled as Ag-rich FCC. Ag has a higher atomic mass
compared to Co, Cu, Fe, and Ni, and Ag may not mix with other elements in the same
FCC structure. The other FCC phase, designated as FCC-2, includes Fe, Co, Cu, and Nj, as
their primary diffraction peaks overlap, and their atomic masses are closely situated to
each other and FCC-2 is consistent with the lattice of Co/Ni. The small amount of Fe and
Cu present on the surface is oxidized after the synthesis process, since the HEA powders
are fine and have high surface area. We also noticed that with an applied magnetic field
(e.g., magnet), all the AgCoCuFeNi nanopowder samples showed a magnetic behavior
(Figure 6), mainly due to the presence of ferromagnetic materials (Fe, Ni, and Co) in the
composition. Yet, specific characterization tools like a magnetic particle analyzer (MPA)
are required to quantify or study the degree to which a sample exhibits magnetic proper-
ties compared to the others.
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Figure 5. XRD patterns of AgCoCuFeNi particles.

Figure 6. AgCoCuFeNi samples with magnetic properties.

3.2. Influence of Concentration on the AgCoCuFeNi HEA NPs

Here, the effects of the precursor solution concentration, ranging from 0.25, 0.1 to 0.05
M, on the particle size, morphology, and composition were investigated at 900 °C. SEM
images of the AgCoCuFeNi particles are given in Figure 7. Particles prepared in all con-
centrations had a spherical morphology but became smoother on the surface with decreas-
ing solution concentration. The AgCoCuFeNi particles exhibited a decreasing trend as the
corresponding solution concentration decreased from 0.25 or 0.1 to 0.05 M but showed an
increasing trend when the concentration was reduced from 0.25 to 0.1 M (Figure 8).

The average particle sizes for the synthesized AgCoCuFeNi particles using 0.25, 0.1,
and 0.05 M solutions were 294, 641, and 264 nm, respectively. Moreover, it was observed
that a narrower size distribution was obtained at 0.05 M and the size uniformity of the
particles increased by reducing the solution concentration to 0.05 M (Figure 8).

EDS analysis indicates that AgCoCuFeNi particles produced from both precursor
concentrations, 0.25 and 0.05 M, contained the five metal elements (Ag, Co, Cu, Fe, and
Ni) in closer proportions than AgCoCuFeNi particles synthesized at 0.1 M. In particular,
the atomic percentage of the Cu element remained relatively high at 0.25 and 0.05 M but
was low at 0.1 M compared to the other metal elements present in the nanoparticles. In
addition, the oxygen content decreased with decreasing precursor concentration (Table 4).
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Figure 7. SEM analysis of AgCoCuFeNi particles at (a) 0.25 mol/L, (b) 0.1 mol/L, (c) 0.05 mol/L.
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Figure 8. Mean diameters of AgCoCuFeNi particles at (a) 0.25, (b) 0.1, (c) 0.05 mol/L.
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Table 4. EDS results of AgCoCuFeNi NPs produced at different concentrations at 900 °C.
Concentration Element (at.%)
(mol/L) Ag Co Cu Fe Ni o Al
0.25 13.44 11.77 15.65 13.56 13.59 31.96 0
0.1 10.24 13.65 9.89 19.60 12.28 33.77 0.54
0.05 15.25 15.68 21.2 15.05 15.44 16.69 0.66

3.3. Influence of Residence Time

The effects of the residence time on the particle size, morphology, and composition
of AgCoCuFeNi nanoparticles were also investigated using the 0.05 M precursor solution
at 900 °C in the small and large tubular reactor. Spherical particles with smooth surfaces
were obtained only from the small reactor with a short residence time of 5.3 s (Figure 9a).
When the residence time was increased to 23.8 s using the large furnace, particles with an
unclear structure but approximately spherical shape with rough surfaces were formed
(Figure 9b). Indeed, the amount of AgCoCuFeNi particles obtained at the end of the USP-
HR process in the wash bottles of the large furnace was very low compared to that of the
small furnace (Figure 10). This made SEM analysis of the particles synthesized in the high-
temperature setup more difficult.

-

’ —
GFE SEl  150kV  X10.000 1um WD 5.7mm

Figure 10. AgCoCuFeNi particles synthesized with residence time of (a) 5.3 s, (b) 23.8 s.

The EDS spectrum of the particles synthesized with the residence time of 23.8 s
clearly shows that none of the five metal elements constituting the AgCoCuFeNi HEA
nanoparticles were formed (Figure 11).
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Figure 11. EDS spectra for AgCoCuFeNi particles with residence time of (a) 5.3 s, (b) 23.8 s.

We believe that more reaction or operating time is needed to obtain the desired na-
noparticles since the residence time of aerosol droplets inside the large tubular reactor is
approximately 4 times higher than that of the small tubular reactor. We also believe that
the replacement of the alumina glass tube or the increase in the gas flow rate or in the
ultrasonic frequency are essential parameters to be considered. The influence of the in-
creased temperature on the residence time is not considered, but it is expected that an
increased temperature leads to a decreased residence time. The pyrolysis time, and espe-
cially an increased residence time, increases the crystallinity of the prepared particles con-
siderably as confirmed by Ardekani [27]. Therefore, an improvement in experimental
setup can be performed via an increase in the reaction volume, increasing the radius and
the length of the reaction tube.

In a system with a different precursor solution, a critical parameter in the preparation
of fine and solid spherical particles is that the precipitated salts should not be deformed
or melted during heating, since this issue results in the formation of shells of low perme-
ability. Therefore, the chosen reaction temperatures are smaller than 1000 °C and its smelt-
ing points. As a result, the obtained solvent is trapped within the core of drying droplets
leading to a higher pressure, since the solvent is not able to evaporate easily from the shell.
Thus, the cracks formed on the shells produce secondary droplets and the broken shells
lead to the formation of irregular-shaped particles, as shown at Figures 7 and 9. The salt
solubility is not required to be high in order to form uniform and solid particles, but solu-
tion saturation should be avoided in order to prevent mass loss during an atomization
process.

Finally, in the USP method, the spherical shape of the obtained particles results from
the spherical droplets of the dissolved metallic salts in water. It is seen in the SEM images
in Figures 7 and 9 that spherical particles as the daughter products are manifested from
spherical liquid droplets as the mother droplets. The coalescence of the aerosol droplets
through their transport using carrier and reduction gases such as hydrogen leads to an
increased particle size and an agglomeration of particles. Therefore, the droplet-per-drop-
let transformation model cannot be applied in this system. The crystallite size increases as
the calcination temperature increases in the used furnace.

4. Conclusions

In the USP method, it is expected that the spherical shape of the obtained particles
results from the spherical droplets of the mixture of precursor salts dissolved in water. It
is evident that different shapes of particles in the SEM figures confirm the high influence
of the transport phenomena and the coalescence of aerosol droplets. The collision of drop-
lets leads to different particle sizes. Spherical equiatomic AgCoCuFeNi high entropy alloy
nanoparticles were successfully produced via hydrogen reduction-assisted ultrasonic
spray pyrolysis (USP-HR) at temperatures below the melting point of each alloying metal.
This study focused on investigating the influence of reaction temperature, precursor so-
lution concentration, and residence time on the particle size, morphology, composition,
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and crystallinity of AgCoCuFeNi nanoparticles using SEM, EDS, and XRD characteriza-
tion tools. The results are given below:

- The synthesis performed in the small tubular reactor at 600, 700, 800, and 900 °C
starting from a 0.05 M precursor mixture of the five metal salts revealed that increas-
ing the reaction temperature led to smaller and smoother spherical particles. The av-
erage particle size decreased from 428 to 264 nm with an increase in temperature
from 600 to 900 °C. Four of the metal elements (Ag, Co, Cu, Fe, and Ni) making up
the AgCoCuFeNi composition were present in very close proportions when the tem-
perature reached 900 °C, while the at.% of Cu remained relatively large. The oxygen
concentration in the synthesized particles decreased with increasing reaction temper-
ature.

- The synthesis performed in the small tubular reactor with 0.25, 0.1, and 0.05 M pre-
cursor solutions at 900 °C resulted in a narrower size distribution and uniformity of
the AgCoCuFeNi NPs by reducing the solution concentration to 0.05 M. The average
particle sizes using 0.25, 0.1, and 0.05 M solutions were 294, 641, and 264 nm, respec-
tively. The five metal elements appeared to be in closer proportions at 0.25 and 0.05
M than at 0.1 M concentrations. The atomic percentage of oxygen decreased with
decreasing precursor solution concentrations.

- The synthesis performed in both the small and large tubular reactors with 0.05 M
precursor solution at 900 °C revealed a decrease in the precision of the AgCoCuFeNi
particle microstructure and composition as the residence time increased from 5.3 s
(small setup) to 23.8 s (the large setup). None of the five metal elements were formed
in the large tubular reactor.

AgCoCuFeNi nanoparticles, being a high entropy alloy with a complex composition,
could exhibit enhanced catalytic activity compared to traditional catalysts in various
chemical reactions (e.g., hydrogenation, oxidation, and reduction processes) and be used
as electrode materials to potentially improve battery (e.g., lithium-ion batteries) perfor-
mance and cycle life. The outcomes of this study provide valuable insights into optimizing
the synthesis of AgCoCuFeNi nanoparticles. However, further research and development
are needed to fully explore and validate the practical utility of AgCoCuFeNi nanoparticles
in these fields and beyond.

In order to enable the continuous production of HEA using ultrasonic spray pyroly-
sis synthesis, a scale up of the studied process should be performed in five different hori-
zontal lines with a continuous injection of solution. An improvement in collection effi-
ciency should be performed using an electrostatic atomizer in contrast to the two bottles
with water that were used.
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