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Purpose: The application of arc discharge to synthesising encapsulated (Fe-Cu-Al)@C
structures is studied. The cost-effectiveness of the proposed technique may be beneficial
for developing a new method for large-scale production of metal micro- and nanoparticles
protected from oxidation by a carbon shell.

Design/methodology/approach: A copper sample was immersed into a mixture of graphite,
iron, and aluminium powder and placed into a negatively powered crucible of a setup designed
to ignite arc discharge at atmospheric conditions. The proposed approach prevents the
oxidation of droplets of Fe-Cu-Al alloy by covering them with a thin layer of carbon, which is
also engaged as a collector of the metal particles.

Findings: The application of arc discharge resulted in the generation of metal particles and
various carbon nanostructures, which were confirmed by SEM images. The nanostructures
were grouped into more complex flower-, ball-, tree-, and octopus-shaped structures with a
large yield of metallic alloy particles ranging from a few ym (micrometers) to nanometre sizes.
These findings suggest the catalytic application of the structures after the grown particles are
cleared from the carbon shell to be implemented as active chemical agents.

Research limitations/implications: The main limitation is the uncontrolled heat transfer
from the discharge volume. Therefore, an additional screen should be installed around the
volume in order to improve control over synthesis in future studies.

Practical implications: This research confirms a flexible and simple method of synthesising
metallic alloy particles that may be applied for catalytic applications.

Originality/value: The synthesis is conducted using a well-known arc discharge technique to
expand the production yield and diversity of chemically-active metal particles protected from
oxidation by a shell before the intended application.
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Nowadays, multi- and bimetallic, and metal oxide
particles [1,2] are of great interest due to their potential
application in medicine [3], solar cells [4], catalysis, and
electronic devices [5], as well as green energy applications
[6,7]. The shape, size, chemical composition, and electrical
and magnetic properties of the particles allow for obtaining
various synergetic effects, thus creating novel nanomaterials
with outstanding properties. Magnetorheological fluids
significantly increase their viscosity and become
viscoelastic solids when exposed to a magnetic field [8]; Fe
nanoparticles are considered to be good candidates to
achieve this balance, but their implementation is hindered by
the absence of an efficient preparation method.
Superparamagnetic core-shell Fe3;O4@Si0;-aminotet-Cu(II)
nanoparticles were successfully generated chemically [9].
They can be recovered through the use of an external magnet
and reused at least six times without any loss of their
activity. Complex FeCoNiCrCuAlps microspheres shelled
with Ni-NiO metal oxide have been successfully grown
using a two-step hydrothermal method [10]. After studying
the electromagnetic (EM) properties and EM wave
absorption, it was found that the magnetic loss that arises
from the interaction with the high-entropy alloy and the
dielectric loss conditioned by Ni-NiO promoted the
consumption of EM energy through a synergistic effect.

Various approaches can be used to develop an efficient
strategy for structure preparation, starting from the treatment
of chips [11] or control of internal stress [12]. A
comprehensive review of strategies for mnanoparticle
synthesis was conducted by Lee et al. [13]. Even though
thermal methods [14] are considered the simplest, their cost-
effectiveness is poor due to the large production times
compared to plasma-enhanced methods, which are widely
applied for nanoparticle growth [15]. The advantages of
plasma as a production tool originate from the flexible
control over the charged particle distribution along the
treated substrate [16]. Microwave discharge was used to
grow Fe-cored carbon nanocapsules (Fe@CNCs), which
showed extraordinary electromagnetic wave (EMW)
absorption performance, thermos-oxidative stability, and
anti-corrosion properties [17]. Radio-frequency reactive
plasma was successfully implemented to conduct a highly
controllable synthesis of CuO nanostructures [18].

Arc discharges are distinguished from electric discharges
for their outstandingly high densities of plasma fluxes [19]
and a single-step process (unlike chemical processes, which
are usually multi-step, e.g.), which makes them a perfect
candidate in nanoparticle fabrication; DC, AC, and pulsed
discharges are engaged in that. Ashkarran et al. produced

fine and uniform ZrO; nanoparticles by submerging Zr
electrodes into deionized water and observed that the size of
the nanoparticles increased with increasing the DC arc
current [20]. At the same time, the current change affected
the band gap of the nanomaterial by shifting it from 5.4 eV
at 10 Ato 5 eV at 20 A. The same research group reported a
process for synthesizing hybrid ZnO-Graphene nano-
structures by passing an arc current between zinc electrodes
in reduced graphene oxide (RGO) solution. The nano-
structures significantly enhance the photodegradation of
standard dyes under visible-light irradiation and can be
excited by visible light, exhibiting considerable visible-light
photocatalytic activity [21].

It should be mentioned that ecological issues are
encountered while implementing arc technologies.
Successful utilization of industrial wastes in eco-friendly
manner to develop Cu (78 nm in diam.) and CuO
nanoparticles (67 nm in diam.) suitable for various
biomedical applications was demonstrated by Tharchanaa et
al. [22] when applying the arc plasma discharge for copper
scrap in N> and air gas mixture. Fe-Sn nanoparticles were
prepared in vacuum by DC arc discharge (300 A) in a setup
with a tungsten rod used as a cathode and Fe and Sn powders
compressed into a cylindrical anode to be evaporated [23].
The high oxidation resistance in the air of the nanoparticles
was explained by their shell/core structure with a SnO; shell
of 5-10 nm in thickness.

However, using carbon-containing media for the
synthesis is the most applied, primarily due to the necessity
of protecting the formed metal particles from further
oxidation. Arc-synthesized graphene-encapsulated iron
nanoparticles (Fe@G) exhibited excellent catalytic
performance in syngas conversion reaction, and the
graphene shell is considered a protector for the iron core
from oxidizing or acid etching [24]. Arc evaporation of Fe
and SiC powders was applied to prepare C-Fe-Si alloy
encapsulating Fe nanoparticles [25], and the alloyed shell
exhibited protective properties for the core against air
oxidation. Moreover, the magnetisation and coercivity were
reduced by heat treatment after the arc synthesis. N-doped
graphene layer-encapsulated NiFe bimetallic nanoparticles
were synthesised by Qu ef al. [26] in arc discharge to serve
as a highly efficient microwave absorber. At that, magnetic
NiFe alloy is advantageous in broadening the absorption
bandwidth, while NiFe@C composites efficiently increase
corrosion resistance capability. Methane atmosphere was
engaged to make FeCo and FeCo@C nanoparticles in arc
plasma, and the effect of core-shell nanostructure on
absorbing and magnetic properties were investigated [27]. In
addition to the protective properties, it was found that
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FeCo@C  nanoparticles show  lower  saturation
magnetisation, followed by perfect impedance matching and
reflection loss in the GHz frequency range, compared with
FeCo nanoparticles. The effective complementarities
between dielectric and magnetic losses in FeCo@C
nanoparticles explained the effect.

Moreover, the application of carbon chemicals is
conditioned by the necessity of collecting the formed
particles in a net to prevent them from spreading in the
reactor. The nanoparticles often serve as nucleation centres
to develop a net, so the whole process can be described as a
positive feedback circuit where the carbon network is a host
for the nanoparticles, which, in turn, are the nuclei to grow
the carbon net. This schematic has been implemented in a
number of experiments. The arc discharge route performed
in the PdCl, solution was successfully applied to grow
carbon nanotubes with Pd nanoparticles with a diameter of
3 nm [28]. The palladium nanoparticles were found to be
encapsulated in the nanotubes, and the whole nanostructure
is suitable for the possible fabrication of electronic devices
and hydrogen storage. CuO/Ta,Os core/shell crystalline
nanoparticles were fabricated by the arc discharge in water
[29]. Xu et al [30] reported about Ni, Co and Fe
nanoparticles encapsulated in carbon shells after the arc was
applied in aqueous solutions of NiSO4, CoSO4 and FeSO,.
However, the use of liquids complicates the process, which
is why there is a clear tendency to apply gas-phase
environment.

The gaseous atmosphere at the constant pressure of 60
kPa under Ar:H,=1:1 was employed to generate carbon-
encapsulated iron nanoparticles by a carbon arc [31].
Measurements of yield, diameter distribution, graphitisation
degree and magnetic properties show that Fe content in the
anode is from 7.5 to 65 at.% completely controls these
characteristics. At the same time, the discharge current
affects the product morphology, diameter distribution and
graphitisation degree, while the phase composition does not
depend on either parameter. In the research carried out by
El-khatib et al. [32], the nanocomposites of nano zinc oxides
as a matrix phase and multiwall carbon nanotubes as a
reinforcement (NZnO/MWCNTs) were synthesised in
deionised water by AC arc discharge between the graphite
and zinc electrodes of different geometry and size. It was
found that at the discharge current of 15 A the diameter of
MWCNTs was increased twice (from 7.3 nm to 15.18 nm)
while the diameter of NZnO stayed almost constant (12.24
nm and 15.36 nm) at a two-fold increase of the size of the
electrodes. A pulsed arc applied in a vacuum chamber
evacuated below 1073 Pa in a container filled with powders

was engaged to fabricate Pt and Pd nanoparticles made of
Pt/Al,03 and Pd/CeO; catalysts [33]. Graphite encapsulated
nickel nanoparticles (Ni-GEM) were produced in a tungsten
arc-discharge system, where the anode is a graphite crucible
loaded with nickel shots. PF resin, benzene and cyclohexane
vapours were combined in three combinations to serve as a
carbon source, while a tapered tungsten rod of 10 mm
diameter served as a cathode. DC arc of 120 A was applied,
and Ni-GEM nanoparticles exhibited the inner structure:
carbon shell of 5-10 nm and Ni core of 30-50 nm [34]. The
arc discharge process followed by an annealing treatment
conducted by Kuchi et al. [35] resulted in the growth of a
well-integrated composite of FesO4 and single-wall carbon
nanotubes (SWCNTs) exhibiting strong microwave
absorption. A hollow pure graphite tube with a length of 160
mm, outer diameter of 6.4 mm and inner diameter of 3 mm
was used as the carbon source that was filled with Fe wires
and a mixed powder of Fe with graphite (1:1). The discharge
was ignited in a hydrogen atmosphere for 20 min at a partial
pressure of 5.3MPa. Then the product was annealed at
500°C in a nitrogen atmosphere for two h to oxidise Fe into
Fe304. Ag-Fe-decorated single-walled carbon nanotubes
with excellent antibacterial activity against Escherichia coli
were prepared in a simple DC hydrogen arc one-step process
(80 A in atmosphere H»:Ar=4:6 at a pressure of 200 Torr).
Ag and Fe nanoparticles exhibited 1-10 nm diameters and
were deposited at the SWCNT growth during the arc
discharge evaporation [36]. Spherical Co-Cr-Cu-Fe-Ni
nanoparticles of about 80-120 nm in diameter were
synthesised in an arc, and it was found that the body-centred
cubic (BCC) phase increases with the decrease of Cu content
in the nanoparticles. At that, the particles showed
comparable soft magnetic features, and the magnetic
coupling of Cu-rich explained the asymmetric characteristic
face-centred cubic phase with a relatively hard magnetic
BCC crystalline phase [37].

Further improvement of the arc technology is associated
with implementing the magnetic field in the process. The
instability and short duty cycle of arc discharge resulted in
numerous attempts to develop technological setups based on
the utilisation of magnetic fields to guide the arc motion and
keep arcs in specified regions of evaporated samples [38]. In
particular, Wang ef al. proposed a cylindrical plasma
generator with an axial magnetic field to get the
magnetically stabilised gliding arc discharge (MSGAD)
[39]. In addition to the study of arc plasma parameters such
as arc voltage, rotation speed, electric field, excitation and
rotational temperature and so on, nanoparticles of carbon
black with a “crumpled paper sheet” structure were grown.
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They have crystalline structure, and the crystallinity is
improved with an increased magnetic field. The effect of
different gaseous atmospheres was explored in the
magnetically stabilised gliding arc discharge (MSGAD) to
produce carbon nanoparticles via methane decomposition
[40]. In pure CH4 and Ar, a mixture of spherical carbon
nanoparticles and graphene nanoflakes (GNFs) was formed.
In He and H,, only highly crystalline GNFs with excellent
thermal stability were grown. At the same time, in the N
atmosphere, a mixture of GNFs, disordered graphitic layers,
and carbon nanodots were synthesised, and nitrogen-doped
nanoparticles were found. It has been proposed that
hydrogen atoms, in combination with high input power
promote the formation of GNFs.

However, producing a net of 1D carbon nanostructures
presents a challenge due to the difficulty of extracting
nanoparticles from it. Moreover, the literature review
suggests the need to shorten the production time and study
the possibility of excluding the pump systems, which
increase the production costs. That is why the present
research is dedicated to developing a reliable, environment-
friendly and cost-effective arc-based technology where the
carbon-encapsulated metallic alloy particles are synthesised
on a flat graphitic interface at atmospheric conditions.

To conduct the experiments, a mixture of graphite
powder (diameter of particles less than 200 um and
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thickness of about 1 um), aluminium powder (diameter of
particles less than 20 um), and iron (diameter of particles
less than 20 um) was mixed at a weight ratio 80:1:2 in a
crucible, which was made of AISI 1020 Low Carbon Steel
(Fe ~99.08..99.53%; C ~ 0.17..0.230%; Mn ~ 0.30..0.60%;
P <0.040%; S < 0.050%). The mixture was scanned by SEM
facility to measure the average content of the species over an
area of 500 um x 500 um, and the result was C ~ 79%j;
O ~ 18%; Fe ~ 2%; Al ~ 1.0%. Thus, the mixture included a
rather large oxygen content bound in graphite, iron, and
aluminium oxides. A positively shifted tong of a welding
machine was connected to a copper sample (purity 99.98%)
with a thickness of 2 mm and diameter of 25 mm, while a
negatively shifted — to the crucible (Fig. 1a). Purity of the
samples were selected according to the literature review of
the samples used for similar experiments. Less pure material
can significantly affect the results due to the influence of the
impurities, which can serve as nucleation centres. Before the
treatment, the samples were washed in distilled water and
dried. Then they were immersed into an ultrasonic facility
with isopropyl alcohol and washed for 90 seconds, and
dried.

The copper sample was immersed to approximately 5 mm
into the mixture, and the distance between the sample and the
walls of the crucible was about 10 mm; then, the arc current
of 160 A was applied during 2 minutes. The time of the
experimental run was chosen after a preliminary investigation
since over a longer time of the experiment the degeneration
of structures into monolithic formations was observed.

(b)

Non-exfoliated area
(Zone 1)

Area under the
exfoliated
.. (Zone 2)

Sample surface ot o
(Zone 3) . ::

Exfoliated layer
(Zone 4)

Fig. 1. Synthesis of complex nanoparticles in arc discharge: a) a schematic of the experimental setup; b) a schematic of the

areas studied using SEM
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Sparking was observed in the immersed part of the copper
sample, and the mixture was heated red at that. The red glow
was considered as evidence of heat radiation emitted by the
mixture. Use of Thermalert® 4.0 Series Pyrometer measured
the temperature of 820 C. There were ten experimental runs
in a raw; new sample, and the mixture of graphite, iron, and
aluminium oxides were used each time. As a result of the
treatment, the black layer was formed on surfaces of the
copper samples. After the experiments, the samples were
cooled in the atmosphere. At that, part of the black layer was
exfoliated, so four typical zones in Figure 1b were distin-

SN
WD=6.4mm

WD=6.4mm

30.00kV _ x25.0k 2}

guished. Then material from all zones underwent SEM studies
to establish the morphology and elemental composition.

3. Research results and analysis

The experiments revealed the presence of a large diversity
of structures obtained in the arc discharge initiated in the
mixture. The general view of the structures observed in Zone
1 is presented in Figure 2a and shows a mixture of 2D
microstructures covered with a number of smaller structures.

WD=6.4mm

WD=6.4mm 30.00kV__ x25.0k 2}

Fig. 2. SEM images of structures found in Zone 1 (ref. Fig. 1b): a) general view of the structures; b) wrinkled nanosheet with
nanodots; c¢) nanoflowers with a size up to 2 um; d) balls with a diameter of about 10 um; ¢) magnified view of nanoballs;
f) magnified view of complex 1D nanowires with a diameter of about 1 um

Volume 121 Issue 2 June 2023
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Among these structures, wrinkled nanosheets are
distinguishable, as it is shown in Figure 2b. An enhanced
view of the small structures reveals nanoflowers with a size
up to 2 um (Fig. 2¢) and dots associated in microballs with
a diameter of about 10 um (Fig. 2d). The magnified view of
the microstructures allows resolving complex net-like
structures composed of nanostructures (Fig. 2e), which can
form 1D objects with a diameter of about 1 um (Fig. 2f).
While Zone 1 presents the layer that was saved from the
exfoliation and stayed completely intact on the sample, Zone
2 shows the next layer under the partially exfoliated black
layer. Here, the SEM image of the structures found in Zone
2 displays the general view of the structures (Fig. 3a), which
are not only less abundant in comparison with the structures
in Zone 1, but also have different appearance and are

WD=6.5mm
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presented by 2D structures with tree-like 1D nanostructures
(Fig. 3b), and tree-like 1D nanostructures arranged in the
octopus-like shape (Fig. 3c). Their magnified view is shown
in Figure 3d which reveals the complex net-like
nanostructure.

However, regarding the generation of complex
nanoparticles, the most interesting results are obtained in
Zone 4, which represents the exfoliated layer. The structures
found in the deposit are shown in Figure 4. While the general
view (Fig. 4a) of the powder shows just an array of disk-
shaped microstructures with average size of 300 um in
diameter and a few micrometres in thickness, a magnified
view reveals the stacked 2D microstructure (Fig. 4b) that is
also without traces of nanostructures. However, further
magnification revels 2D nanostructures with a size of about

30.00kV _ x25.0k

Fig. 3. SEM images of the structures found in Zone 2 (Ref. Fig. 1b): a) general view; b) 2D structures with tree-like 1D
nanostructures; c¢) tree-like 1D nanostructures arranged in the octopus-like shape; d) magnified view of 1D nanostructure
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40 pm in diameter and thickness of about 50 nm, covered by
the micro- and nanodots (Fig. 4c, Fig. 4d). To characterise
the elemental composition of the structures, five different
regions were marked from 1 to 5 for further EDS analysis.
The results of EDS analysis of the regions marked in
Figure 4 are shown in Figure 5.

As it can be seen, the background region of the exfoliated
powder reveals the presence of carbon (92.3%) with a small
amount of oxygen (5.7%) copper (1.6%), and iron (0.4%); at
that no traces of aluminium were detected (position 1). Thus,
this region presents almost a pure graphite surface with
traces of metals. When studying the surface of a graphite leaf
(position 2) with the sizes of about 30 pm x 50 pum, it was
found that it is composed of carbon (88.8%) with a small

30.00kV  x100

WD=10.0mm 20.00kV  x1.00k

content of oxygen (8.1%) copper (2.2%), iron (0.6%), and
aluminium (0.3%). Almost the same content of carbon,
oxygen, copper, iron, and aluminium was found at another
part of the leaf (position 3). These measurements allow us to
conclude that the stable chemical composition of 2D
nanostructures from one to another, and along the surface of
the studied nano-leaf. As for the metal traces, the analysis of
the droplets with a diameter of 2 um (position 4) and
diameter of 3 pm (position 5) on the surface revealed that
the metals are concentrated in the droplets with almost the
same elemental composition of about of 5-10% of carbon,
0.6-6.0% of oxygen, 15-26% of copper, 54-78% of iron, and
1-4% of aluminium. As it can be seen, the quantities of the
elements differ mostly with respect to iron-copper ratio;

]

K
5

20.00kV  x3.00k

Fig. 4. SEM images of the nanostructures found in Zone 4 (Ref. Fig. 1b): a) general view of the exfoliated layer; b) magnified
view revealing the stacked 2D microstructure; c) 2D nanostructures with a size of about 40 pm in diameter and thickness of
about 50 nm covered by the nanodots; d) magnified view of the nanodots with characteristic regions marked from 1 to 5

Volume 121 Issue 2 June 2023
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at that, small amount of oxygen and relatively large
concentration of carbon allows suggesting about the core-
shell structure of the droplets, when the metal core
composed of the iron-copper alloy, is covered by the carbon
shell that protects the core from the oxidation.

100

10

Wt. %

01 | | | | |
0 1 2 3 4 5 6

Number of a position

Fig. 5. Results of EDS analysis of the positions marked in
Fig. 4: 1 — background region of the exfoliated powder
revealing a presence of carbon (92.3%) with a small content
of oxygen (5.7%) copper (1.6%), and iron (0.4%), no traces
of aluminium are detected; 2 — surface of a graphite leaf with
the sizes of about 30 um x 50 um composed of carbon
(88.8%) with a small content of oxygen (8.1%), copper
(2.2%), iron (0.6%), and aluminium (0.3%); 3 — another part
of the graphite leaf with almost the same content of carbon
(85.4%), oxygen (9.8%) copper (3.2%), iron (1.2%), and
aluminium (0.4%); 4 — microdroplet with a diameter of 2 pm
and a content of carbon (10.4%), oxygen (6.0%) copper
(25.5%), iron (54.4%), and aluminium (3.7%); 5 — micro-
droplet with a diameter of 3 um and a content of carbon
(5.4%), oxygen (0.6%) copper (14.8%), iron (78.0%), and
aluminium (1.2%)

Implementation of arc discharge ignited at atmospheric
conditions in a mixture of graphite powder with a small
amount of iron and aluminium and use of copper samples as
a positively biased electrode proved to be a foundation for
the development of a reliable, highly productive and cost-
effective technology of synthesis of metal alloy micro- and

nanoparticles. The product of the treatment is presented by
the spherical structures composed of a core made of iron-
copper-aluminium alloy with the iron content of 54 to
78 wt.%, which is shelled by the thin carbon layer that
prevents the core from oxidation. The sizes of the particles
are ranged from a few pum to a nanometre size. The particles
are arranged on flat graphitic interfaces, which is beneficial
for the purposes of their collection.

In future, the generated particles are considered for a
catalytic application. In that case, the nanoparticles densely
packed into the large two-dimensional graphitic shell that
protects the metal core particles from oxidation, should
undergo the action of solvents to remove the shell directly
before the application the nanoparticles as active metals.
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