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Abstract
A direct current (DC) arc discharge is a widely used method for large-scale production of metal
nanoparticles, core–shell particles, and carbon nanotubes. Here, the growth of iron nanoparticles
is explored in a modified DC arc discharge. Iron particles are produced by the evaporation of an
anode, made from low-carbon steel. Methane admixture into argon gas serves as a carbon
source. Electron microscopy and elemental analysis suggest that methane and/or products of its
decomposition adhere to iron clusters forming a carbon shell, which inhibits iron particle
growth until its full encapsulation, at which point the iron core growth is ceased. Experimental
observations are explained using an aerosol growth model. The results demonstrate the path to
manipulate metal particle size in a hydrocarbon arc environment.

Supplementary material for this article is available online
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1. Introduction

Metal nanoparticles possess attractive magnetic, optical, and
catalytic properties, which depend on the particle size [1–3].
This motivates developing tools to control the size distribu-
tion of metal particles during their synthesis. Creating a carbon
shell over the metal core is one of these tools. For example,
chemical vapor deposition (CVD) studies demonstrated that
once the carbon shell is formed themetal core growth is ceased
[4, 5].

Historically, however, the motivation for encapsulating
metal nanoparticles was rather to protect the metal core from
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oxidation and agglomeration and to provide chemical and
thermal stability, so that particles retain their properties in
different environments [6]. Applications of such core–shell
particles vary from magnetic fluids [7], syngas conversion [8],
hydrogen evolution reaction [9], and drug delivery [10], to car-
bon nanotubes (CNT) synthesis [11].

One of the dominant methods for single-step production of
metal-carbon nanoparticles at a large scale is the direct current
(DC) arc discharge [12–17], although other techniques have
been used [18–23]. In the DC arc, the discharge is maintained
between two electrodes, where an anode is usually made of
graphite, which ablates and provides a feedstock of carbon for
nanomaterials synthesis. Metal is typically added as a powder
of microparticles, which evaporate in the hot arc and nucleate
as nanoparticles.

Understanding and controlling metal particle growth is
also relevant for arc discharge synthesis of CNT [24–29].
For example, catalyst particles larger than 5 nm are asso-
ciated with the formation of multi-walled CNT (MWCNT),
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while single-walled CNT (SWCNT) typically require catalysts
under 3–5 nm [30–33]. Although carbon coverage is com-
monly assumed to poison the catalyst, alternative experimental
observations exist. Nagatsu et al [11], using a DC arc dis-
charge, prepared Ni and Fe particles encapsulated in several
graphene layers, which they later used as catalysts to grow
MWCNT in a CVD reactor. Schunemann et al [5], observed
growing tubes while they were surrounded by an amorphous
carbon shell, and concluded that carbon feedstock can per-
meate through the shell and reach catalyst particles.

In this work, a modified arc approach was utilized where
carbon feedstock is supplied by the decomposition of hydro-
carbon gas (CH4) in the hot arc core, while the evapor-
ating steel anode provides the metal (Fe). The use of a
gaseous hydrocarbon instead of a consumable graphite elec-
trode makes this method continuous and scalable for indus-
trial production, which was successfully commercialized for
carbon black [34] and CNTs [35]. Importantly, methane is
the second most abundant anthropogenic greenhouse gas that
is also 28 times as potent as CO2 at trapping heat in the
atmosphere. By utilizing methane to produce high-value solid
materials and hydrogen (not investigated here), we aim to
make the process more sustainable. Given the scalability and
sustainability of methane arc discharge to obtain high-value
nanomaterials, it is important to develop an understanding of
how metal aerosols grow in such environments.

The synthesis of metal-carbon core–shell particles using
methane arc discharge was realized before [36–39]. Some
studies also explored how the methane atmosphere affects
particle size. Dong et al compared the sizes of particles
synthesized by evaporating an iron anode at different CH4

pressures [36]. The authors observed that the mean particle
size decreased as methane pressure increased from 13.3 to
40 kPa. While the effect was clearly observed, its interpret-
ation is not straightforward. First, there was no direct compar-
ison of particles synthesized with and without methane, while
keeping other conditions constant. Second, the authors com-
pared the overall sizes of particles rather than the iron cores,
leaving an option that changes were due to the carbon shell
thickness. Finally, experiments were conducted at different
pressures, which could have impacted plasma characteristics
and aerosol growth kinetics [40, 41]. Hao et al compared the
sizes of copper particles encapsulated with carbon that were
synthesized using He/H2 (1:1) and He/CH4 (1:1) gas mixtures
[37]. They found that in the presence of CH4, carbon limited
the copper particles aggregation and hence, reduced their size.
However, when replacing a large part of the gas mixture with
another gas (e.g. half of the mixture from H2 to CH4), mul-
tiple arc parameters are expected to be affected due to differ-
ent gas properties, such as specific heat capacity, and thermal
and electrical conductivity [42]. Furthermore, the inconsist-
ent particle sizes reported throughout the study complicate the
interpretation of the results.

Here, we unambiguously demonstrate in an experiment and
explain with an aerosol growth model that a carbon coat-
ing indeed inhibits the growth of iron nanoparticles formed
from iron vapor in the Ar/CH4 arc and that this effect alone

is sufficient to obtain ultra-fine metal nanoparticles of only
a couple of nanometers in size. Note that implementation of
other size control knobs, such as adjusting the gas flowrates to
vary species concentration and residence time or quenching to
terminate the reaction kinetics, is limited in arcs, because of
instabilities [43, 44] and strong gradients of species densities,
temperature, and pressure [45].

2. Experimental setup and procedures

Experiments were carried out in a stainless-steel vacuum
chamber (figure 1(a)). Electrodes, shown in figure 1(b), were
oriented vertically inside the chamber, with a 6.4 mm diameter
cathode on top (2% ceriated tungsten) and a 9.5 mm diameter
anode underneath (A36 steel, Fe> 99wt.%, C 0.06wt.%). The
anode was placed on a positioning stage so that the interelec-
trode gap was adjusted by a stepper motor. The gap was kept
constant at 2–3 mm: electrodes separated enough, so that the
melting anode does not weld to the cathode, but not too far
from each other to stabilize the discharge. Furthermore, the
constant interelectrode gap among multiple experiments sug-
gests similar temperature fields and electrode ablation rates
[45], and thus, allows for particle size comparison. The gap
was continuously monitored with a camera and adjusted if
necessary.

The reactor chamber was first pumped down to ∼1 Pa
(∼10 m Torr) and subsequently filled with a working gas
mixture to a pressure of 67 kPa (500 Torr). Two cases were
investigated: Ar (5.0 purity) flow of 916 ± 5 sccm; and a
mixture of Ar (916 ± 5 sccm) and CH4 (22.9 ± 0.1 sccm,
4.0 purity) flows, which corresponds to a 2.4 wt.% CH4

in Ar. All gas flows were controlled by calibrated mass
flow controllers (Alicat Scientific). The pressure inside the
chamber was maintained at 67 ± 4 kPa (500 ± 30 Torr)
and monitored with a pressure transducer (MKS, Baratron
221 A). The reactor was checked for leaks using a helium
leak detector (Pfeiffer Vacuum), a typical leak was meas-
ured to be 10−7.10−8 Torr l s−1. The arc was ignited by a
spark from a tungsten wire biased to 2 kV using a Bertan
Associates Inc. (205 A–05 R) high-voltage power supply.
The discharge was sustained with a Sorenson SGA100X100C-
1AAA 100 V/100 A power supply, operated at a constant cur-
rent of 33 A. The voltage measured across the two electrodes
was 10–12 V in the case of pure Ar, and 12–16 V in the case
of Ar/CH4 mixture. The arc current was measured across a
2 mΩ shunt resistor, denoted in figure 1 as Rshunt. The current
value was chosen based on the previous research in similar
arcs (although with graphite electrodes), which showed that
the low ablation regime at smaller currents (below 55 A for
graphite) is more stable and allows for longer arc operation
[46]. A typical run lasted for 1.5 h, limited by chamber heat-
ing. After turning the plasma off, the reactor was evacuated
with the pump, filled with Ar to 80 kPa (600 Torr), and left for
at least an hour to cool down.

Particle samples were collected for ex situ analysis in two
ways, using (i) a PTFE-membrane particulate filter (Cobetter,

2



Nanotechnology 35 (2024) 385601 S Musikhin et al

Figure 1. (a) Diagram of the experimental setup; (b) image of an arc in operation showing electrode diameters and the glowing spot size.
The tungsten cathode (top in (b)) is fixed while the steel anode (bottom in (b)) position is adjusted with a stepper motor.

MFPT-2247) installed stationary in the exhaust vacuum line;
(ii) a TEM grid (200 mesh Cu with a lacey carbon film) placed
on the chamber bottom. In the former case, the filter collected
particles carried with the gas flow to a vacuum pump. In the
latter case, particles are deposited on the grid under gravity
and free convection flow.

Particle morphology, size distribution, and chemical com-
position were analyzed using a scanning transmission electron
microscope (STEM, FEI Talos FX200, 200 kV) with integ-
rated energy dispersive spectroscopy (EDS, 20 kV). Powder
collected on a particulate filter was scraped off, dispersed
in absolute ethanol (⩾99.5% purity), and ultrasonicated for
10 min to form a nanocolloid. One droplet of the nanocolloid
was then deposited on a TEM grid for analysis. No difference
was observed between such samples and the ones collected
directly on a TEM grid placed inside the reactor.

3. Experimental results

Figure 2 shows typical TEM images of nanoparticles syn-
thesized in the arc reactor either in pure Ar (figures 2(a)–
(d)) or in an Ar/CH4 mixture (figures 2(e)–(h)). In both cases,
fractal aggregates consisting of primary spherical particles
were formed, which is typical for gas-phase syntheses [47]. In
pure Ar atmosphere, primary particles are mainly composed of
Fe and O, as shown in figure 3 top row by high-angle annular
dark-field (HAADF) STEM and energy dispersive x-ray spec-
troscopy (EDS). Considering a small but non-zero leak in the
chamber, the amorphous nature of the carbon shell, which is
less efficient in preventing oxidation than a graphitized shell
[48, 49], and that iron nanoparticles are prone to oxidation
even at room temperature [50], particles could have oxidized
inside of the reactor as well as outside, when extracted for
analysis.

Figures 2(e)–(h) shows dark aggregates enveloped in a light
amorphous material. The chemical composition (figure 3 bot-
tom row) suggests that the darker particles consist of ironwhile
the shell is an amorphous carbon. EDS maps and TEM images
show that, when adding methane to the system, iron particles
get entirely coated with carbon. Based on the quantitative EDS
analysis (background corrected, interactive TEMmethod), the
carbon content in such samples was roughly estimated to be
80 ± 15 wt.%.

Although not shown here for clarity, other trace elements
were detected using EDS, namely Mn, Si, and Cu, coinciding
spatially with iron nanoparticles, and each present at concen-
trations less than 5 at%. All three elements are known to be
present in low-carbon A36 steel. However, since the applic-
ations of the obtained core–shell nanoparticles were beyond
the scope of this study, the influence of these trace elements
on particles performance was not investigated.

In some images (see supplementary information), dis-
crete, non-aggregated iron particles were found, which were
still embedded in amorphous carbon. No such discrete iron
particles were observed in the case of pure Ar, only fractal
aggregates. It suggests that carbon shells have formed early
enough to prevent at least some iron clusters from coagu-
lating and forming aggregates. That could have also limited
iron particle growth by iron atoms adsorption and clusters
coalescence. To check this, particle size distributions were
experimentally measured for both working mixtures, with and
without methane.

Iron particle size distributions are plotted in figure 4 as his-
tograms of the probability density functions (PDF) along with
lognormal fits, which yield count median diameters (CMD)
and geometric standard deviations (GSD). More than 150
particles were measured to build each histogram. Multiple
samples were analyzed but only two extreme cases, with the
smallest and largest CMDs for each gas mixture, are shown
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Figure 2. Typical TEM images of particles synthesized in pure Ar (a)–(d) or a mixture of 2.4 wt. % CH4 in Ar (e)–(h). Methane addition
led to iron-carbon core–shell particles formation.

Figure 3. HAADF STEM image and EDS elemental maps of aggregates synthesized in pure Ar (top row) or a mixture of 2.4 wt.% CH4 in
Ar. When adding methane, iron particles got covered by carbon.

in figure 4. Iron core size decreased from 8–11 nm in pure
Ar to 3–5 nm when adding 2.4 wt.% CH4 to Ar. This exper-
imentally confirms that the carbon shell formation limits iron
core growth. Furthermore, in the case of Ar/CH4 mixture, the
obtained catalyst particles were under 5 nm, which is expec-
ted to favor SWCNT formation relative to MWCNT and soot
[30–32, 51]. However, the efficient synthesis of SWCNT was
not the goal of this work, hence, we did not manipulate any
other process parameters, e.g. pressure, gas temperature, pre-
cursor/catalyst types, and their concentrations [52, 53]. This
explains why only a small number of SWCNT was detected
in the Ar/CH4 sample (figure 2(f)). The efforts to improve
SWCNT yield in the methane arc discharge are currently
ongoing.

4. Discussion

To explain experimental observations, we refer to the aero-
sol growth model from [54], which uses a commonly accep-
ted nucleation model by Girshick and Chiu [55], and accounts
for condensation, evaporation, and coalescence. The model
is extended to accommodate for the possibility of carbon
atoms adhering to the metal cluster surface, which leads to
carbon diffusion and shell formation. For the exact formu-
las and notations, a reader is referred to the original model
publication [54], while here, for the sake of the ‘proof of
principle’ analysis, simplified phenomenological terms are
used. Schematics of the considered processes are depicted in
figure 5.
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Figure 4. Iron particle size probability density functions (PDF) and
corresponding lognormal fits. CMD: count median diameter, GSD:
geometric standard deviation. For Ar/CH4 mixtures, the methane
fraction was 2.4 wt.%. The addition of methane limited iron particle
growth: from 8–11 nm in Ar to 3–5 nm in Ar/CH4 mixture.

Figure 5. Schematics of iron particles growth near evaporating steel
anode in a hydrocarbon atmosphere. Not up to scale. Considered
processes: (i) evaporation of iron from a hot molten anode surface;
(ii) iron vapor diffusion into the cold argon gas, iron vapor cooling,
and nucleation of clusters; (iii) clusters growth by iron atoms
condensation and coalescence; (iv) thermal and thermocatalytic
decomposition of hydrocarbons; (v) carbon adsorption, diffusion,
and shell formation.

To follow the evolution of clusters size in time, we intro-
duce the mean cluster volume defined as the ratio of the total
clusters volume density, Nvolume, to the cluster density, Ncluster.
This monodisperse size approximation is often used in cluster
growth models, e.g. in [54]. The rate change of Nvolume, is
given by

∂Nvolume

∂t
= Vnucleation +Vcondensation (1− θ) , (1)

where the first term on the RHS represents volume growth due
to clusters nucleation, while the second due to condensation of

atoms on the cluster. A parameter θ is the fraction of the cluster
surface occupied by the adsorbed carbon atoms, e.g. θ = 0
corresponds to a clean metal surface, and θ= 1 corresponds to
a surface fully encapsulated in carbon. It is assumed that once
the adsorption site is occupied by carbon, it is not available for
iron atoms. Hence, 1−θ is the part of the cluster surface that
is still accessible for iron atoms adsorption. Note that equation
(1) does not include coalescence as it does not change the total
clusters volume.

The rate change of cluster density is given by

∂Ncluster

∂t
= Nnucleation −Ncoalescence(1− θ)

2
. (2)

Cluster density increases due to nucleation of new clusters
and decreases due to coalescence. Parameter (1−θ)2 describes
a probability of two iron clusters coalescing, where each
cluster has a 1−θ part of its surface not occupied by carbon.

First, let us briefly describe a process of iron aerosol growth
by inert condensation. As iron atoms evaporate from the
anode surface, they diffuse into and collide with argon buf-
fer gas and cool down. At the same time, when moving away
from the anode, the buffer gas temperature drops leading to
iron atoms supersaturation, which prompts clusters nucleation
[55]. Clusters grow by iron atoms adsorption and coalescence.
Following our notation, both processes occur with θ = 0
in equations (1) and (2), due to the absence of hydrocar-
bons. Adsorption consumes iron atoms, decreasing the level of
supersaturation. Furthermore, atoms and clusters diffuse into
space, which reduces their densities as 1/R3, where R is the
distance from the evaporation surface. At some distance, iron
atom density drops to a level below supersaturation, so nucle-
ation stops. The density of iron clusters also reduces with dis-
tance until virtually no coalescence occurs. Therefore, particle
growth is limited by iron atoms and clusters expansion in
space.

Next, we try to describe phenomenologically the pro-
cess of iron aerosol growth in the hydrocarbon atmosphere.
Simultaneously with iron cluster growth, CH4 and products
of its dissociation in the hot arc adhere to the cluster sur-
face releasing carbon atoms. Carbon atoms then could diffuse
inside themetal particle until its saturation and then precipitate
on the surface (bulk diffusion) or directly accumulate on the
surface forming ‘islands’, which grow in size (surface diffu-
sion). The actual mechanism of the surface coverage with car-
bon is irrelevant to the purpose of this work. Importantly, once
the metal cluster surface is fully covered with carbon atoms,
i.e. when θ = 1, its growth is terminated. As experimentally
observed, at the chosen CH4 partial pressure and arc paramet-
ers used in this work, the carbon shell formation becomes the
limiting factor of iron particle growth rather than atoms and
clusters expansion in space.

The described above growth saturation can be explained
by analyzing equations (1) and (2). When looking into the
second term of equation (1), a partially carbon-covered iron
cluster, 0 < 1−θ < 1, would have a limited surface exposed
to metal condensation, decreasing the likelihood of iron atom
adsorption, and slowing down cluster growth. When fully
encapsulated in carbon, i.e. 1−θ = 0, adsorption stops, which
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is represented by the second term of equation (1) canceling out.
A similar line of thought applies to equation (2), a partial cov-
erage by carbon reduces the probability of clusters coalescing
with each other, while a fully formed carbon shell, 1−θ = 0,
cancels out the coalescence term in equation (2). Additional
carbon atoms are still able to adhere to the shell increasing its
thickness, but the iron core growth is ceased.

Apart from the straightforward applicability to core–shell
particles, we argue that the process of slowing down the iron
particle growth while the shell develops is also relevant to
CNT synthesis. In situ TEM observations by Lin et al showed
that the growth rate of a SWCNT on a Ni particle initially
increased and then decreased until the growth terminated [56].
They attributed the decreasing growth rate to the continuous
coverage of the catalyst with carbon, which passivated the
active catalyst sites and gradually reduced its efficiency. In
their molecular dynamics study, Ding et al proposed that more
than one carbon island could form on a catalyst surface dur-
ing the CNT nucleation [57]. Both studies suggest that cov-
erage of the catalyst surface is a dynamic process occurring
during tube formation and growth, which, as shown in our
model, would inhibit catalyst size growth. We hope that this
finding, explained here with a simplified model, will motiv-
ate the development of more comprehensive models capable
of predicting the kinetics of metal particle growth in hydro-
carbon arcs.

5. Conclusions

We explored iron nanoparticles growth in the Ar/CH4 arc dis-
charge generated from evaporating steel anode. TEM and EDS
analyses revealed that the core–shell iron-carbon particles that
were formed in the Ar/CH4 mixture had significantly reduced
iron core sizes compared to particles grown in pure Ar. The
simplified aerosol growth model was able to explain this res-
ult by incorporating a hydrocarbon environment and allowing
carbon to adsorb onto the iron core. The process of carbon
shell formation inhibited iron atoms adsorption and clusters
coalescence, eventually leading to the full encapsulation and
cessation of iron core growth. This shows the possibility of
leveraging the intrinsic formation of the carbon shell on metal
particles in hydrocarbon arc discharges, e.g., for the synthesis
of core–shell structures and CNT with prescribed properties.
A small number of SWCNTwas also synthesized in this work,
and the efforts to improve yield are currently ongoing.
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