Journal of Physics D: &%. PURPOSE-LED
Applied Physics *»¢# PUBLISHING

ACCEPTED MANUSCRIPT « OPEN ACCESS

Simulation of metal nanoparticles growth in methane atmosphere of arc
discharge: Comparison to experiment

To cite this article before publication: Valerian A Nemchinsky et al 2024 J. Phys. D: Appl. Phys. in press https://doi.org/10.1088/1361-
6463/ad9ebd

Manuscript version: Accepted Manuscript

Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted
Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”

This Accepted Manuscript is © 2024 The Author(s). Published by IOP Publishing Ltd.

As the ersmn of Record of this article is going to be / has been published on a gold open access basis under a CC BY 4.0 licence, this Accepted
Manuscript is available for reuse under a CC BY 4.0 licence immediately.

Everyone is permitted to use all or part of the original content in this article, provided that they adhere to all the terms of the licence
https://creativecommons.ora/licences/by/4.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on IOPscience once published for full citation and copyright details, as permissions may be required.
All third party content is fully copyright protected and is not published on a gold open access basis under a CC BY licence, unless that is
specifically stated in the figure caption in the Version of Record.

View the article online for updates and enhancements.

This content was downloaded from IP address 198.125.233.211 on 16/12/2024 at 14:21


https://doi.org/10.1088/1361-6463/ad9ebd
https://doi.org/10.1088/1361-6463/ad9ebd
https://creativecommons.org/licences/by/4.0
https://doi.org/10.1088/1361-6463/ad9ebd

Page 1 of 22

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-138020.R1

Simulation of metal nanoparticles growth in methane atmosphere of arc
discharge: Comparison to experiment

V. Nemchinsky, S. Musikhin, and Y. Raitses”

Princeton Plasma Physics Laboratory, Princeton, NJ 08540, United States of America
“corresponding author (yraitses@pppl.gov)

Keywords: Arc Discharge, Methane, Core-Shell Nanoparticles, Single-Walled Carbon Nanotubes
(SWCNT), Numerical Modeling ~

1 Abstract

A direct current arc discharge in a methane atmosphere is a secalable and sustainable method to
produce metal-carbon core-shell nanoparticles and single-walled carbon nanotubes (SWCNTs),
where a metal catalyst can be continuously supplied through evaporation of an anode made from
the catalyst material. The size of catalyst particles is of critical importance as it can affect the
synthesis yield and properties of nanotubes and core-shell nanoparticles. This study presents a
numerical model describing the formation andigrowth of metal particles for the conditions
representative of the arc discharge with an evaporating'iron anode at near-atmospheric pressure of
a methane-rich atmosphere. The model. incorperates carbon adsorption to the metal surface and
explains the limiting effect of carbon covetage on the size of metal nanoparticles. The predicted
particle sizes are compared with, experimental observations. The model also predicts higher
concentrations of metal particlesswith the increasing partial pressure of methane.

2 Introduction N

Going back to the pioneering work by lijima in 1991 [1], direct current (DC) anodic arc discharge
remains one of the mainimethods for large-scale production of single-walled carbon nanotubes
(SWCNTs) [2-6].4In its, common implementation, the discharge is maintained between two
graphite electrodes at near-atmospheric pressure of He and/or H,. The anode ablation driven by
arc heating provides a. feedstock of carbon atoms and molecules for the synthesis of carbon
nanotubes (CNTs). To'sustain the growth of SWCNTs, metal catalyst, e.g., Fe, Co, Ni, Y, or their
mixture [2-4], is typically added to the anode as a powder of microparticles, which evaporates in
the hot arc environment and then nucleates and grows as nanoparticles. An alternative approach to
ablating graphite anode is to supply carbon feedstock by pyrolytic decomposition of a hydrocarbon
gas (e.g., CHy) in the arc, while a metal catalyst (e.g., iron) can be supplied through evaporation
of the anode made from this material. The use of methane, the greenhouse gas, as a precursor
makes the approach sustainable and scalable, which was patented for commercial production of
hydregen and carbon black [7], as well as CNTs [8].
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While methane arc has been successfully implemented for large-scale production of earbon
black [7,9] and metal-carbon core-shell particles [10—13], its use for high-yield synthesis of CNTs
is yet to be optimized [14]. Among various optimization parameters, the size of imetal catalyst
particles was shown to affect, for example, the selectivity of CNTs synthesis and the number of
nanotube walls. Chemical vapor deposition (CVD) experiments at controlled conditions showed
that SWCNTs typically grow on catalyst particles under 3—>5 nm, while larger catalyst particles
lead to the formation of either multi-walled carbon nanotubes (MWCN'Ts)or core-shell particles
[15-18]. In our previous work [14], we experimentally demonstrated that the growth of iron
nanoparticles in methane arc discharge is intrinsically limited because of the developing carbon
shell on the particle surface, which, if controlled, can be beneficial/for the s?nthesis of CNTs. The
effect of carbon coverage was explained through a simplified aerosold growth model using
phenomenological terms. Essentially, a partially carbon-covered iron particle has a limited surface
that is available to iron atoms condensation, which reduces the likelihood of iron atoms adsorption,
and thus, slows down the particle growth. Similarly, a limited exposed iron surface reduces the
chance of iron particles coalescing with each other. Overall, the carbon coverage effect was found
to determine the metal particle size. However, no"numerical model was presented that can
accurately predict the size of metal particles produced in a hydrocarbon arc environment.

The growth of metal nanoparticles was,modeled before in various contexts, including inert
gas condensation, spark discharge, metal film laser ablation, sputtering, and welding arc [19-23].
Typically, the reported models considered particle hucleation based on the classical nucleation
theory [24] and particle growth by condensation and collisions. In this paper, however, we address
the growth of metal nanoparticles in the presence of hydrocarbons — a scenario relevant, but not
limited, to CNTs synthesis in atydrocarbon are discharge.

We present a self-consistent numerical model that describes the formation and growth of iron
clusters in a chemically active methane,environment. Although the model development was
motivated by the challenge of €NTs synthesis optimization, we do not consider the processes of
tube nucleation and tube growth. Instead, the model focuses on the metal catalyst growth in a
hydrocarbon environment, which 4s a prerequisite for CNTs formation in the methane arc
discharge. We believe that the presented model could guide further experiments and give insights
into how to controlicatalyst patticle size and concentration without the need for comprehensive
parametric studies. The paper is organized as follows. Section 3 describes the model: Governing
equations, assumptions, and simulation parameters. Section 4 presents the modeling results in
terms of metal particle size, concentration, and particle carbon coverage. The results are then
compared withithe experimental data [14].

3  Model description

The developed model intends to describe multiple processes, which are schematically shown in
Figure l:<Evaporation of iron atoms from a hot molten steel surface (different colors denote
different temperature regions); Subsequent iron vapor diffusion into the cold buffer gas (e.g.,
argon), iron vapor cooling, and nucleation of clusters; Clusters growth by iron atoms condensation
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and clusters coalescence; Decomposition of methane at the cluster surface; Carbon surface
adsorption and carbon shell formation.

Several simplifications were adopted. First, it was assumed that iron vapor diffuses from
the evaporating surface and expands symmetrically in space. Both iron atoms and clusters were
characterized by a single diffusion coefficient, D, and a single temperature, 7. The latter is different
from the evaporating surface temperature, 7;. Ambient gas temperaturg,was assumed to be
constant, and the cluster size distribution monodisperse. The gas temperature nside the core of a
similar DC arc was estimated to be between 0.5—1 eV, i.e., 5,000—12,000 K{25]. Hence, CH,4
molecules inside the arc are decomposed into their constituents, €'and ‘H atems, which could
recombine in different configurations (C,, Cs, C{Hy, etc.) when diffusing out of the arc. Here, we
only account for a single decomposition product, the monoatomi€carbon, and for methane that the
reactor chamber is filled with. Finally, the model does not account for the charging of synthesized
particles. For arc discharge systems, this assumption is based en several studies [26-28], which
showed that the particle synthesis takes place away from/a highly ionized hot arc core, in a colder
periphery region where the degree of ionization is low

CH, decomposition 4
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Figure 1. Schematics ofthe processesdescribed by the model. Not up to scale. Colored areas on the anode
surface represent different temperatures.

3.1 Nucleation rate and cluster growth

Metal clusters, formation by evaporation of the bulk metal into a buffer gas was investigated
experimentally andshumerically elsewhere [29-33]. In simulation studies, a classical nucleation
theory and its modifications were often employed [24,34,35]. Here, we build our model based on
a simplified;. yét accurate, monodisperse approach described in Ref. [36]. However, unlike
previous studies that focused on modeling metal condensation in an inert gas atmosphere, we
consider achemically active hydrocarbon gas. Under such conditions, along with metal atoms,
methane or its decomposition products can adhere to and decompose on the metal cluster surface.
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In the described model, the system of atoms and clusters evolves in time without
considering spatial variations. Once the time dependences of all the parameters of interest are
determined, one can indicate the corresponding particle location for any specific time. Namely, it
was assumed that within a given time interval ¢, the particles would diffuse due to the. density
gradient by the distance z = 2(Dr)2. We disregarded thermal diffusion because, as it.will be shown
later, the temperature variation is negligible compared to the density variation.

Clusters are born in the process of nucleation. A commonly aceepted nucleation model
developed by Girshick and Chiu [24], gives the nucleation rate (m-3s)

~
20

J=v1(22) N exp o —d ], (1)

where o is the metal surface tension (1.8 N/m here for iron[37]), N, is the density of evaporated
metal atoms, Ny =Ny(7), is the saturated metal vapor density at.a temperature, 7 [38], S =N,/N;, is
the supersaturation value, while m, and v, are the monomer (iron atom) mass and volume,

respectively. In Eq. (1), the parameter ® is the dimensionless surface tension,

0S4

0 =7 (2)

where £ is the Boltzmann constant and s; is the monomer surface area. The monomer parameters
are: m, = 9.27x102° kg, rp.= 156 pm [39], sy=4nr.%, and v, = 4/37rg’. Clusters are born at a
critical size of

go=(-2 ) G)

31n(S)
N

The referred nucleationsmodel [24] assumes an isothermal case when the nucleation heat
is removed from the system. This approach is only suitable when a small fraction of clusters exists
in the surrounding gas. However, the energy released during the nucleation can substantially heat
the forming clusters (non-isothermal case). This nucleation heat shifts the system towards the
lower supersaturation level thereby decreasing the nucleation rate. We included the correction for
non-isothermal“nucleation described in [40,41]. Namely, using the terminology of [41], the
nucleation rate reduction isiaccounted for by the factor, fqp:

_ ]noniso b2

fsup ~ Jiso = b24+H2’ (4)

where Ji,, and J,niso are the nucleation rates with and without thermal effects taken into account,
H =362 ¢V is the latent heat of iron evaporation [42], and
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% :2k2T2(1+% D (5)
m,

a r

describes the energy transfer between a monatomic cluster and monatomic carrier gas between
two subsequent condensation/evaporation events. Na, = Pa,/kT g, is the density of the,buffer gas
(argon here), ma, = 6.63x10-26 kg is the atomic mass of argon. To account for non-isothermal
nucleation, the expression for nucleation rate (Eq. 1) is multiplied by fy4, (Eq. 4):

Our model considers iron atoms (density N,) and clusters. Clusters are characterized by
their number density N, and size g, where g = N,/(Ngv;) is the number of'atoms in a cluster. N, =
Ngv, 1s the clusters volume density and v, is the volume of the cluster consisting of g atoms. The
model consists of three rate equations: change of cluster volume density, change of the clusters
number density, and the continuity equation. We followthe notation from Ref. [36] but
additionally account for the continuous coverage of clusters with carbon atoms.

The rate change of N, is given by

a(;Vtv:]U1gc+U1(1—9)ﬁ1_gava—NS)Ng. (6)

The benefit of introducing N, is that it does not ¢hange during coalescence. In this equation, the
first term describes cluster nucleation, while the second term describes the condensation of metal
atoms on the cluster (N, > N;) or their evaporation from the cluster (N, <N;). Parameter £_, (m¥/s)
represents the frequency of collisions between iron monomers (atoms) and clusters consisting of
g atoms. Details on the collision frequency are given in Appendix 1. @is the fraction of the cluster
surface occupied by the adsorbed carben atoms. In the present model, we assume that once an
adsorption site on the nanoparticle surface is occupied by a carbon atom, it is not available for
metal atoms to condense. Hefce, apartially carbon-covered iron particle has 1-@part of the surface
that is available to iron atoms condensation. The carbon coverage process reduces the likelihood
of iron atoms adsorptien, and thuss'slows down the iron particle growth. When fully encapsulated
in carbon (1-€= 0), particle.growth by condensation ceases. We assumed the degree of coverage
to be the same for all clusters at a given time.
The clusters number density rate is given by

(7)
% =] - %(1 - e)zﬁg—gNé’

where parameter > is introduced so that the collisions between the same clusters are not counted
twice, and S,y (m?/s) is the frequency of the collisions between clusters, detailed in Appendix 1.
The probability of two clusters coalescing with each other, each having 1-8 part of the exposed
metal surface, is (1-6). A fully formed carbon shell entirely stops the coalescence.

Finally, the last rate equation stems from a continuity equation:



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-138020.R1

ad
Z(uiN, +N,) = 0. ®

We used the following initial conditions at the evaporating surface: N, = N, Ng= 0, N;;= 0. Iron
saturation density Ny(7) corresponding to the evaporating surface temperature was taken from'the
Vienna TU database [38].

3.2 Clusters temperature distribution

~
Near the evaporating surface (anode top surface in the arc), the vapor is assumed to be at the

surface temperature. As the vapor and newborn clusters diffuse away from'this surface, they cool
down through the collisions with the buffer gas and heat up through the eondensation of iron atoms
and the adsorption of carbon atoms. In our simplified model, we deseribe atoms and clusters as
having a single temperature. Therefore, the cluster tempgerature variation is defined as

dT (01+0Q,;+Q3
E= Ci+Con ¥ (9)

where O, is the energy exchange due to collisions between the buffer gas and metal atoms and

clusters, O, due to iron atoms condensation and evaporation, Q5 due to carbon atoms adsorption

to clusters, C) is the heat capacity of thesiron vaper, and C; is the heat capacity of the clusters.
The heat exchange due to collisions with the buffer gas, Q; (Wm), is given by:

8KkT
Q1 =72ka(T — Tgas) Li=Fe, g( ’msAr—iNArNi>: (10)
N
where “Fe” refers to an iron atom, “Ar” to an argon atom, “g” to a g-cluster, and Sp,_; =T

(rar + 1)? is the corresponding collision cross-section, €.g., Sar.re = T(rar + Fpe)? = 1.6x1071° m2,
where 5, = 71 pm, rpe = 156 pm are the corresponding atomic radii [39]. In addition, we assumed
that Sar.g = Sre-ar % g%, Here; since g represents the volume of an iron cluster, its surface is
proportional to g#3. Parameter « is the thermal accommodation coefficient, which quantifies the
efficiency of energy transfer during collisions between gas molecules and the surface of iron atoms
or clusters. Its value«is bound between 0, i.e., no energy exchange, and 1, i.e., complete
thermalization of the gas atom to the cluster temperature upon the collision. Here, we assume a to
be independent of cluster temperature and cluster size [43], although the opposite evidence exists
in the literature [44,45]. For the argon—iron pair, we adopt a constant value of @ = 0.1, which is an
average derived from multiple experimental and molecular dynamics studies [45—48].
Technically, iron atoms and clusters also collide and exchange energy with methane
molecules. Such interactions should be accounted for, similar to that of collisions with argon
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atoms. However, given the low concentration of methane in the gas mixture (Ar 97.6 wt.%, CH,4
2.4 wt.%), we neglected the impact of these collisions.

Clusters heat up due to iron atoms condensation (N, > N;) and cool down due to atoms
evaporating from the cluster (N, < N;). The process depends on the exposéd metal surface area,
collision frequency between iron atoms and clusters, and clusters number densitysTherefore, O,
(Wm3), is given by

Q2=(1_9),81—g(Na_Ns)NgH- (11)

. ~
The heat exchange due to the adsorption of carbon atomsy Qs (Wm), depends on
concentrations and collision frequencies of methane and carbon‘atems with/clusters, their sticking
coefficients, and the degree of cluster carbon coverage:

Q3 = Bcha—gNcuaNg[K1 (1 — 0)[Hags + Bc—gNeNg[K2 (1 — 8)[Hags, (12)

where Ncpy is the density of methane molecules in the buffer gas, Neps = Pepa/kT s, Nc is the
density of carbon atoms (originating from the hot arc), K; reﬁresents the probability of methane
decomposition at the iron cluster surface, and K, is the probability of C atoms to adsorb to the
cluster surface, i.e., “sticking coefficient”. Adsorption of carbon atoms brings the adsorption heat,
Hygs =6 eV [49,50] to the iron cluster. Methane decomposition over carbon surfaces is typically
low unless the surface is activated [51]. Therefore, we consider methane decomposition only at
the metal part of the cluster surface. Note that after the metal cluster is encapsulated by a single-
layer carbon shell, the shell continues to grow in thickness, which is evident from numerous TEM
images [10—14]. However, that process.was not of interest in this study.
The probability of CH, decomposition at the iron cluster surface, K, is given by

A S

K4 =Koexp(—h), (13)

KT

where Ky =0.05 is.the pre-exponential factor and H,=0.575¢V is the energy of methane
activation. In the ‘absence of data for iron, values were obtained from experimental sticking
coefficients for CHyon nickel [52]. Data for Ni (100) and (110) crystal planes were averaged and
extrapolated from the available temperature range of 450—600 K to temperatures relevant for this
study, i.e., 80042500 K. The plane selection was informed by literature, suggesting that the
activation energies'for methane on nickel and iron are the highest on the (100) and (110) surfaces
[53-55].

The sticking coefficient for carbon atoms adsorbing to the iron surface, K5, is not known.
Based on the limited data for several other atoms impingent on metal surfaces, including nickel
surfaces, we assume a temperature-independent K, = 0.3 [56]. We comment on the impact of the
uncertainty of this parameter on the calculated particle size in Section 4 of the paper.

The volumetric heat capacity of the iron vapor, C; (J K-' m), is defined as
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Cy = 2kN,, (14)
and the volumetric heat capacity of clusters, Cs, as
C2 = CpN, = Cpu1gNg, (15)

where p = 7800 kg/m3 and C =450 J/kg/K are the iron density and heat.capacity [57], and v,g is
the g-cluster volume. ~

3.3 Degree of coverage

The degree of cluster surface covered by the adsorbed.carbon atoms is determined by the
competition of three processes: carbon atoms adsorption, evaporation of already adsorbed carbon
atoms, and diffusion of carbon atoms from the surface inte the bulk of the cluster. Let Guqs, Gevaps
and Gy be the densities of the corresponding fluxes, respe(;tively. Also, let a; be the distance
between adsorbed carbon neighbors so that 1/a?is the surface density of the sites available for
carbon atoms adsorption. Then, the time dépendence of the degree of coverage can be found as

de 2dR
E = a% (Gads —~ Gevapor - Gdlff) _9?’ (16)

where the last term accounts for,the change of the carbon surface density due to the iron cluster
growth (increase in radius R) while the number of carbon atoms on the surface is constant. The
derivation is given in Appendix2. Calculations showed that this term is only substantial at the very
early stages of the cluster devel.meent and thus, was neglected here. The distance a; can be
estimated as (m,/p)"3, which gives q; ~ 2.2 A.

The deposition of earbon on the metal nanoparticle, G,q4s, is described by thermal fluxes
of methane molecules and carbon atoms to the nanoparticle surface,

1 1
Gads = K1(1 — 0)7Ncuabcna + K2(1 — 0)7N v, (17)

where Uy and U are the methane and carbon atom thermal velocities. The evaporation of the
adsorbed.carbon atoms from the nanoparticle can be described as

a%Gevapor = ewexp( - Hads/kT)e (18)
where @ is'the oscillation frequency of an adsorbed carbon atom [58]. One can see that even if

assuming @ = H,y/h, where h is the Planck constant, i.e., when grossly overestimating the
oscillation frequency, and assuming the highest temperature investigated here (~2600 K, explained
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in Section 3.4), the thermal desorption is still negligible. Finally, the diffusion of adsorbed earbon
atoms from the surface into the bulk of the iron cluster is considered in Appendix 3. Tt is:shown
that even for the cluster temperature of 2600 K, clusters become fully encapsulated before any
significant number of carbon atoms diffuse into the cluster bulk. Thus, the Gy termwas also
neglected.

3.4 Parameters of simulation

Although the model is not tied up to a specific experiment,»we used some of the
experimental parameters from Refs. [14] and [59], which allowed us to validate the model against
these experimental data. Experiments were conducted for the arc discharge between the anode
made from low-carbon steel (ASTM A36) and the cathode made from,2% ceriated tungsten. Two
different gas atmospheres were used: 100% Ar (67 kPa) and Ar(67 kPa) + 2.4 wt.% CH4 (1.6 kPa).
In both these cases, the same arc current of 30 A was useds Thesynthesized particles were analyzed
and measured using transmission electron microscopy (TEM)yand energy dispersive x-ray
spectroscopy. Measurements of the gas temperaturesusing a thermocouple placed at the arc
periphery yielded Ty, =800 K, which suggests/ minimal,methane pyrolysis [60]. Here, we
assumed no methane pyrolysis outside of the arc. However, the gas temperature inside a similar
DC arc was estimated to be 5,000—12,000' K [25], hence, methane should decompose inside the
arc. Considering the isobaric conditions inside.and outside of the arc, and given the gas mixture
composition (67 kPa Ar + 1.6 kPa CHy)rand the gas temperature outside of the arc (800 K), we
estimated that the concentration of C atoms leaving the arc should amount to ~1—2% of the CHy4
concentration outside of the are: Once leaving.the arc, carbon atoms expand in space, adsorb to
iron clusters, adsorb to other carbonatoms to form soot particles, and recombine with hydrogen
and other radicals to form CJH, species. The latter two processes were not simulated here.
Temperature fields of the evapoQting anode surface were obtained using thermal imaging [59].
The radii, r;, of isotherms with corresponding temperatures 7; are given in Table 1.

To keep the model \ID instead of converting it to 2D, we approximate experimental
temperature fields as a single circular area having a uniform temperature and assume a symmetrical
vapor expansion fromithe obtained area. First, we calculate the total iron evaporation rate, I' (kg s
1), using the Hertz-Knudsen equation,

r= Zi(AiPi /2:,1{?)(19)

where A is the area of the corresponding isotherm (circle for the first isotherm and outer circular
rings for the rest, see colored areas in Figure 1), P; is the equilibrium iron vapor pressure at 7;, and
m, 18 the mass of an iron atom. Next, we define circular areas within which 50 and 90% of the total

evaporation, I', occurs. For the case of pure argon, this yields R, 592, = 0.85 mm, and R 4, g0, = 1.8
mm. Finally, we select a single temperature for each of the obtained areas so that the modeled
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evaporation rate matches the total experimental evaporation rate, I. This tesults in
T4y 500, =2600 K and T, 990, = 2400 K. A similar analysis for the Ar/CH, mixture provides
Ryvicra 500 = 1.2 mm, Typicpq 500, = 2260 K, and Ry/cr,900 = 2.4 mm, Ty /cpi4,900, = 2080 K.

Table 1. Experimental isotherms of the evaporating steel anode at typical arc discharge conditions [59].

Argon Argon +

2.4 wt. % Methane
T; (K) ri(mm) T; (K) i (mm)
2500 0.1 2200 0.1
2450 0.25 2150 0.55
2350 0.8 2050 11
2250 1.35 1950 1.6
2150 1.6 1850 2.9
2050 2.1
1950 2.65

4 Results

Figure 2 shows the size of iron nanoparticles, versus the distance from the evaporating anode
surface. The results of the model are shown with.squares, while the asterisks denote experimental
data from Ref. [14] as measured using TEM. For the TEM analysis, the particles were sampled
much further from the evaporation surface than modeled here, therefore, the results are shown in
an adjacent graph with no specified.distance. Simulations for the 50% and 90% evaporation areas
yielded similar results. Therefore, for clarity, Figure 2 only presents the results for the 50%
evaporation area, while both cases are shown in Figure A4.1. For the pure argon, there is a fair
agreement between the model and experimental results. Specifically, the model predicts iron
clusters to grow up to 8—9 nmj while experiments yielded metal nanoparticles in the range of 8—
11 nm. With the addition of methane, the model predicts the iron particle growth to halt at ~3—4
nm. At this point, the metal nanoparticle is fully encapsulated by carbon. Experimental
measurements yielded a‘similar iron core size of 3—5 nm. When additionally including carbon
atoms into consideration, N¢ = 0.01xNcyy4, with the sticking coefficient K, = 0.3, the iron particle
size decreases'to 2.1 nm:Given the large uncertainty in the sticking coefficient, we also calculated
the particle size with K, =1; which further reduced the particle size to 1.3 nm. Notably, for iron
particles growinginpure argon, a case that did not include any uncertain empirical parameters, the
model showed good agreement with the experiment.

Page 10 of 22
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Modeling Experiment
Il 67 kPa Ar, RI: 0.85 mm T:I 2600 K I I
W 67 kPa Ar + 1.6 kPa CH,, R=1.2mm, T = 2260 K
10 | m67kPaAr+ 1.6 kPa CH, + 16 Pa C atoms, R = 1.2 mm, T = 2260 K 410
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Figure 2. Metal core size versus distance from the evaporating sourcejfor pure Ar and Ar/CH, mixture with
and without contribution from carbon atoms produced in“the arc core considered. Asterisks denote the
experimental measurements from Ref. [14]; squares show modeling results. Evaporating surface radii and
temperatures were chosen based on the experimental evaporation rates.

From a practical standpoint, e.g., for the optimization of SWCNTs synthesis, it is
interesting to analyze how the size of metal nanoparticles depends on the methane partial pressure.
Figure 3 and 4 show the effect of the methane pressure on the carbon coverage of the metal
particles and their size, respectively. Allhcurves were obtained for Ry cpsso,=1.2 mm,
T 4r/cn4.500 = 2260 K. The model predicts that iron clusters develop a carbon shell at distances
between 1—10 mm from the @vaporating surface when considering only catalytic methane
decomposition and excluding the contribution from carbon atoms originating from the arc core.
As anticipated, the higher/the partial pressure of methane, the more rapidly the carbon shell
develops. When completed, the carbon shell prevents the adsorption of new iron atoms and the
coalescence of iron clusters, hence ceasing iron core growth. Additional carbon atoms may
continue to adhere tosthe carbon shell making it thicker and increasing the overall particle size,
which was observed in the.experiment [14]. The growth of iron particles is predicted to stop at a
size of 3—4 nm. However, when also accounting for the adsorption of carbon atoms, iron particles
are expected to become encapsulated within 1 mm from the evaporating surface (Figure 3) and to
grow to a size of 0.7—1.3 nm (Figure 4). This represents a significant underestimation compared
to the experimentally observed particle size of 3—5 nm. Despite the discrepancy between the
model and experimental results, we acknowledge that methane should indeed decompose inside
the arc’ [61];.and hence, carbon atoms should be considered. However, the extent of this
decomposition and the kinetics of the resultant products recombination cannot be accurately
estimated without knowledge of the chemical composition of the arc, its plasma properties, and
spatially resolved gas temperatures. Nevertheless, the fact that our simplified model shows good
agreement with the experiment in the case of pure argon, and accurately predicts the size trends in
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a chemically active hydrocarbon environment, suggests that the main particle growth‘processes
were correctly captured.
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Figure 3. The degree of iron cluster coverage with carbon atoms, 6 versus distance from the evaporating
source for different CH; and C atoms partial pressures. In all cases, argon pressure was 67 kPa.
Evaporation spot set as Ry,/icras00 = 1.2 mm andevaporation temperature T 4,cp4500, = 2260 K. Lines are
guides for the eye.
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Figure 44 Metal core size versus distance from the evaporating source for Ar/CH, mixtures with different
CH, and C atoms partial pressures. In all cases, argon pressure was 67 kPa. Evaporation spot set as
RAr/CH4,50% =.1.2 mm and evapomtion tempemture TAr/CH4,50% = 2260 K.

The carbon shell formed around iron clusters also affects the density of iron nanoparticles
in.the gas volume (Figure 5). When diffusing away from the evaporating anode surface, the gas
temperature rapidly drops leading to high supersaturation, which prompts nucleation and a
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corresponding rise in the density of clusters (see Appendix 4 for additional graphs). Counteracting
to that, iron atoms are consumed by the formation of the iron clusters. Furthermore, the density of
iron atoms decreases with vapor expansion in space leading to lower supersaturation values. From
the moment the atom density drops below the saturation value, no new clusters are born. The
existing clusters continue to coalesce and expand in space, therefore, their, density decreases.
However, the rate of the density decrease depends on methane partial pressure. At higher methane
pressures, clusters are covered with carbon atoms faster, which lowersrthe likelihood of iron
clusters coalescing with each other. Hence, with higher additions of methane, 1.c., with faster

carbon shell formation, iron clusters are consumed at a slower rate, as‘depicted.in Figure 5.
~
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Figure 5. Iron clusters density vérsus distance from the evaporating source for Ar/CH,; mixtures with
different CH, and C atoms partial pressures. In all cases, argon pressure was 67 kPa. Evaporation spot set
as Ry chaso0s = 1.2 mm and evaporation temperature T 4,/cr4500 = 2260 K.

N
5 Conclusions

The DC arc discharge with an evaporating metal anode at near-atmospheric pressure of a methane-
rich atmosphere is asscalable and sustainable method for the production of metal-carbon core-shell
nanoparticles and' single-walled carbon nanotubes (SWCNTs). Here, a numerical model was
developed to simulate the formation and growth of iron particles at conditions representative of
that process./The model describes iron evaporation from the anode surface, clusters nucleation,
and particle growth through condensation and coalescence. Additionally, the model incorporates
carbon adsorption to the iron particle surface leading to the carbon shell formation, which was
predicted.to limit the metal core growth. For the conditions of the benchmark experiment, iron
particles werepredicted to become encapsulated by carbon at sizes between 2—4 nm in an Ar/CHy
mixture, while in pure Ar particles were predicted to grow to 8—9 nm. Both results are in fair
agreementWwith experimental observations. The model also predicted the increasing rates of carbon
coverage and higher concentrations of metal particles with the increasing methane pressure. The
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developed model could guide future arc discharge experiments aiming to control catalyst particle
size and optimize SWCNTSs or core-shell nanoparticle production.

A more detailed modeling approach is justified when more comprehensive experimental
data become available on chemical composition of the arc core and its plasma properties,.as well
as on particle properties, e.g., the temperature-dependent sticking coefficients for,carbon atoms
adsorbing to iron and carbon clusters. With such data, a more comprehensive model could
incorporate different temperatures and diffusion coefficients for iron atoms and iron clusters,
include spatially resolved gas temperatures, and be expanded to 2D simulations{ The required gas
temperatures could be measured using in situ spectroscopic techniques, while spatially resolved
particle size measurements for model validation could be obtaified with laser-induced
incandescence.
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Appendix 1: Collision frequency

In general, collision frequency between.different particles depends on the relation between the
mean free path of particles, A, and their, size [62,63]. For particles much smaller than A, the
collision frequency between i-mere and k-mere.species can be calculated as

1/6 1/2 1/2 2

_ (3 6kT 1,1 1/3 1/3

Biek = (E) (T) (U—1+U—k) (o +v%)", (Al.1)
N

where £ is the Boltzmann constant, v; and vy are volumes of the corresponding g-mers, and pis the

density of iron. In the opposite'case of particles larger than their mean free path, their collisions

are a result of particles,diffusion. The collision frequency then is

2kT( 1 1 1/3 1/3
Bl—k: 3u< 1/3 + 1/3>(Ui/ +Uk/ )’ (A1.2)
Vi Uk

where £/is the temperature-dependent dynamic viscosity of argon [64].

The frequency of atoms colliding with clusters, £, ., depends on the regime, which can be

o
kinetic or diffusion. The corresponding criterion is based on a comparison of the atom's mean free
path, 4 and the distance between the atom and the nearest cluster [63]. Assuming the distance
betweenithe atom and the nearest cluster is N,"/3, we came up with the criterion N,3(S, gas*Ngas)

'For all the conditions investigated here, N, 13(S, gas*Ngas) ! >> 1, which means that atoms reach
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the nearest cluster without collisions with buffer gas. Therefore, formula (A1.1) should be used
for B 4. Same applies to Bcga—g and fe_g.

Appendix 2: Carbon coverage

When the metal cluster’s surface S is growing due to iron atoms adsorption.and coalescence, but

) N .
the number of carbon atoms on the surface is constant (N), the degree of coverage 6 = is

decreasing. Following a few mathematical steps, we come to the final form of Eq. (16) in the main
text.

~

1d6 _ 1ds

odt —  Sdt

1dS _ 2dR

sdt  Rdt

Finally,

o
do HZdR
dt — ~ YRdt’

Appendix 3: Carbon bulk diffusion

It can be shown that there is no substantial bulk diffusion in our case for two interrelated reasons:
1. Too slow diffusion. The characteristic time of nanoparticle cooling can be estimated as
teool = R*/a, where R is the nanoparticleradius and a ~10-> m?/s is the iron thermal diffusivity [65].
For R =5 nm, 7, ~2%10"12 s."During this time, the bulk diffusion front moves by distance &
~(Dyteoo)) 2, where Dy, is the coefficient of carbon diffusion in iron. According to Tibbetts [66],
Dy(2600 K) = 3x10¥ m?/s and Dy(1000 K) = 5x10-*m?/s. Correspondingly, at the highest
temperature of 7=2600 K, 5~3x10-"m << R. At lower temperatures, Jis even smaller.

2. Too fast encapsulation. Let us introduce a parameter Q, equal to the ratio of carbon atoms flux
arrival at the surface to the flux of their removal from the surface by diffusion. For the first flux,

one has F;, = 1/ 4N cHaUena- Nena and Ucpy are the density and thermal velocity of methane

molecules, respectively. The flux of the adsorbed atoms inside the cluster can be estimated as Foy
. . . vo
=Dyn/R; where nis the volume density equivalent to the adsorbed atoms surface coverage: n = P

Vcell,

the iron atom divided by the iron density and y is the maximum solubility of carbon in iron.

whete V. is the volume of the elementary cell of iron crystal calculated as the mass of

Correspondingly, we have an estimation:
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Fin UcnaR

1
Q= = rmeethanevcell D, (A3.1)

Fout

This parameter strongly depends on temperature. At 2600 K and 1 kPa methane pressure, it'is on
the order of unity, but it increases very fast as temperature decreases so that at 4000 K, itis in the
order of ~1000. This means that the cluster becomes encapsulated before any substantial amount
of carbon diffuses inside.

Appendix 4: Additional graphs

~
Figure A4.1 shows the size of iron nanoparticles versus the distance from the anode surface for all

simulated cases.
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Figure A4.1. Metal core size yersus distance from the evaporating source for pure Ar and Ar/CH,; mixture.
Asterisks denote the experimental measurements from Ref. [14]; squares show modeling results.
Evaporating surface radii and temperatures were chosen based on the experimental evaporation rates.

Figure A4.2 shows, the supersaturation parameter and the iron nucleation rate versus
distance from the evaporating surface. All points were obtained for the evaporation temperature
T'arcnasow = 2260 K and 1.6 kPa partial methane pressure with no contribution from carbon atoms
considered. Supersaturation, S= N,/Ny(T) > 1, occurs when there is a rapid drop in vapor
temperature, so that the saturation density, Ny(7), becomes low, while the actual density of iron
atoms, N, is still high. At the evaporating surface, the S value is close to unity and there is almost
no nucleationssAway from the surface, as the gas temperature drops (here, to 800 K [59]), the
supersaturation value increases, and the nucleation rate rapidly rises. Substantial nucleation takes
place in,atelatively narrow region, less than 0.01 mm away from the evaporating surface. The
equilibrium condition, S = /, is established at ~0.4 mm distance, beyond which, while the N,
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decreases due to vapor expansion, the gas temperature and the corresponding N (T) remain
constant (note the model assumption 7, = const). Hence, the S value falls lower than unity.
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Figure A4.2. (a) Supersaturation level, S, and (b) Iron clusters nucleation rate versus distance from the
evaporating surface. CH,; partial pressure 1.6 kPa in 67 kPa ofargon. Evaporation spot set as
Rycha 500 = 1.2 mm and evaporation temperature T, /cpy 500 =2260 K.

4

Iron clusters, once born, undergoscondensation jof iron atoms on their surface and
coalescence with other iron clusters. The rates of these processes are shown in Figure A4.3 for the
T aricha s0% = 2260 K and 1.6 kPa partial methane pressure with no contribution from carbon atoms
considered. It can be seen that condensation and coalescence are “separated” in space. The
intensity of condensation is proportional toithe cluster density, Ny, and the level of supersaturation,
S. Correspondingly, condensation begins almost immediately with the formation of clusters and
intensifies as more clusters are bornybut it decreases as the atom density falls. The coalescence
rate, proportional to N,?, is initially slowywhile the cluster density is low, but rapidly increases
during clusters formation. Asselusters are consumed during coalescence, the rate is decreasing.
Additionally, as clusters expandn space, N, decreases, further slowing the coalescence rate.
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Figure A4.3. Condensation and coalescence rates vs. distancefrom the evaporating surface. CH, partial
pressure 1.6 kPa in 67 kPa of argon. Evaporation spot set as Ru.crisos = 1.2 mm and evaporation
temperature T 4,/cp4 500, = 2260 K.

4
Figure A4.4 shows atom and cluster densities versus distance from the evaporating surface.
Initially, N, reaches the saturation value of 1.6x10%> m3"at 2260 K. Beyond 0.001 mm from the
evaporating surface, N, rapidly drops, i.e., no new iron atoms are supplied while the density of the
existing atoms decreases due to adsorption. Cluster density, N, rises due to nucleation and declines
due to coalescence.
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Figure A4.4. Densities of metal atoms (N,) and clusters (Ng) versus distance from the evaporating surface.
CH partial pressure 1.6 kPa in 67 kPa of argon. Evaporation spot set as R cpsson = 1.2 mm and
evaporationtemperature T /chq 500, = 2260 K.
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