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Abstract: This study investigates the pyrolysis behavior of methane (CH4) and propane (CsHg) under high-temperature and
high-density conditions using reactive molecular dynamics (ReaxFF-MD) simulations, with particular emphasis on the co-
production of hydrogen (H,) and carbon-based by-products. The results show that C3Hs decomposes more rapidly than CH, under
similar conditions, primarily because its weaker C—C bonds have a lower activation energy for bond cleavage. In both systems, H,
is primarily produced via hydrogen abstraction reactions involving H radicals formed in earlier stages of the process. Acetylene
(C2H,) arises through the stepwise dehydrogenation of C, species. H, production progressively increases with pyrolysis time in
both systems, driven by entropy effects. Notably, CH4 yields more H; in the initial phase due to the early abundance of H radicals,
whereas C3Hs exhibits a slower initial H» yield. Similarly, C,H, formation in the CH4 system requires more reaction steps, while
CsH;s rapidly forms C;Hs intermediates that facilitate faster CoH, generation, resulting in faster carbon condensation during C3Hg
pyrolysis. The formation of carbon clusters proceeds through three distinct stages: feedstock fragmentation, carbon chain growth,
and carbon cluster aromatization/graphitization. The final stage is characterized by the elimination of hydrogen and the formation
of six-membered aromatic rings. In addition, the study provides a detailed analysis of the carbon nucleation process, suggesting
that the Polycyclic Aromatic Hydrocarbon (PAH) model is likely more applicable at low densities and temperatures. In contrast,
the polyyne model tends to dominate under high-density and high-temperature conditions. Overall, this study offers atomic-level
insights into the pyrolysis of light hydrocarbons, highlighting the utility of ReaxFF-MD simulations in unraveling complex,

coupled gas-phase and condensation kinetics.
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1. Introduction

Hydrogen (H>), as an important industrial feedstock and clean energy carrier, is expected to play an increasingly important role
in meeting the rising global energy demand and facilitating the transition toward a low-emission energy landscape in the coming
decades.!? Currently, however, more than 99% of H is produced from fossil fuels without carbon reduction measures.? To meet
decarbonization targets, the development and implementation of low-emission H; production technologies is essential. Among these,
hydrocarbon pyrolysis stands out as a promising approach, as it enables the generation of CO,-free H, while simultaneously
producing solid carbon. This carbon by-product offers a sustainable alternative to conventional carbon black, which is typically
manufactured through high-emission, incomplete combustion processes.’® This dual advantage of avoiding direct CO, emissions
and creating valuable carbon materials enhances both the environmental and economic appeal of pyrolysis-based H, production.

Studies on hydrocarbon pyrolysis typically rely on a multifaceted experimental and theoretical framework to elucidate its
complex reaction pathways and the formation of diverse products. Conventional analytical techniques, such as gas chromatography

(GC) and mass spectrometry (MS), are employed to quantify feedstock conversion and characterize the distribution of gaseous



products.”® To examine the morphology and structure of the solid carbon produced, advanced characterization methods, including
transmission electron microscopy (TEM), X-ray diffraction (XRD), and Raman spectroscopy, are widely employed.!%!> For kinetic
studies, shock tube experiments provide quantitative measurements of reaction rate constants, essential data for the development
and validation of kinetic models.'®??> Complementarily, laser diagnostics enable the spatially and temporally resolved detection of
short-lived radicals and soot particles, as well as precise measurements of physical parameters such as gas temperature and density,?*-
25 thereby offering critical insights into reaction kinetics. In addition, ab initio calculations are employed to probe key elementary
reactions, such as hydrogen abstraction and aromatic ring formation, providing theoretical insights into the construction of the
corresponding potential energy surfaces.?®? Despite notable progress, fundamental challenges persist in achieving a comprehensive
characterization of hydrocarbon pyrolysis systems. Short-lived radicals and reactive intermediates that govern pyrolysis pathways
are difficult to detect using conventional GC/MS techniques.®® Carbon characterization methods provide only post-reaction
snapshots of the solid phase and are unable to capture the real-time dynamics of carbon growth. Kinetic models often rely on
simplified reaction pathways and tend to overlook complex interactions in multi-component systems or heterogeneous reactions.?!
Laser diagnostics, while powerful, are constrained by spectral interference and a limited range of detectable species, reducing their
effectiveness in complex pyrolysis environments.?? Additionally, ab initio methods are typically restricted to simulations involving
only a few hundred atoms over picosecond timescales, which limits the capture of larger-scale or longer-time dynamics.’!
Collectively, these limitations hinder the development of a comprehensive mechanistic understanding of hydrocarbon pyrolysis.
To address these limitations, reactive force field molecular dynamics (ReaxFF-MD) offers a powerful approach for directly
tracking bond-breaking and bond-forming events without relying on predefined reaction pathways.*>3* ReaxFF-MD is particularly
well suited for studying pyrolysis systems involving carbon formation, as it can simultaneously capture gas-phase radical chemistry,
surface reactions, and solid-phase nucleation at the atomic scale. This versatility has made ReaxFF-MD highly effective in studies

of hydrocarbon pyrolysis, combustion processes, and the synthesis of carbon nanomaterials,3>*

serving as a valuable complement
to both experimental techniques and ab initio calculations. ReaxFF-based investigations of light hydrocarbon pyrolysis have been
conducted for various feedstocks, including methane (CHa),***? ethane (C>Hp) and acetylene (CoH,),*** and butane (C4Hjo).*> While
these studies have provided valuable insights into hydrocarbon decomposition mechanisms and certain aspects of carbon formation,
detailed analyses of carbon formation—especially the nucleation stage—are still lacking. Additionally, the formation pathways and
roles of key products, particularly H, and C,H», remain insufficiently explored. This study aims to address these gaps by conducting
a comparative analysis of CH4 and propane (C3;Hs) pyrolysis.

Among various hydrocarbon feedstocks, CHs and C3Hs are particularly attractive for pyrolysis research due to their industrial
relevance. CHy, the simplest hydrocarbon and a representative C1 compound, possesses the highest H/C ratio and is the primary
component of natural gas, making it a key feedstock for H, production. Its molecular simplicity and abundance, therefore, render it
an ideal model system for exploring the fundamental chemistry of C1 pyrolysis. C3Hs, a C3 hydrocarbon and a major constituent of
liquefied petroleum gas (LPG), offers distinct practical advantages, including liquid-phase feedstock, higher energy density, and
favorable storage and transportation properties.!* Focusing strategically on these C1 and C3 hydrocarbons enables a systematic
comparative analysis of H, production and carbon formation dynamics, thereby linking mechanistic insights with practical energy
applications.

In this study, ReaxFF-MD simulations were performed to investigate the pyrolysis behavior of CH4 and C3Hg under high-
temperature and high-density conditions. The analysis starts with the decomposition kinetics of both feedstocks, identifying their
main fragmentation pathways. Subsequently, the time evolution of key gaseous species is examined with particular attention to the
mechanisms governing H, and C;H, formation. Finally, the focus was shifted to the formation of carbon clusters, culminating in a
comprehensive discussion of the carbon nucleation mechanisms revealed by ReaxFF. This work complements our ongoing research
on plasma-based light hydrocarbon pyrolysis, providing detailed insights into the thermal decomposition mechanisms that underpin

the plasma process.

2. Computational methods

2.1 Overview of ReaxFF

ReaxFF is designed to accurately simulate chemical reactions and interactions using a bond order (BO)-based approach. The



total energy of the system is expressed as the sum of several partial energy contributions, as shown in equation (1):

Esystem = Ebond + Eover + Eunder + Eval + Epen + Etors + Econj + EvdWaals + ECoulomb (1)

in which Ejp,,qs represents the bond energy, while E,,.,. and E,, 4. denote the energy contributions from over-coordinated and
under-coordinated atoms, respectively. The terms Eyq, Epens, Etors, and Ecopnj correspond to the valence angle value, penalty
energy, torsion energy, and conjugation effects to the molecular energy, respectively. Additionally, E, waais and Ecouiomb
represent the non-bonded van der Waals interactions and Coulomb interactions. For a more detailed description of the ReaxFF

methodology, readers are referred to prior foundational studies.?>3*

2.2 Simulation details

Configuration details of the simulation setup are provided in Fig. 1 and Table 1. All simulations were conducted using the open-
source Large-scale Atomic/Molecular Massively Parallel Simulation (LAMMPS) package,*® employing the CHO-2016 parameter
set.** This parameter set has already been applied in the simulations of different hydrocarbon fuels, including CHa, syngas, CoHo,
and JP-10.354° The simulations were carried out in the NVT ensemble, maintaining constant atom number, volume, and temperature,
with a damping coefficient of 100 fs controlled via a Berendsen thermostat.*’ NVT was selected over NPT (constant pressure rather
than volume) due to the inherent difficulty of maintaining stable pressure in the simulation box and the relatively minor influence

of pressure compared to temperature on pyrolysis behavior. Periodic boundary conditions were applied in all three spatial directions.
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Fig. 1. Pyrolysis models for ReaxFF-MD simulations.

Table 1. Simulation conditions.

Feedstock Case Number  Temperature (K)  Density (g/cm?) Box size” (A)

1 1000 2500 0.1 64.3
2 1000 2750 0.1 64.3
CHa4 3 1000 3000 0.1 64.3
4 1000 3250 0.1 64.3
5 1000 3500 0.1 64.3
1 333 2500 0.1 62.5
2 333 2750 0.1 62.5
CsHs 3 333 3000 0.1 62.5
4 333 3250 0.1 62.5
5 333 3500 0.1 62.5

* The box size corresponds to the edge length of the cubic simulation cell.



BO cut-off values were set to 0.55 for C-C, 0.4 for C-H, and 0.55 for H-H atomic pairs.*?

All atoms were initially equilibrated at 300 K for 100 ps to eliminate memory effects from the initial configurations, during
which no decomposition of the feedstocks was observed prior to heating to the target temperatures. Following equilibration, production
runs were carried out for 5 ns in the case of CH4 pyrolysis and 2 ns for C3Hg pyrolysis. A time step of 0.1 fs was used to integrate
Newton’s equations of motion via the velocity-Verlet algorithm. Atomic coordinates were recorded every 1 ps for subsequent
trajectory analysis. Visualization and post-simulation analyses were conducted using OVITO and custom Python scripts.*’ To
analyze reaction pathways, the ReactNetGenerator tool was employed.*®

The computationally accessible timescales in ReaxFF-MD simulations are limited to the nanosecond regime, significantly
shorter than those encountered in experimental studies. To overcome this limitation and capture chemically relevant events within
a tractable computational timeframe, simulations were performed at elevated temperatures to accelerate reaction kinetics, thereby
increasing the frequency of reactive collisions, as documented in previous studies.*>* Additionally, the system density was increased
to further increase collision frequency, resulting in initial pressures approximately three orders of magnitude higher than atmospheric
pressure.’># Prior studies have reported that CH, fragmentation behavior is largely unaffected by density, with temperature being
the dominant factor influencing CHa pyrolysis.*#? Accordingly, the density in this study was fixed at 0.1 g/cm?, and the temperature

was varied solely. To ensure statistical reliability, three independent simulation replicates were performed under each condition.

3. Results and discussion
3.1. Kinetic analysis of feedstock decomposition

To characterize the decomposition kinetics of CH4 and C3Hg across different temperatures, five simulation cases were analyzed
using data collected over 1000 ps for CH4 and 500 ps for C3Hg, as shown in Fig. 2. The results indicate that the decomposition rates
of both CHy4 and C3Hs increase with temperature, as higher temperatures provide more kinetic energy for molecules to help them
overcome the activation energy barriers. Moreover, C3Hs decomposes significantly faster than CHy, as evidenced by the faster
decomposition of CsHg molecules under identical conditions. To quantitatively assess the decomposition kinetics and support
subsequent analysis, Arrhenius parameters were extracted by fitting the reactant-loss profiles to a first-order kinetic model, a
methodology widely adopted in both experimental and computational studies of fuel pyrolysis.'®-?>3 The apparent rate constant at
each temperature was determined by fitting the reactant-loss data to an exponential decay function, as described by Equation (2),

N, = Ny exp(—kt) 2)
where N, is the initial number of feedstock molecules in the system, N, is the number of molecules at any given time ¢, and & is
the apparent rate constant. The obtained apparent rate constants were subsequently used to construct Arrhenius plots, from which

the activation energy (E,) was extracted using the Arrhenius equation:

k= AeTT" 3)

here, R is the universal gas constant (8.314 J-mol! K-')and T is the absolute temperature in Kelvin. The natural logarithm of the
apparent reaction rate constant (Ink) obtained from the simulations was plotted against the inverse temperature (1/T) to generate
the Arrhenius plots shown in Figs. 2b and 2d. It is observed that the first-order kinetics are well-described by a single Arrhenius
function, yielding activation energies of 413 kJ/mol for CH4 and 266 kJ/mol for CsHs.

To investigate the initial decomposition mechanisms, early-stage reaction networks were analyzed at 3500 K over 250 ps for
CHjy and 50 ps for C3Hs, as most feedstock dissociation occurs within these timeframes. The primary decomposition pathways for
both CHs; and Cs;Hg are summarized in Table 2, with reactions and their corresponding frequencies obtained using the
ReactNetGenerator tool.*8

For CHa, the initial decomposition step involves the cleavage of a C—H bond (reaction (2)), which requires overcoming an
energy barrier of approximately 462 kJ/mol.*! The resulting H radicals can subsequently abstract H atoms from intact CH4 molecules
at a significantly higher reaction rate (reaction (1)), due to the lower activation energy associated with the hydrogen abstraction
process. Both experimental and ab initio studies have investigated the rate constants for this reaction, consistently reporting an
activation energy of approximately 56 kJ/mol.?6-2® This value is markedly lower than that of direct C—H bond dissociation and

reaction (1); therefore, it accounts for roughly 44.4% of the overall CH4 decomposition pathway.
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Fig. 2. (a) CHa consumption observed in ReaxFF-MD simulations at various temperatures, and (b) the corresponding Arrhenius plot of Ink
versus //T. (c) CsHs consumption observed in ReaxFF-MD simulations at various temperatures, and (d) the corresponding Arrhenius plot of Ink
versus 1/T. The lines represent the averaged values obtained from three simulations, and the shaded areas around the lines indicate the

corresponding error bars, reflecting the variability of the data. This convention is applied consistently to all figures throughout the manuscript.

Unlike CHa, the initial dissociation of C3Hg can proceed via cleavage of either a C—C or C—H bond, with corresponding bond
dissociation energies of approximately 352 kJ/mol and 420 kJ/mol, respectively.'®*° Among these pathways, C—C bond cleavage
(reaction (4)) dominates during the early stages of C3Hg decomposition, accounting for roughly 49.5% of the initial reactions. This
highlights its critical role in the onset of C;Hs pyrolysis.'®?? In contrast, C-H bond cleavage (reaction (6)) contributes less
significantly to C3Hs decomposition due to its higher energetic requirement. Hydrogen abstraction from C3;Hs (reaction (5)) also
plays an important role, facilitated by its relatively low activation energy. However, this pathway depends on the presence of H

radicals, which are typically generated via initial C—H bond dissociation involving a higher energy barrier, as mentioned earlier.

Table 2. The top three decomposition reactions and their net reaction frequency at 3500 K.

Reactions

Frequency

(M
@
3)

H+CH4_) CH3+H2
CH4 d CH3 +H
CH4 + CH4 d 2CH3 + H2

44.4%
22.6%
5.4%

“)
®)
(6)

C3H8 d CH3 + C2H5
H+ CgHg g Hz + 03H7
C3H8 - H+ C3H7

49.5%
10.8%
8.1%




Consequently, hydrogen abstraction plays a less dominant role in the early stages of C3Hs decomposition compared to CHs, where
H radical generation and subsequent abstraction occur more readily. The combined contributions of these reaction channels result
in an apparent activation energy of approximately 266 kJ/mol for C3Hg decomposition. Notably, this value closely aligns with the
C—C bond dissociation energy, supporting the conclusion that C—C bond cleavage serves as the rate-limiting step in Cs;Hs
decomposition.?

In contrast, the overall activation energy for CH4 decomposition is determined to be approximately 413 kJ/mol, which is in
good agreement with previously reported values ranging from 326 to 423 kJ/mol.*° This consistency between literature data and the
results obtained from ReaxFF-MD simulations further validates the accuracy and reliability of the ReaxFF approach for modeling

hydrocarbon decomposition processes.
3.2. Gaseous products analysis

To facilitate comparison with experimental studies, H» selectivity is evaluated using the H atom balance. This metric provides

insight into the efficiency of H, generation and is calculated using Equation (4):

C
SH = P2

2

X 100% 4)
Cconverted X RH

Here, Cy, represents the number of produced H> molecules, Ceoppertea is the number of feedstock molecules that have undergone
decomposition, and Ry is the theoretical maximum number of H, molecules that can be generated from the complete
decomposition of a single feedstock molecule. For CH4 and CsHs, Ry corresponds to 2 and 4, respectively.

Similarly, the selectivity of C,H; is evaluated for several reasons: (i) it is a key gaseous product formed during the pyrolysis of
both CH, and C3Hs, (ii) it serves as an important industrial feedstock with broad applications,’! and (iii) its formation is closely
associated with the initial stages of carbon formation and growth in both combustion and pyrolysis environments.>* The selectivity

of C;H: is quantified based on the carbon atom balance, as defined in Equation (5):

Se = Gy X 100% ©
where Cc,p, is the number of CoH, molecules formed, and R is the theoretical maximum number of C;H> molecules that can be
generated from the complete decomposition of a single feedstock molecule. For CHs and C3Hs, R corresponds to 0.5 and 1.5,
respectively.

Fig. 3 illustrates the time evolution of H, and C,H: selectivity during the pyrolysis of CHs and CsHs. In the CH4 pyrolysis
system, the H» selectivity initially exhibits a lower limit of approximately 25% (Fig. 3a). This value can be rationalized by
considering the primary decomposition reactions of CHs, as shown in Table 2. The initial dissociation of CH4 involves C—H bond
cleavage, yielding a H radical and a methyl radical (CH3). The H radical can subsequently abstract a hydrogen atom from another
CHs molecule, producing a H, molecule (a fast reaction due to the low activation energy barrier). Alternatively, two CHs molecules
can form one H, molecule and two CH3 molecules, leading to a theoretical initial H, selectivity of 25%. As time progresses,
additional C—H bond cleavages and successive hydrogen-abstraction reactions release additional H radicals from various
intermediate species, thereby increasing overall H, selectivity. This trend can be attributed to entropy effects, since the increase in
the number of Hy molecules lowers the Gibbs free energy of the system at elevated temperatures.>

In contrast to H», the selectivity of CH2 exhibits a markedly different trend. As shown in Fig. 3b, no C;H, formation is observed
at low temperatures. Theoretically, the formation pathway of C2H: is considerably more complex than that of H,. While H, formation
primarily involves the generation of H radicals followed by hydrogen abstraction reactions, the formation of C,H, requires multiple
steps, as reported in previous work.>? Initially, CH4 must undergo C—H bond cleavage to generate CH; radicals. Two CHj radicals
can subsequently recombine to form C,Hs, which then undergoes a series of dehydrogenation reactions to yield C,H» ultimately.
This multistep process requires longer reaction times, which explains the temperature threshold required for observable CoH,
formation within the simulation timeframe.

In the CsHg pyrolysis system, the initial H» selectivity is markedly lower than that observed in CH4 pyrolysis (Fig. 3c). This

difference arises from the dominant decomposition pathway of CsHg, which primarily proceeds through C—C bond cleavage. Notably,
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Fig. 3. Time evolution of H2 and C2H: selectivity during CH4 and C3Hs pyrolysis as a function of time for different pyrolysis temperatures. (a)

Ha selectivity in CHa system; (b) C2Hz selectivity in CHa system; (c) Hz selectivity in CsHs system; (d) C2Hz selectivity in CsHs system.

this pathway does not directly yield H radicals, thereby limiting the occurrence of immediate hydrogen abstraction reactions that
drive early H> formation. As a result, H, selectivity in C3Hs increases gradually over time. In contrast, the formation of C;H; (Fig.
3d) during Cs;Hg pyrolysis requires fewer reaction steps, since the CoHs radical is directly produced through the initial dissociation
of C3Hs. This pathway is considerably more efficient than the multi-step generation of CoHs in CHy pyrolysis, which explains the
earlier appearance of C;H; in the C3Hsg system compared with the CH, system under identical conditions. Based on the above
mechanistic analysis, the reaction pathways for H, and C,H; generation are summarized in Fig. 4.

To provide a comprehensive overview of the species evolution over time in both pyrolysis systems, the time-dependent amounts
of carbon-containing species (up to C7) and C;Hy species are presented in Fig. 5, where CX denotes all species containing X carbon
atoms (X =1, 2, ...7). The C1-C7 species represent small hydrocarbon fragments commonly generated during the activation of
premixed hydrocarbon fuels,>* while the C,Hy species correspond to key intermediates involved in the formation of CoHa. As shown
in Fig. 5a, all species exhibit a characteristic rise followed by a decline in concentration, indicating their role as transient
intermediates during pyrolysis. Additionally, the time at which peak concentrations occur increases with carbon number, suggesting
that smaller carbon-containing species act as precursors to larger ones through addition reactions.

Fig. 5b illustrates the evolution of C2 species in the CH4 pyrolysis system. The concentration of C;Hg rises initially, driven by
the early formation of CHj3 radicals following CH4 decomposition. Subsequently, through a series of dehydrogenation reactions,
C,Hs is progressively converted into C,Hs, C;H4, C,Hs, and ultimately C,H,, as evidenced by the transient accumulation and

subsequent depletion of these intermediate species. This behavior further supports the C,H, formation pathways proposed in Fig. 4.



At later stages, the C,H radical also emerges, which may serve as a key precursor for the formation of aromatic rings or polyynes,

which will be discussed further. These two compounds are considered crucial precursors of carbon inception.>
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In Fig. 5c, the simultaneous increase in the amounts of C1 and C2 species indicates initial C—C bond cleavage in the C3;Hg
system, which produces equimolar amounts of CH3 and C,Hs radicals. As the reaction progresses, the amount of C2 species
surpasses that of C1 species, primarily due to the recombination of two C1 species to form a C2 species (as shown in Fig 4). This
pathway contributes to the continued accumulation of C2 species and a corresponding decline in C1 species. Eventually, the amounts
of both C1 and C2 species decrease as carbon atoms are incorporated into larger hydrocarbon structures, a trend consistent with
observations in the CHy system. In Fig 5d, the amount of C,Hs increases initially due to the primary dissociation of CsHs.
Concurrently, C,Hy rises rapidly, driven by further C—H bond cleavage in C>Hs or its participation in hydrogen abstraction reactions.
Over time, the number density of CoH4 surpasses that of C,Hs, reflecting the higher reactivity of the C,Hs radical and the relative
stability of CoHs. Ultimately, all C2 species—except C,Ho—are rapidly depleted. In contrast, Co;H» remains at a relatively elevated

level, which can be attributed to its higher stability at high temperatures compared to other C2 species.’’
3.3. The formation process of carbon clusters

Carbon formation, an intrinsic outcome of hydrocarbon pyrolysis, represents the final state of the carbon element within
hydrocarbons. Unlike H, formation, which is primarily driven by an increase in entropy, the formation of solid carbon is governed
by enthalpic effects.>® To better understand the carbon cluster growth process, a series of representative snapshots is presented in
Fig. 6. In the CH4 system (Fig. 6a), the feedstock initially dissociates to generate multiple CH3 radicals, which subsequently
recombine to form C2 species. These C2 intermediates then react with other carbon-containing molecules to produce larger carbon

structures. As the number of carbon atoms increases, carbon chains form, then elongate and branch. Afterwards,
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Fig. 6. Sequential snapshots of carbon cluster evolution in (a) CH4 and (b) C3Hs pyrolysis. H atoms are hidden for better visualization.



as the carbon cluster increases in size, it undergoes sheeting and curling, forming a large number of aromatic rings at its center.
Simultaneously, non-aromatic carbon atoms in the periphery of the carbon cluster also react with carbon-containing species to form
additional aromatic rings. During this evolution, the formation of five-membered rings can induce curvature in the structure,
ultimately leading to the closure of the carbon cluster into a fullerene-like or cage structure. Once a closed structure is established,
the growth rate of the carbon cluster decreases markedly due to the limited availability of reactive sites within its surface, which
also contributes to the stabilization of the resulting carbon cluster in the simulation.

In the CsHs pyrolysis system, the carbon formation process closely resembles that observed in CH4 pyrolysis. However, the
presence of C3 species as initial building blocks accelerates the rate of carbon cluster formation. Our simulations reveal that carbon
clusters of comparable size (~80 C) form approximately 300 ps faster in the C3Hg system than in the CHy system. Overall, the carbon

formation process in both systems can be summarized as follows:
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rings, and (e, f) the carbon condensation ratio in CHs and CsHs systems, respectively. All data were collected at a temperature of 3500 K.



(i) a continuous process of entropically driven H, formation, enriching the carbon species.

(i1) the growth of carbon species, including carbon chain formation, elongation, and branching through C—C coupling.

(ii1) the aromatization/graphitization of carbon clusters, accompanied by atomic rearrangements that promote the formation of
stable aromatic rings and lead to the stabilization of the clusters.

To quantitatively analyze the carbon cluster formation process, statistical data on the largest carbon cluster and the carbon
condensation rate as functions of time are collected and presented in Fig. 7 for both CH4 and C3Hs pyrolysis systems. In both cases,
the number of carbon atoms in the largest cluster follows a similar evolution pattern (Figs. 7a and 7b). Based on the differences in
carbon growth rates, the overall process can be divided into three distinct stages. In the first stage, the carbon number increases very
slowly, primarily due to: (i) the high energy barrier required to break the stable feedstock molecules, and (ii) the stepwise hydrogen
abstraction or dehydrogenation processes needed to form carbon backbones such as C,H, and C;H, which serve as precursors for
further growth. In the second stage, the accumulation of reactive, large carbon-containing species—characterized by large collision
cross-sections and high reactivity—Ieads to a rapid increase in cluster size. For example, in the CH4 system, the average carbon
growth rate from 0.5 to 1.5 ns is 500 £ 50 C/ns, which is much higher than the 80 + 40 C/ns observed during the first 0.5 ns. In the
final stage, the growth rate of the carbon cluster decreases as the number of free carbon species in the simulation box becomes
limited. Concurrently, atomic rearrangements within the cluster promote aromatization, which eliminates most active sites and drives
the carbon cluster toward a saturated and more stable state.

Notably, the number of H atoms within the carbon clusters initially increases as the cluster grows. Subsequently, it decreases,
suggesting that the carbon clusters not only lose hydrogen but also temporarily gain hydrogen atoms via reactions with H-containing
species. However, the H/C ratio in the largest carbon cluster consistently decreases over time, indicating the continuous progression
of dehydrogenation reactions. In parallel, a continuous increase in the number of six-membered rings is observed (Figs. 7¢ and 7d).
This behavior is characteristic of the aromatization/graphitization process, where dehydrogenation and ring formation proceed
in parallel, contributing to the structural evolution toward more stable graphene-based materials. Such a time-dependent feature also
indicates that a longer residence time is expected to promote the formation of more stable solid carbon due to enhanced structural
ordering. In addition, the emergence of five- and seven-membered rings suggests the development of curvature in the cluster
structure, which aligns with the morphological evolution observed in Fig. 6.

The carbon condensation rate was quantitatively analyzed and is shown in Figs. 7e and 7f. In this analysis, carbon-containing
species comprising more than 80 carbon atoms (corresponding to a molecular mass of approximately 1000 Da) were classified as
solid carbon, representing the threshold for the transition from molecules to carbonaceous nanoparticles.*® The carbon condensation
ratio was defined as the fraction of the number of carbon atoms incorporated into solid carbon to the total number of carbon atoms
present in the system. As shown, carbon condensation begins at approximately 580 ps in the CH4 pyrolysis system and around 280
ps in the C3H;g pyrolysis system. This difference reflects the differing carbon condensation rates between the two systems, consistent
with earlier observations. As pyrolysis time increases, the carbon condensation ratio rises sharply, indicating again that carbon

formation in hydrocarbon pyrolysis requires a minimum residence time to proceed efficiently.
3.4. Discussion of carbon nucleation

Nucleation remains one of the least understood stages in the overall carbon formation process, due to the challenges associated
with experimental detection. Models, such as the C, condensation theory and the CoH, mechanism, were initially proposed;3->°
however, these frameworks fall short in accounting for the formation of H-containing soot and tend to underestimate the overall
carbon production rate.>* In response, alternative mechanisms—including the polyyne and Polycyclic Aromatic Hydrocarbon
(PAH)-based theories—have been proposed and have gained prominence.’®®! The polyyne inception theory, an extension of the
C,H; mechanism, suggests that carbon nucleation begins with C,H», which forms polyynes as intermediate species. These polyynes
then undergo polymerization to yield nucleated carbon. This pathway is supported by experimental evidence showing substantial

3657 In contrast,

concentrations of polyynes in flame environments and confirming their thermal stability at elevated temperatures.
PAH-based theories propose that the formation of PAHs constitutes the critical step in carbon nucleation. This mechanism is
currently the most widely accepted, supported by extensive experimental validation across various combustion systems. The thermal
stability and carbon propensity of PAHs make them ideal precursors for carbon formation, reinforcing their central role in the

nucleation process.*



Our simulation results present a combination of polyyne and PAH-based mechanisms, each dominating at different stages of
carbon formation. As shown in Figs. 5b and 6a (CH4 system), when C;H, concentration becomes sufficiently high (after 0.3 ns),
carbon chains (polyynes) first form and subsequently coagulate into branched structures and larger carbon clusters, rather than
forming aromatic rings initially. This phenomenon indicates a polyyne mechanism-dominated process in the early stages of carbon
nucleation. The absence of aromatic rings at this stage highlights the superior thermal stability of polyynes compared to small
aromatic molecules such as benzene, naphthalene, and pyrene at high temperatures (>2000 K), which is consistent with a previous
report.’” In addition, this process circumvents one of the key limitations of PAH-based theories, which is their relatively slow
reaction rates. Furthermore, as carbon clusters grow to approximately 60-80 carbon atoms, aromatization occurs (see Fig. 8), as
conjugation stability at high temperatures can only be achieved when a sufficient number of aromatic rings are formed. This process

suggests that the PAH-based mechanism starts to dominate at a later stage of carbon nucleation.

0.70 ns 0.74 ns

0.78 ns 0.82 ns

Fig. 8. Rearrangement of carbon atoms within a carbon cluster in the CHa system (0.1 g/cm?).

However, the early polyyne inception theory faces another notable challenge: recent studies have shown that polyyne size

rarely exceeds 150 Da, primarily due to radical-induced fragmentation.®

Consequently, long polyynes (C > 16) are
thermodynamically unfavorable in radical-rich environments and tend to decompose into smaller species such as C,H, and C4
fragments, thereby hindering their polymerization into larger carbon structures.®* However, this degradation pathway was not
observed in our simulations, where long carbon chains (C > 4) are frequently encountered. This discrepancy may be attributed to
the elevated pressure conditions applied in our simulations, which likely suppress polyyne fragmentation. Furthermore, it suggests
that the driving mechanism of carbon nucleation depends on the reaction conditions, with the PAH mechanism being more feasible
at low densities and low temperatures, and the polyyne mechanism dominating at high densities and high temperatures. To validate
this hypothesis, an additional CH4 pyrolysis simulation was conducted under a lower-density condition (0.01 g/cm?®), with the results
presented in Fig. 9. As shown, compared with the high-density case, the formation of aromatic rings in the lower-density system
occurs when the carbon cluster is relatively smaller. This observation suggests that the PAH-based mechanism becomes dominant

at an earlier stage under low-density conditions, thereby supporting our hypothesis.

220 ns 2.29ns

2.36 ns 2.39ns

Fig. 9. Aromatic rings formation in the lower-density system (0.01 g/cm?).



Another point warranting attention is that the formation and growth of rings observed in our simulations differ from the
mechanisms commonly reported, such as the cyclization of C2 or C3 species. In our case, ring formation is more likely to occur in
the central region of the carbon cluster, where the local carbon atom density is higher. This behavior has also been reported in several
other ReaxFF-MD simulation studies, in which high temperatures and densities were used to accelerate the reactions.*'“*+% From
both thermodynamic and kinetic perspectives, this process is plausible under high-temperature and high-density conditions: (i)
higher carbon density facilitates the formation of larger coagulated structures, which enhances stability, and (ii) ring formation in
this environment does not require significant bending or torsion of carbon chains, which would otherwise involve high energy
barriers.

In summary, our calculation results suggest that the dominant mechanism of carbon nucleation is determined by the competition
between the polyyne and PAH mechanisms—and this competition, in turn, depends on the applied reaction conditions and nucleation
stages. Specifically, the PAH theory becomes dominant at an earlier stage of the carbon nucleation process as the applied
density/pressure decreases. In reality, the gliding arc plasma source used in our ongoing research operates at atmospheric pressure,
with center gas temperatures reaching 30004000 K or even higher.®® Although the detailed carbon nucleation mechanism in such
plasma systems remains to be fully elucidated, the atmospheric-pressure nature of the system indicates that the carbon nucleation
pathway is likely closer to a PAH-dominated mechanism. With respect to high-pressure reactors, it should be noted that although
many practical combustion devices operate under elevated pressures, our current understanding of carbon nucleation mechanisms
remains largely derived from studies conducted at atmospheric pressure.®® Under high-pressure conditions, most experimental
investigations have primarily focused on the morphological and structural characterization of the resulting carbon materials, rather
than on the early-stage nucleation mechanisms themselves. For instance, Hafiz et al. reported that increasing pressure leads to larger
soot particle sizes, while Mario ef al. observed enhanced soot maturity with increasing pressure.®’%® As a result, the carbon nucleation
mechanism under high-pressure conditions remains insufficiently understood. It would be interesting to experimentally verify the
early-stage carbon nucleation predicted by our high-density, high-temperature simulations, which support a polyyne-based

mechanism under such conditions.

Conclusions

This study employed ReaxFF-MD simulations to investigate the atomic-scale co-production of clean H, and value-added
carbon during high-temperature, high-density pyrolysis of CH4 and C3Hs. The analysis focused on decomposition kinetics, gaseous
product evolution, and carbon formation mechanisms.

The kinetic analysis demonstrates that CsHg decomposes significantly faster than CHa, attributed to its weaker C—C bonds.
Regarding initial decomposition pathways, hydrogen abstraction reactions dominate in the CHy4 system, whereas C—C bond cleavage
is more prominent in the C3Hs system, influencing subsequent reaction routes and product distributions.

H; production in both CH4 and C3Hs pyrolysis systems primarily proceeds through hydrogen abstraction reactions involving
early-formed H radicals. C;H, formation follows a stepwise dehydrogenation pathway of C2 intermediates. CHy exhibits higher
initial H selectivity due to the early generation of H radicals, while C3sHg shows a delayed yet steadily increasing H» production
profile. CoH; selectivity analysis reveals that CH4 requires higher temperatures or longer reaction times to initiate C,H, formation,
involving more complex pathways. In contrast, C3Hj facilitates earlier CoH, generation through the formation of C,Hs intermediates.

Carbon cluster growth was characterized by three distinct stages: (i) fragmentation of feedstock molecules; (ii) growth
involving elongation and branching of carbon chains, and (iii) aromatization/graphitization, marked by aromatic rings formation,
hydrogen elimination, and structural stabilization. Between the two systems, C3Hg exhibited a higher carbon condensation rate than
CHa.

The carbon nucleation mechanisms observed in the simulations can be explained by the polyyne and PAH-based inception
theories, as well as by high temperature and high-density conditions applied. Specifically, in our simulations, the polyyne-based
mechanism dominates the early stage of carbon nucleation, whereas the PAH-based mechanism prevails at later stages. Considering
the relative stability of these two intermediates under different conditions, we suggest the PAH pathway is likely favored at low
densities and temperatures. In contrast, the polyyne pathway tends to dominate at high densities and high temperatures.

Overall, this study advances our understanding of light hydrocarbon pyrolysis, thereby complementing our ongoing efforts to



elucidate the complex reaction pathways in plasma-assisted processes. Furthermore, the results also highlight the utility of the
ReaxFF-MD method in capturing complex reaction networks and structural transformations at the atomic scale, reinforcing its role
as a predictive tool for modeling hydrocarbon pyrolysis under diverse conditions. Finally, the proposed polyyne-dominated
mechanism for early-stage carbon nucleation at high densities and temperatures emphasizes the importance of experimental
verification, which could offer novel insights into carbon nucleation under extreme conditions.
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