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Abstract: Carbon-based self-catalysis for methane pyrolysis is of great interest for producing H» and
carbon materials without CO; emissions and the need for catalyst regeneration, but atomic-level
insights into this process remain limited. Here, building on experimental observations of layered
graphite synthesis during CHs pyrolysis and the catalytic role of carbon in accelerating CHy
decomposition, we employ density functional theory (DFT) and ab initio atomistic thermodynamics
to systematically investigate the adsorption, dehydrogenation, and reaction mechanisms involved in
CH4 pyrolysis on armchair-edged graphene (Gr arm). Our study highlights the unique catalytic
properties of Gr_arm under varying temperature, pressure, and radical partial pressures. Equilibrium
analyses of adsorption-desorption and dehydrogenation-desorption revealed the unique ability of
Gr_arm to stabilize and activate key intermediates across varying conditions. The initial
dehydrogenation of CHy4 is a critical step, where the presence of carbon markedly enhances the reaction
rate under low-temperature and high-pressure conditions. The reaction mechanism study indicates that
the CH* + H* co-adsorption species corresponds to the most stable state in the overall CHs(g) —
2H>(g) + C* reaction, with CH* dehydrogenation requiring the highest activation free energy (Ga =
3.65 eV), suggesting potential for CH*—CH* coupling reactions. Moreover, varying CHy: and
H- radical partial pressures alters the thermodynamic preference between dehydrogenation and
desorption, reshaping the most favorable reaction pathways. These findings underscore indispensable
role of carbon in methane pyrolysis, offering critical insights for designing efficient carbon-based

catalysts and advancing their practical applications.
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1. Introduction

Greenhouse gas (GHG)-free hydrogen is essential to achieving a net-zero economy. The U.S.
Department of Energy has set a benchmark of producing GHG-free hydrogen at $1/kg by 2030, yet
current methods—primarily steam methane reforming (SMR) and coal gasification—emit substantial
COz (~10 kg per kg of H2).2 Although water electrolysis avoids direct emissions, its high energy
demands and costs (3—4 times higher than SMR) limit scalability.> Methane (CH4) pyrolysis emerges
as a promising alternative, requiring less energy, utilizing existing natural gas infrastructure, and co-
producing solid carbon (a marketable byproduct), while eliminating the need for carbon capture and
storage (CCS).* These advantages position methane pyrolysis as a scalable and cost-competitive
pathway to clean hydrogen production, especially considering the higher global warming potential of
CH4 compared to CO».

CH4 pyrolysis in the gas phase begins with the homolytic cleavage of a CH4 molecule into a
methyl radical and a hydrogen radical, with an activation energy (~420 kJ/mol) reflecting the strength
of the C—H bond in CH4.%® Overcoming this high energy barrier leads to low conversion rates,
requiring extremely high reaction temperatures (>1200 K)'° and resulting in poor selectivity toward
H,.'! Given the critical role of metals and metal oxides in facilitating C—H bond activation during CH4

1213 metal-based catalysts, such as Ni, Cu, and Fe, as well as noble metals like Rh, Pd, and

conversion,
Au have been widely used for methane pyrolysis.*!'*?! These catalysts promote CH4 dehydrogenation
and carbon structure formation but are prone to rapid deactivation due to carbon deposition (coking),
which requires complex and energy-intensive regeneration processes.?>* Alloy catalysts like Ni—Cu
and Ni—Pd have been developed to improve stability, but they do not fully overcome deactivation
issues, and CH4 conversion rates are generally lower compared to pure Ni.?>*° Additionally, molten
salt systems have been explored to prevent catalyst deactivation by facilitating the easier separation of
carbon; however, these systems face challenges such as corrosion and high operating temperature.*%-3?
Given these limitations, carbon-based catalysts have emerged as promising alternatives due to

their lower cost, enhanced stability, non-toxicity, tolerance to impurities, mitigation of CO, emissions,

and elimination of the need for catalyst regeneration.>® Around 60 years ago, Palmer et a/**



demonstrated that carbon nucleation in the gas phase accelerates CH4 pyrolysis through the
heterogeneous decomposition of CH4 on carbon nuclei. The presence of carbon lowers the activation
energy for breaking the C—H bond in CH4 and reacts with intermediates, effectively “shortening” the
gas-phase reaction pathway and facilitating CH4 conversion. Additionally, research in the 1970s
supported the concept that carbon particle growth during CH4 pyrolysis occurs via surface reactions
on carbon substrates, focusing on how pyrolyzing methane deposits carbon onto a carbon substrate.>>¢
More recently, it was demonstrated that even a simple coating of the reactor walls with either carbon
foil or carbon mesh can significantly enhance both the overall CHs conversion and the selectivity
towards H, under steady-state conditions (Ho/CHs4 = 2:1, residence time = 5 s, 1400°C).%’ Suelves et
al’® investigated the thermo-catalytic decomposition of CHs using carbon blacks (CB) and activated
carbon (AC). While both CB and AC exhibit good initial decomposition rates, their catalytic
sustainability is relatively low. Muradov et al*® examined CH4 decomposition at 850°C on AC, CB,
carbon fiber, glassy carbon, and crystalline graphite, where graphite exhibited the highest initial
catalytic activity per unit of surface area, and its initial activity remained nearly constant over the 120-
minute test, indicating the good catalytic activity of the carbon produced from CH4 decomposition.3®
Moreover, using graphite as a catalyst may facilitate the sustained growth of additional graphitic
structures from deposited carbon at graphite edge sites,** producing a high-value carbon product.

Despite these promising features, theoretical studies on CH4 pyrolysis over carbon-based catalysts,
particularly graphite, remain limited. Li et a/*! calculated the dehydrogenation of CH4 and C,Hx
(x=3-6) on pristine graphene, N-doped graphene, and vacancy graphene, using density functional
theory (DFT). Xavier Jr. et al** investigated the viability of catalytic methane decomposition (CMD)
on the zigzag and armchair edges of graphene employing dispersion-corrected DFT. Kedalo et al*
examined hydrogen production by CMD on graphene edges, using DFT to model active site formation,
methane interactions, and catalyst regeneration. However, a comprehensive understanding of the
reaction pathways and the influence of temperature, pressure, and radical partial pressures in the
pyrolysis process is still lacking.

This study aims to provide an atomic-level understanding of methane pyrolysis over armchair-



edged graphene (Gr_arm), emphasizing the critical role of carbon, using DFT and ab initio atomistic
thermodynamics. We thoroughly examined the adsorption and dehydrogenation of relevant
intermediates. Furthermore, equilibrium lines for adsorption-desorption and dehydrogenation-
desorption were plotted under varying temperature and pressure conditions, shedding light on the
reaction behavior of intermediates on the armchair edges. By exploring the reaction mechanisms under
different temperature and partial pressures, we identify key intermediates and favorable pathways for
the CHa(g) — 2Ha(g) + C*. Our findings highlight the role of graphene armchair edge sites in
enhancing the initial dehydrogenation of CH4 below 1390 K and emphasize the impact of CHx- and
H- radical partial pressures on the reaction mechanism, offering theoretical guidance for optimizing

carbon-based catalytic systems in methane pyrolysis.

2. Computational details and experimental method
2.1. Computational method.
Spin-polarized DFT calculations were carried out using plane wave basis sets for valence

electrons and projector augmented wave (PAW) potentials for core electrons,***°

as implemented in
the Vienna Ab Initio Simulation Package (VASP),***” where the Perdew-Burke-Ernzerhof (PBE)*
functional was employed. Non-spin-polarized calculations were tested and found to produce higher
total energies compared to spin-polarized calculations; refer to Table S1 in the Supporting Information
(SI). Cutoff energy of plane wave basis set was set to be 450 eV. Geometry optimization was
performed with Monkhorst—Pack k-point meshes of 3 x 3 x 1 for sampling the Brillouin zone of (1 x
3 x 1) graphene sheet model, using convergence criteria of 5.0 x 107 eV for total energy and 0.01
eV/A for maximum force. Transition state (TS) was optimized using the climbing image nudged elastic
band (CI-NEB) method***° and the improved dimer method (IDM).*! For each optimized transition
state structure, vibrational frequencies were calculated at the same level of theory, and only one
imaginary frequency is obtained at the TS.

Adsorption energy of gaseous A, Eadsa, 1S defined by Eagsa = E((A/Gr) — E(Gr) — Efree A),

where all these species are optimized and a more negative value means stronger adsorption; see Table



S2 in the SI for all calculated energies of molecules and radicals in this work. The deposition energy
per carbon atom, AEc, is defined by AEc = [E((nC/Gr) — E(Gr) — nuc]/n, where E(nC/Gr) is the total
energy of graphene with n deposited C atom, the chemical potential of C (u-) was calculated to be
—8.70 eV via equation p. = G(CHas) — 2G(H>) at reaction conditions (7= 1473.15 K and P =1 atm).
More positive AEc value means less stability of the deposited C structure. Activation barrier (£.) and
reaction energy (AFE) are defined, as follows: E. = Ets — Eis and AE = Ers — Ei1s, where Els, Ets, and
Ers are the potential energies of initial state (IS), TS, and final state (FS) of each elementary step,
respectively. The thermodynamic correction was performed using VASPKIT*? at 7= 1473.15 K and
P =1 atm, unless otherwise specified, to determine related adsorption free energy Gadgsa, reaction
activation free energy Ga, and reaction free energy AG. However, for the TSs of H» desorption, the
mobile model®® (or termed as indirect®* or precursor® model) was used for Gibbs free energy
correction, as these TSs form weakly bound precursor states without chemical bonds to the substrate;

details are shown in page S3 of the SI.

2.2. Catalyst Models.

The optimized graphite here exhibits a lattice constant of 2.467 A, a C—C bond length of 1.424
A, and an energy per carbon atom of —9.23 eV, all of which are consistent with previous studies.*®
Previous study concludes that the non-local interaction from adjacent graphene layers has a negligible
effect on the H-abstraction reaction of CHa, allowing the reaction to be effectively investigated on the
edge of bulk graphite using only a graphene layer.”’ Additionally, both the zigzag-edged and
armchair-edged graphene nanoribbons have been fabricated.® Given that the armchair-edge exhibits
greater aromatic stability than the zigzag-edge,” the armchair edged graphene sheet was used here to
study the catalytic activity of the graphene edge. A periodic graphene sheet model was used to calculate
methane pyrolysis, consisting of 12 carbon atoms along the armchair line, and 11 atomic layers, with
the bottom 4 layers fixed and the rest of the graphene sheet including adsorbates relaxed. As shown in
Figure 1, a vacuum layer of 15 A was set along the graphene plane, and 13.5 A along the direction

perpendicular to the graphene plane to avoid interactions between periodic repetitions. The rationality



of the number of relaxed layers was determined by comparing the total energy of the graphene sheet,
the CH3 adsorption energy, and the surface C—C bond length across graphene sheets with varying

numbers of relaxed layers; see Scheme S1 in the SI for details.
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Figure 1. Side view of armchair-edged graphene (Gr_arm) as well as possible adsorption sites: Al,
A2, A3, Bl1, and B2.

2.3. Experimental method.

Methane decomposition experiments aimed at creating pyrolysis carbon and analysis of its
structure were carried out in an empty horizontal tube furnace, with a gas feed of 67:33 CH4:H> molar
composition at 1200 °C. Scanning electron microscope (SEM) and transmission electron micrography
(TEM) images of the resultant carbon/graphene products were taken from these control experiments.
TEM and high-resolution TEM (HRTEM) images were taken from a JEOL JEM2200FS electronic
microscopy operated at 200 kV.

Methane decomposition experiments aimed at measuring methane decomposition kinetics were
conducted in a vertical tubular quartz reactor, either empty or filled with granular petroleum coke
carbon particles (100-200 pm diameter) pre-heat-treated at 900°C in N, (BET surface area < 2 m*/g).
A gas feed with molar composition of 90:10 CH4:N2 was fed down-flow through the reactor. The
reactor effluent gas composition was analyzed using an on-line gas chromatography (GC) system with
both a thermal conductivity detector (TCD) and a flame ionization detector (FID). The feed rates were

controlled with mass flow controllers to adjust gas residence time in the reactor. All experiments were



conducted at ambient pressure, with temperature set at 900, 950, 1000, and 1050°C. Due to the huge
temperature span and flow rate limitations (and associated pressure buildup at higher flow rates), we
were unable to obtain high-quality kinetic data at temperatures higher than 1000°C with our reactor
system. Nonetheless we obtained expected pseudo 1% order kinetics when the reactor was empty,” but

a kinetic behavior that deviated significantly from 1% order kinetics, as shown in Figure 2 (b).

b) In[1/(1-XCH,)] vs residence time (min) at 950°C and 1000°C
in filled (triangles) and empty (circles) reactors
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Figure 2. (a) TEM images of graphene formed at 1200°C with the gas feed having molar composition
of 67:33 CHa4:Ha. (b) Plots of In[ 1/(1-XCH4)] vs residence time for CH4 pyrolysis at 950°C and 1000°C
in filled (triangles) or empty (circles) reactor tubes.

3. Results and discussion

In our experiments, layered graphite was observed during the CH4 pyrolysis process at 1200°C in
an empty horizontal tube furnace. As shown in Figure 2 (a), the HRTEM images distinctly reveal
curled carbon film structures, which arises from the inherent soft foldability of the layered graphite.
This observation motivated us to further explore the reaction mechanisms at graphene edges and gain

a fundamental understanding from an atomistic perspective.

3.1. Adsorption of key intermediates on T and P
3.1.1. Adsorption of key intermediates.

As a starting point, various possible adsorption sites were considered (Figure 1), including the
top site (A1) and bridge sites (B1, B2) at the edge of graphene, as well as the top sites (A2, A3) on the

plane of graphene. It is unsurprising that CH4 exhibits physical adsorption, even at the unsaturated



edge sites, with adsorption energies ranging from —5 meV to —19 meV, see Figure S1 in the SI for
details. However, CHs-derived intermediates exhibit different adsorption behavior, forming covalent
bonds with graphene. The most stable adsorption structures and energies of various intermediates on
the Gr_arm are presented in Figure 3, while the less stable adsorption configurations are shown in
Figure S2 of the SI. Our findings reveal that edge sites exhibit significantly higher activity than in-
plane graphene sites. For instance, the Eads,cus follows a diminishing trend: —3.43 eV (edge site A1) <
—0.73 eV (in-plane site A2) <—0.31 eV (in-plane site A3). Similarly, the Eaqsn shifts from —1.65 eV at

Al to 0.89 eV at A2. Thus, we focus exclusively on edge sites in the following work.
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Figure 3. The most stable adsorption structures and energies of various intermediates on the armchair-
edged graphene (C/grey; H/white).

As shown in Figure 3, unlike the top-site A1 adsorption of CH3, CH» and CH preferentially adsorb
at the bridge site B1, with the Ead¢s of —6.42 eV and —7.81 eV, respectively. More interestingly, our
findings reveal that graphene armchair edges preferentially facilitate same-ring adsorption, wherein
the simultaneous occupation of both edge sites within the same six-membered ring significantly
enhances adsorption. This cooperative stabilization enhances adsorption energies of CHx (x=1-3) and
2H by ~1 eV compared to isolated adsorption. For instance, CH3 adsorption strengthens from —3.43
eV (isolated adsorption) to —4.49 eV (co-adsorbed with H), while CH>, CH, and 2H exhibit analogous
enhancements: CH> shifts from —6.42 eV to —7.45 eV, CH from —7.81 eV to —8.96 ¢V, and 2H from

—3.30 eV (Figure S2) to —4.38 eV. These trends highlight the preference for same-ring adsorption at



the armchair edges of graphene.

Furthermore, we investigated the adsorption behavior of key intermediates, such as CoHz, C2Ha,
and deposited carbon. The most stable configuration for acetylene (C2H>2) adsorption involves the
formation of a 6-membered ring (Eagss = —5.32 €V), which is around 3 eV more stable than the 4-
membered (Eags = —2.39 eV) and 8-membered ring structures (Eags = —2.48 eV). This is likely due to
the favorable transition of CoH, from sp-hybridization in the gas phase to sp>-hybridization in the
formed 6-membered ring, with an H-C—C®-*™ angle of 118.3° (as shown in Figure 3). Ethylene (C2H4)
tends to form 4-membered (Eass = —3.67 ¢V) and 6-membered (Eags = —3.64 eV) ring structures with
similar stability, both of which are significantly more stable than the 8-membered ring structure (Eags
= 1.21 eV). Consequently, the adsorption of CoHz (Eags = —5.32 eV) is more stable than that of CoHg4
(Eads =—3.67 eV). For the single deposited carbon atom (C1), the formation of a S-membered ring (AEc
=0.98 eV/C atom) is more stable than the formation of seven-four (7-4)-membered rings (AEc =2.53
eV/C atom). In the case of two deposited carbon atoms (C>), the formation of a 6-membered ring (AEc
= 0.08 eV/C atom) is the most stable configuration, compared to the formation of two adjacent 5-
membered rings (AEc = 0.84 eV/C atom) and seven-five (7-5)-membered rings (AEc = 0.76 eV/C
atom). Therefore, deposited carbon tends to form new 6-membered rings (AEc = 0.08 eV/C atom),
consistent with experimental results showing that the activity of graphite in CH4 pyrolysis remains

constant over time and retains its initial activity.®

3.1.2. H* migration and H2 desorption.

Then, we investigated H* migration and H> desorption on the Gr_arm. As shown in Figure 4 (a),
the H* migration between two edge sites on adjacent 6-membered rings occurs with a relatively low
activation energy (Ga) of 1.35 eV (evaluated at T = 1473 K and P = 1 atm). In contrast, migration
between edge sites within the same 6-membered ring is more difficult, requiring a higher Ga of 2.45
eV. Notably, these are the only two TSs for H* migration along the Gr_arm edge sites. Consequently,
the subsequent H* migration at the final site (blue circle in Figure 4(a)) follows the same mechanism

as at the initial site (green circle in Figure 4(a)).
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Figure 4. Energy profile and optimized configurations for (a) H migration and (b) H> desorption on

the armchair-edged graphene.

Figure 4(b) illustrates the free energy profile for Hx(g) desorption from Gr _arm at T = 1473 K
and P = 1 atm, where the free energy corrections for TS?® and TS® were performed using the mobile
model, as described in the Method section. The process begins with the most stable configuration of
2H*, where 2H* are adsorbed at two adjacent edge sites of a single six-membered ring. Two possible
reaction pathways were explored: (1) Direct recombination and desorption of 2H*, (2) Reaction
between an adsorbed H* and a gas-phase hydrogen radical H-. Upon desorption, molecular Hx(g) is
released, leaving behind a clean Gr_arm with a AG of 2.04 eV, indicating strong H»> adsorption.

In the direct recombination pathway (black line in Figure 4(a)), metastable 2H-b* structure is first
formed via H migration, with a AG of 1.26 eV. Subsequent H2(g) desorption occurs via the TS? which
has an G, of 1.94 eV. In TS?, the H-H bond length is 0.794 A, while the H-C bond length is 1.873 A.
This high Ga (1.94 eV) demonstrates that direct recombination and desorption of 2H* from Gr_arm
involves significant energy barriers, emphasizing the crucial role of thermal conditions in facilitating
hydrogen release. The alternative pathway involving a hydrogen radical (H-) (blue line in Figure 4(a))
requires the desorption of one adsorbed H* from the most stable 2H* adsorption structure, with a AG

of 2.86 eV. Subsequently, H- reacts with the remaining adsorbed H* via the TS® to form Hax(g), with
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an G, of 1.00 eV. The TSP was identified using the Atomic Simulation Environment (ASE) method,®
where a series of geometries with fixed H-H bond lengths (ranging from 0.820 to 1.030 A in 0.005 A
increments) were optimized. It should be noted that the hydrogen radical formation energy of 2.86 eV
in Figure 4(b) was calculated assuming an H- partial pressure of 1 atm. As the H- partial pressure
decreases, H* desorption to form H- becomes more favorable. Additionally, at high temperatures, gas-
phase reactions during methane pyrolysis can generate H- radicals. Therefore, H2(g) desorption from
Gr_arm is more likely to follow the blue-line pathway in Figure 4(a), involving H- participation.
Moreover, the most stable 2H* configuration—adsorbed at two adjacent edge sites of a single six-
membered ring, as shown in the initial state of Figure 4 (b)—may not represent the dominant
configuration during actual reaction process. This is because, as shown in the results of Section 3.3,
when one H* adsorbs on an edge site, the adjacent edge site of the same 6-membered ring is likely
occupied by CHx* species. When H> desorption is instead evaluated from a less stable 2H* adsorption
structure (2H* b), as shown in Figure 4 (b), the Ga decreases significantly from 3.20 eV to 1.94 eV,

enhancing the feasibility of H2(g) desorption from the Gr_arm.

3.1.3. Adsorption-desorption equilibriumon T and P.

Predicting the adsorption-desorption equilibrium of key intermediates under varying temperature
and pressure is critical for elucidating reaction mechanisms in heterogeneous catalytic systems,
particularly in CH4 pyrolysis with concurrent gas-phase and surface reactions. Here, the adsorption-
desorption equilibrium line of gaseous A was plotted based on the condition Gags4(T, P) = 0, where
Gags (T, P) was calculated using the Eq. 1:

Gaasa(T, P) = Ga/6r(T, P) — Ggr(T, P) — Ggqs a(T, P) (1)

In this formula, G4/6,(T,P) is the Gibbs free energy of the Gr_arm with adsorbed A, where the
thermodynamic correction was calculated using VASPKIT; G, (T, P) is the Gibbs free energy of the
clean Gr_arm, which is substituted by the DFT calculated total energy (Eq); and the Ggqs 4(T, P) term
is the Gibbs free energy of free A in gas phase, which was calculated using ab initio atomistic

thermodynamics,®!%? as described by the Eq. 2:
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Ggas a(T, P) = ELP + fs (T, P%) + kpTIn (i—g) )
where Ef\"tal stands for DFT calculated energy of isolated A in gas phase (including zero point energy
correction), fia(T,P?) is the thermodynamic correction to the chemical potential of A at temperature
T, and the last term corresponds to contributions by temperature and partial pressure of gaseous A
gaseous (Pa). As shown in Figure 5, points along the adsorption-desorption equilibrium lines represent
conditions (T, P) where the G,454(T,P) equals zero. The adsorption structures of the species depicted
in Figure 5 are illustrated in Figure 3, noting that H> undergoes dissociative adsorption here. For each
line, e.g. the pink line for CH, the region above the line (high pressure and low temperature) favors the
adsorption (Gags < 0), whereas the region below the line (low pressure and high temperature) favors
the desorption (Gads > 0). Therefore, Figure 5 allows the prediction of adsorption behaviour of various
intermediates under different T and P conditions. For instance, at 1473 K, if the partial pressures of all
intermediates shown in Figure 5 are assumed to be 0.01 atm, all will adsorb onto the Gr_arm. However,
as the partial pressures decrease to 1.0 x 1071% atm, a value that may apply to gas phase radicals, all
species desorb from the Gr_arm except for the CH and CH». Overall, at 1473 K, the required partial

pressures for desorption, ranked from lowest to highest (corresponding to progressively easier

desorption), follow the order: CH < CH, < CoH> < H, < H < CH3™* < CoHs < CH3.

13



Effects of temperature and partial pressure on adsorption-desorption equilibrium
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Figure 5. Effects of temperature and partial pressure on adsorption-desorption equilibrium of key
intermediates on the armchair-edged graphene. For each line, the region above the line (labelled
“adsorption”) favors the adsorption (Gags < 0), whereas the region below the line (labelled “desorption”)
favors the desorption (Gags > 0). H2 undergoes dissociative adsorption here.

Furthermore, Figure 5 provides a more intuitive understanding of the calculated FEags. As
mentioned before, the Fags,cus shifts from —3.43 eV (isolated adsorption) to —4.49 eV (co-adsorbed
with H, CH5"*). According to the black and red lines in Figure 5, at 1473 K, the required CH3 partial
pressure for desorption decreases significantly from P(CH3) < 2.0 x 10~ atm to P(CH3) < 5.65 x 107’
atm. As indicated by the dark purple line in Figure 5, C2H4 is the next most easily desorbed intermediate
after CH3 and desorbs more readily from Gr_arm than C;H>, consistent with their adsorption energy
comparison Eagscons = —3.67 eV vs. Eags,comz = —5.32 eV. This prediction aligns with experimental
findings, where C2H4 was detected in significantly greater quantities than CoH».%® Additionally, at

1473 K, H desorption occurs at P(H) < 1.85 x 1077 atm, whereas H> desorption from 2H* requires a

14



significantly lower partial pressure of P(H2) < 6.96 x 10~° atm (Figure 5). Given that, in practical

64,65

conditions, the partial pressure of gas-phase H is typically much lower than that of Ha, it can be

inferred that adsorbed H* species are more likely to desorb as H radicals rather than as H, molecules.

3.2. Dehydrogenation of CHx (x=1-4) on T and P
3.2.1. Dehydrogenation of CHx (x = 1—4) at 0 K.

Here, we first investigate the dehydrogenation reaction of CHx (x = 1—4). For the dehydrogenation
of CHa4(g) and CH3*, two possible final states were considered: co-adsorption on a single 6-membered
ring or on two adjacent 6-membered rings. However, since CH>* and CH* are adsorbed at the edge
bridge site, only the single 6-membered ring case was considered for further dehydrogenation. Figures
6 (a) and (b) illustrate two pathways for the dissociation of CH4(g) into adsorbed methyl (CH3*) and
H*. The activation barrier (E.) for CH4(g) dissociation is lower in Figure 6 (a) (0.62 eV) than in Figure
6 (b) (0.81 eV). This is because, in the transition state (TS) of Figure 6 (a), both the CH3; and H
fragments are effectively stabilized by the graphene edge sites, with bond lengths of 1.720 A and 1.295
A, respectively. Additionally, the reaction energy (AE = —3.68 eV) in Figure 6 (a) is more negative
than that (AE = —2.11 eV) in Figure 6 (b), attributed to the final state where CH3* and H* co-adsorb
at two edge sites of the same hexagonal ring in Figure 6 (a). This configuration is more stable than that
in Figure 6 (b), where the dissociated CH3* and H* adsorb at edge sites of two adjacent hexagonal

rings.
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Figure 6. Energy profile (at 0 K) and optimized configurations for the dehydrogenation of CHx (x =
1—4) on the armchair-edged graphene.

Figures 6 (c) and (d) illustrate two distinct pathways for the dehydrogenation of CH3z*. The
pathway in Figure 6 (c) has a lower E. (0.85 eV) compared to Figure 6 (d) (1.70 eV). This aligns with
the structural differences in the TS, where the dissociating H in Figure 6 (c) is more effectively
stabilized by surface, with a bond length of 1.223 A to the surface carbon, shorter than that (1.448 A)
in Figure 6 (d). Figures 6 (e) and (f) depict the dehydrogenation pathways for CH>* and CH¥*,
respectively. For CH>* dehydrogenation, the E, is 2.24 eV and AE is 1.99 eV, while for CH*
dehydrogenation, the E, 1s 3.74 eV and AE is 3.51 eV. Unlike the dehydrogenation of CHs(g) and CH3*,
the dehydrogenation of CH>* and CH* is significantly endothermic, with the AE values only slightly
lower than the corresponding E. values. This suggests that the reverse reactions of CH>* and CH*

dehydrogenation are more likely to occur.

3.2.2. Dehydrogenation of CHx (x=1-4) on T and P.

As illustrated in Figure 7 (a), the initial dehydrogenation of CHa(g) has an activation free energy
(Ga) of 2.65 eV and reaction free energy (AG) of —1.25 eV at 1473 K and 1 atm, both significantly
corrected compared to the E. (0.62 eV) and AE (—3.68 eV) at 0 K, respectively. However, the

corrections for other CHy species (x=1-3) are less pronounced, mainly due to the larger entropy
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correction for gas-phase CH4 compared to surface-adsorbed species (e.g., CHx*, x = 1-3). Notably,
the AG for CHa(g) initial dehydrogenation on Gr_arm (—1.25 eV at 1473 K) is much more negative
than that (2.37 eV at 1500 K) in gas-phase.!® The dehydrogenation of CH3* is exothermic (AG = —0.88
eV) with a moderate G, of 0.85 eV. For CH>* dehydrogenation, the Ga is 2.23 eV, slightly higher than
its AG (1.99 eV), indicating that the reverse reaction requires only 0.24 eV of Ga. Similarly, the
dehydrogenation of CH*, which is stabilized in a 5-membered ring structure, has a high G, of 3.60 eV
and a AG of 3.44 eV. This indicates that further dehydrogenation of CH* is difficult, not only due to

its high G, value but also because the reverse reaction is more likely to occur.
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Figure 7. (a) Ga and AG for CHy (x=1—4) dehydrogenation at 1473 K, 1 atm. (b) Temperature and (c)
pressure effects on Ga for CHg initial dehydrogenation. (d) Comparison of dehydrogenation and

desorption of CHx (x=1-3) at 1473 K, 1 atm. (e) Effects of temperature and partial pressure on
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dehydrogenation-desorption equilibrium of CHx (x=1-3).

Given the significant free energy correction for CHs(g), as mentioned above, we examined the
effects of T and P on the initial dehydrogenation of CH4(g). As depicted by the black line in Figure 7
(b), the Ga for CH4(g) initial dehydrogenation over Gr_arm increases with temperature, i.e., 2.10 eV
(1073 K) <2.38 eV (1273 K) < 2.65 eV (1473 K). In contrast, the Ga for CH4(g) dehydrogenation in
gas-phase decreases with rising T, as shown by the blue line in Figure 7 (b),'° with the two lines
intersecting at 1390 K. Therefore, at T < 1390 K, CHa(g) dehydrogenation over Gr_arm occurs more
rapidly, whereas at T > 1390 K, CHu(g) dehydrogenation in gas-phase becomes dominant. Our
experimental results on methane pyrolysis over PyroCoke support this trend. As shown in Figure 2 (b),
at lower temperatures (< 950°C), PyroCoke accelerates CH4 decomposition across all residence times,
indicating surface-catalyzed reactions. However, at 1000 °C, catalytic enhancement by PyroCoke is
limited to short residence times (t < 0.4 min). Beyond this duration, methane conversion becomes
higher in the absence of carbon. This crossover to gas-phase dominance at elevated temperatures
(>1000°C) and longer residence times mirrors the theoretical trend, though it occurs at a lower
experimental threshold (~1273 K vs. 1390 K), likely due to differences in carbon structure or reaction
conditions. Additionally, Figure 7 (c) reveals that the G. for CH4(g) initial dehydrogenation over
Gr_arm decreases with increasing P, though the rate of change diminishes at higher pressures. This
suggests that moderate increases in CHa4(g) pressure, such as from 1 atm to 5 atm, can effectively
enhance the rate of initial CH4(g) dehydrogenation over Gr_arm.

Furthermore, there is a competitive relationship between the dehydrogenation and desorption of
CHx* (x = 1-3) species, which depends on the T and P. Figure 7 (d) compares the G, for
dehydrogenation and the desorption free energy (Guaes) at 1473 K and 1 atm. Notably, the G. for CH3*
dehydrogenation is 0.85 eV, which closely matches its Gaes 0f 0.78 eV. To predict whether CHx* species
will undergo dehydrogenation or desorption under varying conditions, equilibrium lines for CHx* (x
= 1-3) dehydrogenation and desorption were constructed as a function of temperature and pressure.

These lines were derived from the relationship Ga(T, P) = —Gaas(T, P), where Gaas(T, P) was calculated
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using Eqgs. 1-2, and Ga(T, P) was determined via the methodology detailed in Section 2.1. As presented
in Figure 7 (e), points along these lines represent conditions where the G. for dehydrogenation equals
Gues, signifying equilibrium between these two processes. For each line, e.g. the black line for CH3*,
the region above the line (high pressure and low temperature) favors the dehydrogenation (Ga < Gaes),
whereas the region below the line (low pressure and high temperature) favors the desorption (Ga >
Gues). Therefore, Figure 7 (e) predicts the competition between dehydrogenation and desorption under
varying T and P conditions. For instance, at 1473 K and a partial pressure of CHy (x = 1-3) radicals of
1.0 x 1073 atm, CH, CHa, and CH;""* preferentially undergo dehydrogenation on the Gr_arm surface.
In contrast, the isolated adsorbed CH3 tends to desorb as CHj;- radical, which may subsequently

participate in gas phase reactions to form C2He(g).

3.3. Energy profile for the CH4 catalytic pyrolysis over armchair-edged graphene.

We investigated the reaction mechanism of complete CHs(g) dehydrogenation over Gr_arm,
leading to the formation of 2H»(g) and a deposited carbon C*. Through a comprehensive comparison
of all potential adsorption, desorption, diffusion, and surface reactions at each step, we identified the
most favorable reaction pathways, with corresponding free energy and configuration changes
illustrated in Figure 8. For instance, starting with CH3* + H*, we evaluated multiple processes (Figure
S3), including H* desorption (a), CH3* desorption (b), H* migration (c), CH3* migration (d), and
CH3* dehydrogenation (e, f). Among these pathways, CH3* + H* dehydrogenation to CH>* + 2H* (f)
emerged as the most favorable, exhibiting the lowest Ga (0.72 eV) and a moderate AG (0.31 eV). The
results of other less favorable pathways are provided in Figure S4 of in the SI.

In the most favorable reaction pathway (Figure 8), after CH3* dehydrogenates to CHy* + H* +
H'*, the repulsion between CH,* and H'* reduces the stability of adsorbed H'*, making the desorption
of H'* (Figure 8 b) the next step (AG = 1.36 V). Then the migration of CH>* from the A1 site to the
more stable B1 site occurs with large exothermicity (AG = —1.55 eV). Subsequently, the gas-phase
H- radical reacts with the adsorbed H* via TS3, forming H>(g) with a Ga of 1.72 eV and AG of 0.20

eV. The free energy correction for TS3 was performed using the mobile model, as described in the
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Method section. The adsorbed CH>* then undergoes further dehydrogenation via TS4, with a Ga of
2.23 eV, yielding CH* + H?*. Due to the weak adsorption of H?** it desorbs into the gas phase
(exothermic by —0.52 eV) and subsequently re-adsorbs, affording the CH* + H* species. This
desorption and re-adsorption of H? occurs with large exothermicity (AG = —3.48 eV). Starting from
the CH* + H* species, CH* undergoes further dehydrogenation via TS5, affording C* + H* + H>*,
with a high G, of 3.65 eV and large endothermicity (AG = 3.58 eV). Similarly to H?*, due to the weak
adsorption of H**, H3* desorbs into the gas phase (exothermic by —0.45 eV), followed by re-adsorption
at the A1 site to form the C* + 2H* Al co species. This entire desorption-re-adsorption process is
exothermic by —0.99 eV. Finally, the 2H* co-adsorbed at the A1 site desorb to form Ha(g), with a AG

of 0.81 eV, leaving a deposited carbon C* that forms a 5-membered ring structure.
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Figure 8. (a) Free energy profile and (b) optimized configurations for the most favorable pathway for
CHa4(g) = C* + 2H>(g) on the armchair-edged graphene.

In the overall CH4(g) — 2H2(g) + C* reaction, the CH* dehydrogenation exhibits the highest Ga

(3.65 eV), while the transition state (7:S1) for the initial CH4 dehydrogenation lies at the highest energy

level, as shown in Figure 8 (a). This indicates that both initial CH4 dehydrogenation and CH*

dehydrogenation are key steps in the overall pathway. Moreover, given that the reverse reaction starting

from CH* + H* (to form CH»*) also requires a high G of 3.72 eV, the CH4 pyrolysis over Gr_arm is

likely to be halted at the CH* + H* state. This suggests the potential for the CH*-CH* coupling on
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the Gr_arm, which could lower the activation barrier for CH*-involved reactions. More interestingly,
the partial pressures of CHyx- and H- radicals may significantly influence the most favorable pathway
shown in Figure 8. For example, if P(CH3-) <3.5 x 1073 atm or P(H-) < 1.5 x 107'? atm, the desorption
of CH3* or H* (Gges < 0.72 eV) would become more favourable than the surface reaction step CH3* +
H* — CHy* + 2H* (G, = 0.72 eV). Similarly, if P(CHz-) < 1.0 x 10~* atm, desorption of CH2* (Ges <
2.23 eV) would become more favourable than the CH,* — CH* + H* step (Ga = 2.23 eV). Therefore,
in addition to the CH*—CH* coupling on the Gr arm surface, C—C coupling reactions between
desorbed CHx- radicals in the gas phase may also occur. A comprehensive comparison of these
processes will be conducted in our future work. Although experimentally measuring the partial
pressures of CHx- and H- radicals during high-temperature CH4 pyrolysis is challenging, providing
theoretical predictions for the critical values at which their partial pressures alter the reaction

mechanism is highly valuable for guiding future investigations.

4. Conclusions

In this study, building on our experimental discovery of layered graphite synthesis during CH4
pyrolysis and the role of carbon substrates in enhancing CHs decomposition, we conducted a
comprehensive theoretical investigation to explore the adsorption, dehydrogenation, and reaction
mechanisms involved in CHj4 pyrolysis on the armchair-edged graphene (Gr_arm), with key insights
into temperature, pressure, and radical partial pressures influencing the process.

Important findings of this work are summarized below: (1) co-adsorption of H* and CHx*
intermediates on the same six-membered ring significantly enhances stability, highlighting the
preference for same-ring adsorption at the armchair edges of graphene. (2) at 1473 K, the desorption
partial pressures, from lowest to highest (indicating increasing ease of desorption), are: CH < CH» <
CyH> < Hy < H < CH;™* < C,H4 < CHs. (3) The adsorbed H* species initially tend to desorb as H-,
which later play a crucial role in Hx(g) desorption. (4) The adsorption-desorption and dehydrogenation-
desorption equilibrium lines were plotted, providing valuable predictions for intermediate behaviour

under varying conditions. (5) Temperature plays a crucial role in CHy initial activation, with gas-phase
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homolytic C—H bond cleavage dominating at higher temperatures, while at lower temperatures, carbon
edges such as Gr_arm significantly enhance the reaction. (6) In the overall CH4(g) — 2H2(g) + C*
reaction, dehydrogenation of CH* requires the highest Ga (3.65 eV), suggesting the potential for
CH*—CH?* coupling. (7) Finally, we examine how the partial pressures of CHx- and H- radicals can
significantly influence on the reaction mechanism by altering the competition between
dehydrogenation and desorption.

Overall, this study provides a comprehensive understanding of the crucial role of carbon,
particularly in Gr_arm, in CHy4 pyrolysis. These insights contribute to the design of more efficient
carbon-based catalysts for methane conversion and offer a foundation for future research on the

coupling of carbon intermediates during CHy4 pyrolysis.
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