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Abstract

The direct, efficient and selective oxidation of methane to methanol remains a major challenge
in catalysis due to the strength of the C—H bond and the tendency for overoxidation. This study
investigates the catalytic potential of first-row (Mn, Fe, Co, Ni, Cu) and second-row (Ru, Rh,
Pd) transition metals as single-atom catalysts (SACs) supported on nitrogen-doped fullerene
(C24N24) for methane oxidation to methanol. Using Density Functional Theory (DFT)
calculations, we calculated the activation barriers for each metal-doped system. Further
analysis using the DIAS model, QTAIM, and IBO theory provided insight into the geometric,
electronic, and orbital factors that influence the catalytic activity of SACs for methane
activation. The results reveal that Ni and Cu SACs have the lowest activation barriers due to
negligible structural distortion and more negative interaction energies at the transition state.
QTAIM analysis revealed significant differences in bond critical point features of various TM-
O interactions, whereas IBO analysis demonstrated that more efficient catalysts promote
smoother and more delocalized electron rearrangements during C-H activation. Metals, such
as Ru and Mn, exhibit increased electron localization and structural reorganization, which
corresponds to higher energy barriers. This emphasises the importance of structural,
electrostatic, and orbital parameters in determining the catalytic performance of SACs for
methane oxidation. The findings help rationalize the design of effective methane valorisation
C24N24 supported SACs and provide useful methodologies for modifying their selectivity and

activity using atomic-level changes.
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1. Introduction

Methane is an abundant carbon resource, making it a major contributor to greenhouse gas
emissions as a natural gas."? The conversion of methane to methanol is highly desirable as
methanol is currently increasing on the market due to its wide use.** Methanol in particular is
used in fuel, chemical synthesis, and energy storage.>® Therefore, reducing this natural gas,

which contributes to greenhouse gas emissions, while meeting demand for renewable energy



sources (such as methanol) is significant.® The catalysts are essential because they facilitate
the activation of C—H bonds, which increases methane reactivity under relatively moderate
conditions and promotes faster reaction kinetics, such as the methane conversion
process.’®'12 However, the exceptional stability of C-H in methane™ and the high
susceptibility of methanol to over-oxidation result in undesired by-products such as COo,
formaldehyde, making the selective oxidation of methane to methanol a long-standing
challenge.™ To overcome these challenges, a significant effort by researchers has gone into
creating sophisticated catalyst systems that can activate methane under moderate conditions

while inhibiting over-oxidation pathways to get beyond these basic restrictions.

In recent years, heterogeneous catalysts have emerged as a viable approach for facilitating
methane activation under milder conditions.''® Transition metal catalysts have demonstrated
a significant activity in C-H bond activation and selective oxidation, particularly those based
on 2nd-row transition metals such as Ru, Rh, and Pd."”"'® However, low atom utilization
efficiency, poor control over active-site uniformity, limited product selectivity due to ensemble
effects, and catalyst deactivation from sintering or coke formation under harsh reaction
conditions are just a few of the inherent problems that conventional heterogeneous catalysts
frequently face.’® Furthermore, the large-scale industrial use of noble metals is severely
hampered by their limited natural availability and high cost. These limitations have driven
interest in finding cost-effective alternatives that are more earth-abundant and easily
accessible, with potential catalytic performance equivalent to that of conventional catalysts.
Due to their high metal-atom efficiency, well-defined active sites, and distinctive electronic
properties, single-atom catalysts (SACs) have recently attracted significant attention amid the

performance and cost constraints of conventional heterogeneous catalysts. 202

Single-atom catalysts (SACs) have garnered considerable attention recently because of their
capacity to optimize metal atoms and offer unique electronic structures that distinguish them
from bulk or nanoparticle catalysts.?? In SAC systems, isolated metal atoms anchored to
suitable supports exhibit well-defined active sites, precise, tunable electronic properties, and
improved catalytic activity. For the direct conversion of methane to methanol, several transition
metals, including Fe, Cu, Ni, Co, Mn, Ru, Rh, and Pd, have been investigated as SACs. These
metals are usually anchored on supports such as metal oxides?, zeolites', and nitrogen-
doped carbon frameworks 2* 25, Among these SAC supports, the rich nitrogen-doped carbon
frameworks have become one of the most promising support materials. A particular support
material is a nitrogen-rich fullerene-like nanocage, C24N24, which provides well-defined
nitrogen sites that enable strong metal-support interactions and effectively stabilize single
transition-metal atoms against aggregation.?* Despite the rapid development of SACs for

methane activation, there are limited systematic comparisons between the catalytic activity of



1st-row and 2nd-row transition metals on the same support material. Significantly, although
many studies show that 1st-row transition metals have promising catalytic performance when
supported, little is known about the underlying factors that lead to their superior activity, or
how their 2nd-row counterparts perform when supported on similar materials. For instance,
Esrafili and Mousavian?® and Zhang et al.?” only compared the catalytic performance of 1st-
row transition metals (Ti, V, Fe, Co, Ni) anchored on C2N24, with Ni demonstrating superior
catalytic activity. Therefore, to develop a catalyst that is both low-cost and highly effective for

converting methane to methanol, this knowledge gap must be addressed.

Hence, this study presents a thorough density functional theory (DFT) investigation and
comparison of the catalytic activity of first- and second-row transition-metal atoms supported
on C24N24 as SACs for the direct oxidation of methane to methanol. We evaluate the structural
and electronic stability of the TM doped into C24N24 via binding energy calculations, HOMO-
LUMO gap analysis, and density-of-states (DOS) analysis. We then simulate the entire
catalytic cycle for the conversion of methane to methanol based on these stability evaluations,
and we methodically evaluate the activation energy barriers for the crucial reaction stages
across the metals under study. Furthermore, to understand the fundamental origin of the
catalytic performance between first- and second-row transition metals, we integrate the
activation strain model (ASM)?32°, quantum theory of atoms in molecules (QTAIM)*, and
intrinsic bond orbital (IBO)*'3? analysis to elucidate the interplay of the strain, electronic
interactions, charge transfer, and orbital hybridization toward the activation energy barrier

during the C-H bond activation.

2. Methodology
@

Scheme 1: Flowchart of all complexes involved in this reaction.



The C24N24, TM@C24N24 structures were geometry optimized by DMol®** module implemented
on Biovia Materials Studio 2020. The Perdew-Burke-Ernzerhof (PBE)**3® and double numeric
plus polarization (DNP*)*® basis set was utilized throughout all the calculations. The key oxo-
metal intermediate (OTM@C2:N24) was generated by adsorbing a nitrous oxide (N20)
molecule onto the TM@C2sN24 catalyst. By facilitating the transfer of an oxygen atom from
N2O to the transition metal centre, this adsorption creates the reactive oxo-metal species,
which then combines with CH3 to generate CH3OH (Following the Scheme 1 shown above).
The TS search and verification were performed using ORCA 6.0% with NEB-TS®* method with
PBE/def2-TVPP level of theory®. Further, IRC calculations were done to confirm the TS

identified and reaction barriers.

To check the stability of TM on the C24N24 fullerene, the binding energies (Ep) were calculated

as follows:

Eb = E(TM@C24N24) - ETM - EC24N24 .......................................................... Eq1

Further, we gained a better understanding of the catalytic activity of the TM@C24N24 systems
toward methane activation by employing a combination of analyses, namely the activation
strain model, the quantum theory of atoms in molecules via the topology of the electron

density, and intrinsic bonding orbital analysis.

3. Results and Discussion

3.1. Stability of TM on C24N24 of TM@C24N24

The geometric and electronic structure of C.sN2s shows that this carbon nitride fullerene
exhibits semiconductor characteristics as reported in previous C24N2s studies. This is
demonstrated by a small energy gap between the valence and conduction bands, which allows
easier electron transfer between the two bands, as displayed in Figure 1. The structural and
electronic characteristics of the C24N24 system are considerably altered as the transition metals
are introduced on the C24N24 fullerene, as indicated by the data in Figure 2 and Table 1. The
thermodynamic stability of the TM@C24N24 clusters, as confirmed by the binding energy values
shown in Figure 3, indicates that all TM atoms bond exothermically to the nitrogen anchoring
site. The first-row transition metals (Mn, Fe, Co, Ni, and Cu) among the metals studied exhibit
significantly stronger binding than the second-row metals (Ru, Rh, Pd). Specifically,
Fe@C2N24 (-14.55 eV) and Mn@C2N24 (-12.16eV) exhibit the maximum stability on the
support due to their largest negative binding energies. Their lower charge densities and larger
ionic radii enable enhanced interaction between the N-2p orbitals of C24N24, leading to stronger

contact. On the other hand, possibly larger atomic diameters and more diffuse orbitals of Ru,



Rh, and Pd exhibit less interaction. First row metals such as Co, Ni, and Cu binding strengths
on the system are closer to the optimal region that the Sabatier principle predicts. This balance
indicates that they are robust enough to maintain a stable anchor while still enabling effective
cycles of reactant and product adsorption and desorption. As a result, it is anticipated that they
should be better catalytic on C2sN24. The TM adsorption significantly changes the electronic
structure of C24N24from the standpoint of reactivity — see Figure 4. In comparison to the pristine
system, the HOMO-LUMO gap narrows by 30-65%, indicating improved charge transfer
capacity and increased electronic reactivity. Furthermore, the PDOS analysis confirms a high
degree of hybridization between the TM 3d/4d orbitals and the N-2p states, indicating the
formation of a stable aggregate. Overall, most of the first-row transition metals are more stable
on the CaNx support because of their ideal balance between strong anchoring and
advantageous catalytic reactivity based on the binding energy, electronic structural alterations,

and the Sabatier principle.
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Figure 1: The density of state of bare C24N24 and TM@C24N24 systems
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Figure 2: Geometric structure of (a) Bare C24N24, and TM@C2:N24 (b)-(c)



Table 1: Calculated bond lengths (A) and binding energy (eV) of transition metals on the
C24N24 fullerene.

System Binding Energy (eV) TM-N (A) C-C (A) C-N(A)

C24N24 - - 1.468 1.367
Mn@C24N24 -12.16 2.031 1.466 1.396
Fe@C2sN24 -14.55 2.011 1465  1.394
Co@C24N24 -11.17 2.017 1.463 1.391
Ni@C24N24  -9.10 2.040 1.464 1.389
Cu@C24N24 -6.31 2.074 1.465  1.387
Ru@C24N24 -1.89 2.194 1.464 1.391
Rh@C24N24 -1.89 2.250 1465  1.385
Pd@C24N24 -0.66 2.365 1.466 1.386
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Figure 3: The binding energies vs d-blocks of transition metals on the C24N24 plot.



HOMO-LUMO Energy Gap of TM@C.4N;,
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Figure 4. HOMO-LUMO Energy Gap of TM-doped C24Naa.

3.2. The CH4 Oxidation reaction in the presence of TM@C24N24 Single-Atom Catalyst
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Scheme 2: Modelled catalytic cycle for methane-to-methanol in the presence of

OTM@C24N24



The reaction pathway shown in Figure 5 confirmed the following stepwise mechanism: 1. Initial
physical adsorption of CHs on OTM@C24N24 intermediate, 2. The C-H bond elongation and
cleavage to form CH; ~ and H, hydrogen forming OH with the adsorbed O from the
OTM@C24N24 intermediate. Subsequently, a bond is formed between OH and CHj3’ to yield
CH3OH. The Gibbs free energies (AG, eV) shown in Table 2 for the principal O—TM@C24N24
intermediates are as follows: OMN@C24N24 (-0.03), OFe@C24N24 (3.21), OCo@C24N24 (-1.44),
ONiI@C24N24 (-3.05), OCu@C24N24 (-2.41), ORU@C24N24 (0.67), ORh@C24N24 (-1.33), and
OPd@C24N24 (-2.74). The Gibbs energies offer direct insight into the thermodynamic stability
of the oxidized intermediates, significantly affecting both the activation of methane and the
subsequent release of methanol. The Gibbs free energies of the O—TM@C,4N., intermediates
demonstrate that most first-row transition-metal systems (Co, Ni, Cu) display
thermodynamically advantageous (exergonic) tendencies for methanol synthesis, evidenced
by their negative AG values (-1.44, -3.05, and 2.41 eV, respectively). Manganese exhibits a
AG near zero (-0.03 eV), indicating a minimal thermodynamic driving force and reduced overall
exergonicity. Conversely, most second-row metals exhibit endergonic characteristics, as
indicated by their positive or less negative AG values, such as ORu@C24N24 (+0.67 €V) and
the moderately exergonic albeit comparatively weaker values for Rh (-1.33 eV) and Pd (-2.74
eV) compared to Ni and Cu. This trend emphasizes the better thermodynamic favourability of

first-row TM SACs over their second-row counterparts.

The activation barrier for methane oxidation over first-row metals is shown in Figure 6,
decreasing in the following order: Mn > Fe > Co > Ni > Cu, with Ni and Cu exhibiting the lowest
barriers, suggesting that methane oxidation can proceed at moderate temperatures. The
results are comparable since the computed barriers for Ni@C24N24 and Co@C24Na24 in this
work match those reported in previous DFT research.?%?” Then, for the second row transition
metals having the largest activation barrier compared to their fourth period counterparts,
grouped as follows: Ru > Pd > Rh. Overall, the findings show that for the conversion of
methane to methanol on C24N24, first-row transition metals perform better than their second-
row counterparts as SACs. Ni@C24N24 and Cu@C24N24 stand out as the most promising SACs
due to their low activation barriers, favourable reaction energetics, and weak methanol

adsorption, which facilitate efficient product desorption.



Table 2: Calculated reaction barrier (E},--(€V)), Gibbs energy (AG (eV)), and Hirshfeld charge

on ( Qy(|e])) for chemical reactivity of Oags on TM@C24N24

Intermediates AG(eV) Epar(eV) Qo (le])

OMn@C24N24 -0.03 2.08 -0.278
OFe@C24N24 3.21 1.29 -0.243
OCo@C24N24 -1.44 0.58 -0.220
ONi@Cz24N24  -3.05 0.36 -0.274
OCu@Ca24N24 -2.41 0.36 -0.283
ORu@C24N24 0.67 2.10 -0.185
ORh@C24N24 -1.33 0.59 -0.289
OPd@Ca24N24a -2.74 0.86 -0.377
(a) 1st-Row TM@C24N2¢ (b) 2nd-Row TM@C24N24
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Figure 5: (a)-(b) The energy profile of methane oxidation via TM@C24N24,
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Figure 6: The activation barrier of methane oxidation comparison across the eight TMs.

3.3. A combined DIAS, QTAIM, and IBO Analysis of the Energy Barrier for Methane
Oxidation using TM@C24N24 SACs.

3.3.1. Distortion/Interaction Activation Model

The Distortion/Interaction Activation Strain (DIAS) model was employed to investigate the
factors influencing the activation barrier for the reaction. Within this framework, the activation
energy is divided into the interaction energy between the two deformed fragments and the
distortion energy, which is the energy needed to deform CHs and OTM@C24N24 from their
ground-state geometries to their transition-state geometries. We can better understand how
structural deformation and fragment interactions affect the overall barrier by analysing their
contributions toward the reactivity. This method enables a more thorough understanding of
how transition-metal doping affects reaction energetics. In this framework, the activation
energy is decomposed into two main contributions: the distortion energy required to deform
the reactants (CH4 and OTM@C-24N24) to their distorted geometries at the transition state, and

the interaction energy between these distorted fragments.

Figure 7 shows the results of the DIAS analysis. Across all the transition metals, the energy
required for CH4 to distort from its relaxed geometry is consistently greater than that of the
OTM@C2N24 fragment in systems, suggesting that deformation of methane is the primary
cause of C-H bond activation. This also reveals the structural rearrangement required to
weaken and break the C-H bond as hydrogen transfers to the adsorbed oxygen species. The
total distortion energy AE ;.. () follows the order: Ru > Fe > Mn > Pd > Co > Cu > Ni > Rh (0.58-

3.28 eV), which is in good correlation with the reported activation barrier trend. This shows

mm Activation Barrier (eV)




that the degree of reactant complex distortion, as measured at TS in this work, largely
determines reactivity, with systems requiring greater structural deformation exhibiting larger
energy barriers. The interaction energies (AE;,;), on the other hand, fluctuate over a rather
narrow range (-42.50 to -37.30 eV), suggesting that interaction effects are less important than
distortion. More stabilizing interactions with the deformed reactants are suggested by the
somewhat higher negative interaction energies of first-row transition metals compared to
second-row transition metals. These variations, however, are inadequate to offset significant
distortion penalties in metals such as Fe and Ru, leading to larger activation barriers and later
transition states. Because of its comparatively low distortion energies, Ni, Cu, and Rh can
overcome deformation costs earlier along the reaction coordinate through stabilizing
interactions. As a result, these systems exhibit reduced activation barriers and early transition
states, thereby increasing catalytic activity. On the other hand, systems with higher distortion
needs (such as Ru and Fe) exhibit lower reactivity because reconstructing the reactant

complex incurs a higher energy cost.

Overall, these results show that the reactivity trend is dominated by the degree of distortion of
the reactant complex, especially CHs deformation, and this correlates with catalytic activity.
Catalysts that minimize structural reorganization during the transition state work better for C-

H activation.
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(blue) to distort and interaction energy (red), TM = Mn/Fe/Co/Ni/Cu/Ru/Rh/Pd.

3.3.2. Quantum Theory Atom in a Molecule via Topology Analysis

The QTAIM analysis in Figure 8 further supports the mechanistic explanation provided by the
DIAS analysis, by showing that these distortions are accompanied by bonding
rearrangements. The electron density decreases, and the Laplacian becomes less positive
along the reaction coordinate at the TM-O bond critical points (BCPs), signifying a steady
weakening of the metal-oxo bond. The energy density becomes slightly positive at the final
state in low-barrier systems like Ni and Cu, where this weakening is most noticeable. This
suggests a weak or even somewhat destabilizing TM-O interaction that promotes methanol
desorption. High-barrier systems (Mn, Fe, Ru, and Pd), on the other hand, have comparatively
higher electron densities and more negative energy densities at TM-O BCPs, indicating
stronger metal-oxo bonding and, thus, a greater energetic penalty for bond rearrangement
during reaction. At the C-H BCPs, all the systems initially exhibit high electron density and
strongly negative density, consistent with a strong covalent bond. The electron density at the
C-H BCP drops as the reaction gets closer to the TS, signifying bond activation and cleavage.

For Mn, Fe, Ru, and Pd, this reduction is more noticeable, indicating a more sophisticated C-



H bond-breaking process at their transition states. However, this substantial bond
rearrangement results in higher energy costs and, consequently, larger activation barriers, as
these systems also have strong TM-O bonds. While Ni, Cu, Co, and Rh exhibit greater electron
density and more negative energy density at the C-H BCP near the TS, suggesting a less
advanced but more energetically accessible C-H activation. Their reduced activation barriers
and distortion energies are consistent with this characteristic. Strong C—O bond critical points
(BCPs) in the final state are the final indication that methanol has been formed. The formation
of a strong covalent bond is indicated by the high electron density and noticeably negative
Laplacian at these locations. Early TM-O bond weakening and rupture in low-barrier single-
atom catalyst systems enhance this transformation and encourage simpler product

desorption.

When combined, these findings show that a careful balance between bond reconfiguration
and reactant distortion controls catalytic activity. In addition to encouraging more gradual bond
rearrangement and weaker TM-O contacts, catalysts like Ni and Cu reduce structural
distortion and lower activation barriers. Mn, Fe, Ru, and Pd, on the other hand, undergo more
significant structural and electrical reorganization and form stronger metal-oxo bonds, thereby
increasing the distortion energy and activation barrier. Crucially, it is a trustworthy electronic
indicator of methane activation reactivity since the degree of C—H bond activation is highly

correlated with the decrease in electron density at the C—H BCP at the transition state.
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Figure 8: QTAIM topology analysis properties of (a) Reactant complex, (b) Transition state,
(c) Product complex of the CH4 into CH3OH under the TM@C2:N24 catalyst

3.3.3. Intrinsic bonding orbital analysis

In addition to the DIAS and QTAIM analysis, the intrinsic bond orbital (IBO) analysis introduced
by Knizia et al. was explored in this section to gain a deeper understanding of the energy
barrier of the CH4 activation process leading to methanol production. The bond-breaking and
bond-formation mechanism was understood at the orbital level through an IBO study. A
hydrogen atom transfer pathway involving homolytic C—H cleavage, in which one electron
migrates with the H atom and the other stays on the CHs fragment, is confirmed by the IBOs
(Figure 9, results for other metals are provided in the supplementary information) which clearly
show how the o(C—H) bond orbital changes into a a(O—H) bond orbital throughout the process.



One electron from the initial C—H bond and one electron from the metal-oxo unit make up the

newly created O—H bond.

The orbital energy study further supports these results. Ru has one of the highest activation
barriers despite having the most negative (most stable) orbital energies along the reaction
coordinate, as shown in Figure 10 (a). This suggests that significant orbital stability can raise
the barrier by shifting the transition state later along the reaction coordinate and deepening
the product well. Ni and Cu, on the other hand, exhibit lower orbital energy barriers and lower
kinetic activation barriers due to their lower negative orbital energies and minor variations
between IS and TS. Significant orbital energy differences along the reaction coordinate
indicate substantial electronic rearrangement in metals like Mn and Fe, consistent with their

higher activation barriers and distortion energies — see Figure 10 (b).

(a) Ni@Cz4N24

Figure 9: IBO analysis on 1. C-H bond at the initial state (IS), 2. TM-O-H bond at the
transition state (TS) and 3. C-O-H bonds at the final state (FS).
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Figure 10: (a) Orbital energies of all TMs along the reaction and (b) Orbital energy
difference (Orbital energy barrier from IS to TS) across the TM@C24N24 systems.

Overall, a careful balance between geometric distortion, bond critical point evolution, and
orbital reorganization controls reactivity in methane activation over O—-TM@C24N24, according
to the combined DIAS, QTAIM, and IBO analyses. Lower activation barriers and more catalytic
reactivity are shown in systems (such as Ni, Cu, and Rh) with weaker TM—O bonds, lesser
CH, distortion, progressive C-H bond weakening, and mild orbital rearrangement. On the other
hand, metals like Mn, Fe, Ru, and Pd that undergo significant bond rearrangement and form
strong metal-oxo interactions incur higher energy costs, resulting in higher activation barriers

and reduced reactivity.



3.4 Relationship correlation between the descriptors and activation barrier

The activation barrier and other electronic and structural characteristics were correlated using
the Pearson correlation coefficient to determine the primary parameters controlling methane
activation over OTM@C2:N24 catalysts. Figure 11 is a heatmap showing correlations between

all the various descriptors of catalytic activity examined and the activation energy.
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Figure 11: Correlation heat map highlighting the descriptors with more correlation to activation
energy.

The most significant indicator of reactivity among the metrics examined is the CH, distortion
energy at the transition state, which shows a remarkably strong positive correlation with the
activation barrier (r = 0.94, p < 0.05). This suggests that systems with higher activation barriers
require greater structural deformation of methane to reach the transition state. Therefore, the
best method to lower the CH4 activation barrier and increase catalytic activity is to minimize
methane distortion. Additionally, there is a strong negative correlation between the activation
barrier and the transition state orbital energy (r = —0.90, p < 0.005) — see Figure 12. This
indicates that catalysts with lower negative TS orbital energies permit better electron

reorganization during C—H bond breaking, resulting in lower activation barriers. Significantly,



there is a strong negative correlation (r = —0.90) between the TS orbital energy and the CH4
distortion energy as shown in Figure 12, indicating an underlying relationship between
structural strain and electronic reorganisation. These findings collectively demonstrate that the
energy landscape of methane activation is jointly controlled by structural and electronic
variables, with orbital energy serving as a secondary but essential descriptor and CH4

distortion as the major driver.

According to the QTAIM perspective, there is a strong negative correlation (r=-0.73, p < 0.05)
between the electron density at the C—H bond critical point (BCP) at the transition state and
the activation barrier. This indicates that systems that maintain a higher electron density at the
C—H bond in the TS have a lower energy barrier because the partially broken bond is better
stabilized. On the other hand, greater activation barriers are correlated with stronger early O-
H bond formation (seen by a larger electron density at the O-H BCP), suggesting that early
product-like bonding raises the reaction's energy cost. However, the TM—O bond descriptors
show modest relationships with the activation energy (r < 0.4), indicating that the metal—

oxygen bond mainly serves as a supporting factor rather than actively regulating reactivity.

Overall, this multi-descriptor correlation analysis establishes a clear hierarchy of reactivity
control, (i) The fundamental descriptor, CH4 distortion energy on TM@C2N24, is the best
indicator of both overall reactivity and the activation barrier, (ii) During C-H cleavage, electron
rearrangement is controlled by transition-state orbital energy, a secondary descriptor and (iii)
The effectiveness of C-H bond destabilization at the TS is reflected in the C-H BCP electron
density, (iv) O—H and TM—O BCP characteristics are necessary but not the main ones. These
results show that, rather than merely enhancing O—H or TM-0 interactions, efficient methane
activation over TM@C24N24 catalysts is mainly controlled by the catalyst's capacity to reduce
methane distortion and promote gradual C—H bond weakening. Therefore, to achieve lower
activation barriers and increased catalytic reactivity, catalyst systems that minimize CH.
deformation and moderate orbital energy reorganisation should be prioritised in rational

catalyst design.
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Figure 12: The correlation between the activation barrier/CH4 distortion energy and the orbital
energy at TS

Conclusion

This study presents a comprehensive computational investigation of methane activation over
TM@C24N24 SACs using a combination of DIAS, QTAIM, and IBO analysis. The findings show
that the geometric distortion of methane at the transition state is the main factor controlling the
activation barrier, with systems requiring less CH4 distortion showing much lower energy
barriers and increased catalytic reactivity. Catalysts that promote early transition states with
minimal structural reorganization are more effective at facilitating C—H bond breakage, as
demonstrated by the strong correlation between distortion energy and the activation barrier (r
= 0.94, p < 0.05). The second most crucial descriptor was the transition-state orbital energy (r
= —0.90, p < 0.005), with lower activation energies and better electronic rearrangement
associated with more negative orbital energies — Figure 12. These results show that geometric
and electronic variables jointly control methane activation. Effective C—H bond destabilization
is more critical than early O—H bond creation, as demonstrated by QTAIM analysis, which also
revealed that low energy barriers are linked to advantageous electron density distributions and
covalent bonding properties at the C—H and O-H bond critical points. Although structurally

significant, the TM-O0 interaction has a secondary effect on reactivity.



This confirms that the conversion of the o(C—-H) orbital into a developing O—H bond, and that
catalysts with accessible transition-state orbital energies enable more effective hydrogen atom
abstraction. IBO analysis consistently offers electronic insight into the C—H bond cleavage
mechanism. A significant interaction between favourable orbital energies and minimal

methane distortion can explain the higher performance of some catalysts.

Ni@C24N24 and Cu@C24N24 exhibit the lowest activation barriers, minimal methane distortion,
minimal electronic rearrangement, and electron sharing, making them the most promising
single-atom catalysts among the systems examined in this work. In addition to offering
practical guidelines for the logical design of next-generation single-atom catalysts for low-
barrier methane-to-methanol conversion, this study demonstrates that a combined geometric—
electronic descriptor framework is crucial for understanding and predicting the catalytic activity

of methane oxidation SACs.
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