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Single-atom Pd in ZSM-5 for selective oxidation of
methane to methanol: a DFT-based ONIOM
approach
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Nand Kishor Gour, a Gaurisankar Phukana and Ramesh Chandra Deka *ac

Single-atom catalysts are emerging as promising candidates for the selective oxidation of methane,

providing distinctive opportunities to improve activity, selectivity, and atomic efficiency. In this study, we

have applied the DFT-D3 based ONIOM approach to examine the potential energy surfaces of Pd single

atoms, with oxidation states of 0, +1, and +2, enclosed within the ZSM-5 framework for the partial

oxidation of methane to methanol employing N2O as the oxidant. We have incorporated dispersion

correction using Grimme’s GD3 dispersion correction to account for the van der Waals interaction

within the zeolite’s framework. The isomorphous substitution of the framework Si atoms with the Al

atoms caused the zeolites to have negative charges, which are balanced by metal cations or protons.

Depending on the oxidation states of the Pd atom, we have substituted Si atoms with an equivalent

number of Al atoms to maintain the overall charge neutrality of the ZSM-5 framework. The mechanism

of the reaction mainly consists of three key steps: formation of the active site by N2O, activation of the

C–H bond of methane and recombination of the CH3 and OH moieties to form methanol. Two-state reac-

tivity has also been considered for the catalyst with close lying spin states. Furthermore, the inclusion of

water during methanol desorption significantly reduces its desorption energy, thereby preventing the risk of

over-oxidation and increasing the selectivity. In terms of activation barrier, kinetic analysis and methanol

desorption energies, siliceous ZSM-5 with Pd0 is found to be the most favorable choice for partial oxidation

of methane to methanol. Our findings offer significant insights into the oxidation state dependent reactivity

of single atom Pd/ZSM-5 for direct conversion of methane to methanol.

Introduction

Climate change constitutes an important worldwide issue
facing mankind in the 21st century.1 Greenhouse gases pro-
foundly affect the global ecosystems and biodiversity by dis-
rupting natural processes and intensifying environmental
instability.2 While CO2 is the most predominant greenhouse
gas, methane possesses a substantially greater global warming
potential, rendering it the second most critical contributor to
atmospheric warming.3 Consequently, it is necessary to reduce
methane emissions from natural gas engines and other heating
sources. A method for mitigating methane is the advancement
of effective technologies for its valorization, which is also a

century long process. Additionally, methane is the main con-
stituent of natural gas, which possesses potential utility as a
cleaner source of fossil energy and as a raw material, contingent
upon its inexpensive transportation to the place of application.
In this regard, converting methane on-site and on a large scale
into transportable high-dense fuels or high value-added com-
pounds, like liquid oxygenates, aromatics, and hydrogen, would
be highly beneficial.4 Nonetheless, the on-site conversion of
methane is challenging due to its chemical inertness.5 Thus,
conversion of methane into value-added products is crucial, as
it not only addresses the urgent need to mitigate methane
emissions but also transforms this potent greenhouse gas into
cleaner energy sources and valuable raw materials, thereby
playing a significant role in combating climate change.

Originally, the manipulation of methane was considered as
the ‘‘clavis aurea’’, an intractable yet rewarding challenge, mak-
ing it the focus of extensive investigation. Direct conversion of
methane to methanol has garnered significant attention due to
the high hydrogen content, low carbon emissions, and versatility
of methanol as a clean fuel and chemical feedstock.6–9 Direct

a CMML-Catalysis and Molecular Modelling Laboratory, Department of Chemical

Sciences, Tezpur University, Napaam-784028, Assam, India.

E-mail: ramesh@tezu.ernet.in
b Department of Chemistry, Arunachal University of Studies, Namsai-792103,

Arunachal Pradesh, India
c Department of Chemistry, Cotton University, Panbazar, Guwahati-781001, Assam,

India

Received 4th August 2025,
Accepted 9th December 2025

DOI: 10.1039/d5cp02968f

rsc.li/pccp

PCCP

PAPER

Pu
bl

is
he

d 
on

 1
3 

D
ec

em
be

r 
20

25
. D

ow
nl

oa
de

d 
on

 5
/3

/2
02

6 
11

:4
8:

47
 A

M
. 

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0003-3919-1513
https://orcid.org/0000-0003-4352-2661
http://crossmark.crossref.org/dialog/?doi=10.1039/d5cp02968f&domain=pdf&date_stamp=2025-12-29
https://rsc.li/pccp
https://doi.org/10.1039/d5cp02968f
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP028003


2112 |  Phys. Chem. Chem. Phys., 2026, 28, 2111–2131 This journal is © the Owner Societies 2026

oxidation of methane to methanol continues to pose a significant
challenge in catalysis and industrial chemistry because of the
inherent stability of the C–H bond in the methane molecule and
the relatively high reactivity of methanol.10–12 The existing two-
step process employed by industries for methane utilization is
highly energy-intensive due to the elevated temperature and
pressure requirements.13 A most effective method for the utiliza-
tion of CH4 is the direct conversion of CH4 to CH3OH under mild
conditions at relatively low temperatures, as this transformation
is thermodynamically viable at such temperatures. However, the
implementation of this method has proven difficult due to the
absence of an appropriate catalyst.14 The use of catalysts offers an
optimal solution for reducing the high energy costs associated
with these processes.14 The naturally occurring copper-containing
enzyme methane monooxygenase15 can activate methane at room
temperature; however, industrial-scale operation remains
unfeasible. Thus, a significant amount of research has been
dedicated to enhancing the catalytic capabilities of existing
catalysts such as transition metal oxides,16 clusters,17,18 metal–
organic frameworks,19,20 zeolites21,22 etc., indicating the need to
create a new class of catalytic materials.23,24

Single atom catalysts (SACs) have emerged as a new class of
catalysts and have attracted growing interest in the field of
catalysis.23,25 Different from those of bulk metal clusters or
nanoparticles, SACs have extraordinary chemistry, which pro-
vides selectivity, activity and stability.25 Due to their optimal
atomic efficiency and well-defined catalytic centers, single-atom
catalysts (SACs) have emerged as both extremely effective
catalysts and exemplary models for exploring the structure–
performance connection.26 The catalytic effectiveness of SACs
has been observed in various processes like CO oxidation, CO2

hydrogenation, O2 reduction reactions, etc.27 SACs with precisely
coordinated metal centers on active supports have exhibited
remarkable reactivity and selectivity for methane oxidation, owing
to their ability to facilitate the reaction under mild circumstances.28

Supports play a key role in stabilizing SACs. Diverse supports,
including metal oxides, metals, two-dimensional (2D) materials,
zeolites, and metal–organic frameworks, have been utilized to
stabilize single atoms by anchoring them on surfaces or integrating
them into frameworks.29,30 Sun et al.31 carried out a mechanistic
investigation of conversion of methane to methanol on single atom
3d transition metal modified graphyne using molecular O2 as an
oxidant. Dispersed single metal atoms on graphyne supports have
been discovered to replicate the enzymatic production of catalyti-
cally active M–O moieties, which are crucial for the kinetics of
methane oxidation. A detailed mechanistic study was carried out
using a single Rh atom dispersed on ZrO2 for the oxidation of
methane to methanol, where it has been observed that the oxide
support prevents the over oxidation to CO2.32

Among all support systems, zeolite supports are attractive
due to their exceptional stability, homogeneous pore structure,
and low synthesis cost.30–35 Within this group of catalysts,
ZSM-5 is of particular interest owing to its unique MFI struc-
ture, which gives it the best combination of microporosity and
accessibility for catalytic use.33 It is even more suitable as a
support system because of its simple synthesis and resistance

to the extreme reaction conditions.34,35 ZSM-5 has a unique
channel structure, tunable acidity and shape selective proper-
ties. These features help to stabilize metal centers within the
framework and facilitate the transformation of small molecules
like CH4, CO2, etc. into value added products.36–38 In a com-
bined theoretical and experimental study, Guo et al.39 used the
single atom catalyst Cu1/ZSM-5 for the selective oxidation of
methane to oxygenates. They revealed that each isolated Cu
atom, stabilized by four O moieties on the ZSM-5 support,
contains a uniform Cu1–O4 entity as an active site and preferen-
tially activates CH4 over CH3OH, which is useful for the highly
selective synthesis of C1 oxygenates, particularly methanol. An
Rh single atom catalyst supported on hydrophobic ZSM-5 with
CO and O2 was reported to oxidize methane to C1 and C2
oxygenates under relatively low pressure.40 Hu et al.41 also used
Rh@ZSM-5 as a model catalyst for the methane partial oxidation,
where they investigated the effect of CO and H2O on the overall
energetics of the reaction. Pd-encapsulated ZSM-5 was employed
in the investigation of alkyne semi-hydrogenation, which was
shown to be extremely efficient.42 Thus, the zeolites’ unique
properties make them invaluable for advancing catalytic pro-
cesses and optimizing methane conversion to valuable products.

Noble metal catalysts (Pt, Pd, and Rh) have shown excellent
performance towards the methane oxidation reaction.43,44 Pal-
ladium or palladium based catalysts and their oxides have
significantly greater reactivity for methane oxidation compared
to other transition or noble metal catalysts.44–47 Epling and
Hoflund48 investigated catalytic methane oxidation using ZrO2-
supported Pd catalysts and discovered that augmenting the Pd
loading from 0.1 to 10 wt% enhanced catalytic performance.
Guo et al.49 conducted a catalyst synthesis method to manip-
ulate the local environment of highly scattered metal-active
sites through the targeted deposition of Pd next to highly
dispersed ZrOx on the ZSM-5 zeolite, utilizing electrostatic
interactions for methane oxidation. Li et al.50 demonstrated
the catalytic efficiency of Pd@Na-ZSM-5 for methane oxidation
at varying Si/Al ratios, with Si/Al = 40 exhibiting the maximum
catalytic activity. Fan et al.51 observed that in Pd@ZSM-5, the
acidity of zeolite influences lean methane oxidation, with a
reduction in acid sites enhancing catalytic performance. The
microporous MFI channels of ZSM-5 effectively confine Pd
atoms in the dispersed state, which avoids agglomeration and
maximizes metal utilization. Such arrangements additionally
promote the formation of well-defined active sites that con-
tribute to the selective activation of species.51,52 Wang et al.53

reported that the acidic nature of supports significantly
impacted the performance of supported Pd catalysts for cataly-
tic combustion of methane. PdO dispersion depended on acid
sites, with Lewis acid sites being more decisive for dispersing
and stabilizing PdOx. Also, it was found that the existence
of Lewis acid sites was essential for the dispersion and
stabilization of PdO. Petrov and his coworkers presented an
innovative method for synthesizing a sintering-resistant
Pd/zeolite catalyst and validated its efficacy in the challenging
methane oxidation reaction.54 Thus, Pd based catalysts have
shown promising activity towards the methane oxidation
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reaction, which can be further tuned by selecting appropriate
support systems.

In this work we have used a Pd@ZSM-5 single atom catalyst
for the partial oxidation of methane to methanol using N2O as
an oxidant.55,56 N2O ranks as the third most prevalent green-
house gas, following CO2 and CH4. The increasing concentra-
tions of N2O in the atmosphere have garnered significant
attention due to its involvement in several detrimental chemical
reactions, including those that contribute to the formation of
photochemical smog and acid rain. Consequently, it can func-
tion as an oxygen transfer agent, releasing environmentally
friendly N2 into the atmosphere.57 The complete pathway has
been demonstrated using 3 different oxidation states of Pd,
mainly Pd0, Pd1+ and Pd2+. The reactivity of siliceous zeolites vs.
aluminosilicate zeolites towards methane activation has been
observed. A comparative analysis of the first and second C–H
activation steps was performed to determine the catalyst best
suited for promoting selective formation of the desired product.
These results are expected to contribute to a deeper under-
standing of catalytic mechanisms and may guide subsequent
research efforts in this direction.

Computational details

The partial oxidation of methane to methanol on Pdn@ZSM-5
(n = 0, +1, +2) has been investigated by a DFT based hybrid
QM/MM (quantum mechanics/molecular mechanics) electronic
embedded two layer ONIOM (Our-Own-Layer-Integrated-
molecular orbital) approach.58–60 Hybrid QM/MM methodolo-
gies are proficient in investigating the catalytic properties of
active sites in nanometer-scale zeolites.61 They integrate precise
quantum mechanical approaches such as density functional
theory (DFT) to monitor reactions at the active site quantum
mechanical region (QM, internal region) with less computation-
ally intensive molecular mechanics (MM) methods to simulate
the surrounding zeolite structure (external environment). The
ONIOM method offers distinctive advantages over conventional
additive QM/MM methods. ONIOM is a prevalent partitioning
approach effectively validated in the numerous condensed
phase systems, including both solution and heterogenous cat-
alysis. In particular, ONIOM has also proven to efficiently
describe the structure of the environment as well as capture
the mid- and long-range polarization and electrostatic effects on
the active site.62 Farhan and Sajith in a recent study showed the
successful application of zeolite supported systems, including
metal exchanged frameworks, confirming their reliability for
catalytic studies.63 In contrast to the traditional QM/MM meth-
odologies, ONIOM does not explicitly calculate the QM/MM
interaction Hamiltonian, which significantly enhances the com-
putational efficiency. Furthermore, its integration into the
Gaussian has an automatic link atom treatment that adjusts
the boundary bonds to maintain a continuous potential energy
surface facilitating stable geometry optimization and molecular
dynamics. In addition, owing to the interactions of the link
atom host with the model system at a low theoretical level, it

partly compensates the error generated by the use of link
atoms.60

The predominant method for modeling zeolites involves a
cluster approach.64,65 ZSM-5 used in our study is represented by
the cluster model of formula H74O219Si128, where H atoms are
used to saturate the terminal oxygen atoms.66 The QM region is
constructed, compromising the T12 site containing a 10 mem-
bered sinusoidal ring (Si10O10) along with two additional Si and
O atoms (Si2O2), and the rest of the regions are treated with MM
calculations. The visual representation of the ZSM-5 cluster
along with the layer division is shown in Fig. S1. To encapsulate
the Pd0, Pd1+ and Pd2+ transition metal atoms, the Si atom in the
T12 site is replaced with 0, 1 and 2 Al atoms respectively. The
placement of the Al atom is done following the Lowenstein
rule.67,68 To perform the DFT calculation in the QM region of
the two-layer model, we have implemented the hybrid B3PW91
(Becke 3 parameter Perdew Wang 91) functional,69 in conjunc-
tion with the LANL2DZ70 basis set for the Pd atom and the
6-31G(d,p)71 basis set for the H, C, O, Si, and Al atoms. To
validate the method and level of theory used in the calculations,
we have studied the multireference character (Tables S1–S3) and
benchmarked with 10 different functionals (Table S4). Accurate
modeling of adsorption and catalytic processes in zeolites
requires the inclusion of dispersion corrections, as these govern
the long-range interactions crucial for the framework–guest
stabilization and understanding the underlying mechanism of the
reaction mechanisms. The Grimme-D3 dispersion correction72 was
integrated into our analysis to address the influence of van der
Waals interactions on the structural and electrical characteris-
tics of the species in the quantum mechanical domain. We
utilized UFF73 to describe the atoms treated with molecular
mechanics, referred to as MM atoms, which has been used
widely for the various catalytic reactions on zeolites due to its
simplicity. UFF provides a reasonable or adequate representa-
tion of zeolites frameworks, yielding favorable geometries and
non-bonded interactions for the silica/alumina structure.63,74–78

All the atoms in the QM region along with atoms connecting
QM and MM regions are fully relaxed. The existence of a single
imaginary frequency in the vibrational spectra validates the
transition phases, while no imaginary frequencies are detected
for the reactants, intermediates, and products. Intrinsic reac-
tion coordinate (IRC)79 calculation has been conducted to assess
the reliability of the reaction pathway. The free energy of
activation (DGa) for the transition states is determined by
assessing the free energy variation of the transition state relative
to the initial state.

The adsorption of N2O and CH4 on Pdn@ZSM-5 and
PdOn@ZSM-5 has been calculated using the following formula

Eads(N2O) = EN2O_Pd@ZSM-5 � EN2O � EPd@ZSM-5 (1)

Eads(CH4) = ECH4_PdO@ZSM-5 � ECH4
� EPdO@ZSM-5 (2)

where EN2O_Pd@ZSM-5, EN2O and EPd@ZSM-5 are the zero-point
corrected energies of N2O adsorbed on Pd@ZSM-5, N2O and
Pd@ZSM-5 respectively. Similarly, ECH4_PdO@ZSM-5, ECH4

and
EPdO@ZSM-5 are the zero-point corrected energies of CH4

PCCP Paper

Pu
bl

is
he

d 
on

 1
3 

D
ec

em
be

r 
20

25
. D

ow
nl

oa
de

d 
on

 5
/3

/2
02

6 
11

:4
8:

47
 A

M
. 

View Article Online

https://doi.org/10.1039/d5cp02968f


2114 |  Phys. Chem. Chem. Phys., 2026, 28, 2111–2131 This journal is © the Owner Societies 2026

adsorbed on PdO@ZSM-5, CH4 and PdO@ZSM-5 respectively.
The free energy of activation (DGa) for the transition states is
determined by assessing the free energy variation of the transi-
tion state relative to the initial state. NBO analysis (Gaussian
NBO 3.1) has been carried out to study their chemical
behavior.80 All the calculations have been carried out using
the Gaussian 1681 software package.

Kinetics study

The rate constant for each step in a catalytic oxidation reaction
is derived using established kinetic theory, namely transition
state theory (TST),82 and is typically represented by the follow-
ing equation:

k ¼ G Tð ÞkBT
h

e

�DGTS

RT (3)

where G(T) is the transmission coefficient, derived from the
subsequent expression:

G Tð Þ ¼ 1þ 1

24

hu#
kBT

� �2

(4)

In eqn (3), DGTS represents the difference in Gibbs free energy
between the transition state (TS) and the reactants. In eqn (4),
u# denotes the magnitude of the imaginary frequency of the
transition state (TS). Other terms maintain their conventional
definitions.

Results and discussion

The schematic diagram for the partial oxidation of methane
with N2O in Pdn@ZSM-5 (n = 0, 1, 2) is shown in Scheme 1. In
the scheme, M stands for transition metals (Pd in our work),
while N represents either Si or Al, depending on the formal
oxidation state of the Pd atom. For the neutral Pd0, N is Si, and
for Pd1+ and Pd2+, N is Al. The formal oxidation state of the Pd
species is denoted by the superscript ‘‘n’’. The conversion

reaction proceeds in 3 main steps. The steps are mainly (i)
the formation of active M–O species reacting with N2O and by
releasing N2,63,83–85 (ii) activation of the 1st C–H bond of
methane, and (iii) recombination of CH3 and OH groups to
form methanol and also to compare the activation barrier of
2nd C–H activation vs. CH3 and OH groups to selectively oxidise
methane to methanol instead of carbene and water. This article
presents a comprehensive analysis of the partial oxidation of
methane to methanol, beginning with the determination of the
ground state configuration, followed by examination of the
entire reaction pathway and comparison of the first and second
C–H activation of methane.

We have considered the ground spin state configuration of
Pdn@ZSM-5 for the oxidation of methane to methanol with N2O
as the oxidant. First three spin states of each state of Pdn@ZSM-5
has been considered and the reaction was carried out with the
ground spin state in each case. The ground spin state is singlet for
Pd@ZSM-5 and Pd2+@ZSM-5, and doublet for Pd+@ZSM-5. The
results align well with the experimental ground states acquired by
several techniques, including electron paramagnetic resonance
(EPR) spectroscopy, for the Pd@ZSM-5 system.86,87

All the calculations including geometry optimization and tran-
sition state calculations were performed considering the ground
state of Pd@ZSM-5 and Pd1+@ZSM-5 as the energy difference
between the ground state and the 1st excited state is very high.
On the other hand, as the energy difference between ground and
1st excited states in Pd2+@ZSM-5 is less than 9 kcal mol�1, we
have taken two-state reactivity into account for this particular
zeolite system.

Partial methane oxidation to methanol using Pd@ZSM-5

Siliceous zeolites are frequently used as superior supports for
Pd-based methane oxidation catalysts owing to their stability,
anchoring capacity, and efficacy in diverse settings.22,88,89 In
this study we have used Pd@ZSM-5 in the ground singlet state
to study the partial oxidation of methane using N2O as the
oxidant.

Scheme 1 Schematic representation of steps involved in the partial methane oxidation.
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From the molecular orbital diagram (HOMO–LUMO dia-
gram) shown in Fig. S2, it is observed that it is a closed shell

configuration where the HOMO is delocalized over 4dz2, 4dx2�y2,
4dxz and 4dyz orbitals, whereas the LUMO is mainly localized in
the 5s orbital of Pd respectively. The electron density on the Pd
atom indicates its axial donation capability, whereas the LUMO
in the s orbital reflects the electrophilic nature, making it
capable of accepting electrons. The orbital analysis indicates
a stable yet reactive Pd center capable of catalytic reactions. The
various positions of Pd atom encapsulation on the QM region
of the ZSM-5 framework along with the adsorption energy are
shown in Fig. S3. The optimized diagram involved in the
reaction pathway is shown in Fig. 1, where after a specific
intermediate the plausible formation of two products via two
pathways is shown. The reaction proceeds with the adsorption
of N2O via the N-terminal on the Pd atom to form IM1 as shown
in Fig. 1 as the adsorption energy via the N terminal side is
more than that of the O-terminal side by 8.09 kcal mol�1. We
have presented the optimized diagrams of N-terminal and O-
terminal N2O adsorption on Pd@ZSM-5, along with the corres-
ponding adsorption energy, in Fig. S4. As the reaction pro-
gresses after the initial N2O adsorption as shown in Fig. 1, it
proceeds towards N–O dissociation to form the active Pd–O
species which will further involve in the methane oxidation
process. The activation of the N–O bond occurs via TS1
(�313.39i), resulting in the formation of Pd–O (IM3), following
the release of N2, with a calculated bond length of 1.803 Å,
which is close to the experimental value of 1.996 Å.90 In IM3,
the Pd atom possesses a positive atomic charge of +0.264e,
whereas the charge on the O atom is �0.550e. From the NBO
analysis, it has been found that the HOMO is localized on the
2py-orbital of the O-atom and the 4dyz orbital of the Pd atom,
whereas the LUMO is localized on the 2p�z antibonding orbital of

the O-atom as well as the 4dxz, 4dz2 and 5s orbitals of the Pd
atom. With the Pd–O bond defined as the z-axis, the LUMO
offers axial s* directionality, making the site electrophilic, and
the p* component (4dxz) enables the out of plane polarization.
The axial polarization is also strengthened by the framework -

metal donation. Methane is adsorbed on the active Pd–O species
via the H atom of CH4 with an endothermic adsorption energy
of 1.62 kcal mol�1 in IM4. In IM4, the Pd adsorbed C–H bond
and the C–H bond closer to the O atom slightly elongated
compared to the rest of the two C–H bond lengths as shown
in Fig. 1. The Pd adsorbed C–H bond elongated due to the
formation of the Pd–H bond; however, this bond is not further
activated due to the positive charge on both H and Pd atoms. In
contrast, the C–H bond of methane next to active O species is
activated through TS2, which has a single imaginary frequency
of �447.82i cm�1, leading to complete dissociation into Pd–OH
and Pd–CH3 species (IM5). NBO analysis indicates a significant
donor–acceptor interaction between the lone pair of the active O
atom and the antibonding s*(C–H) orbital (E(2) = 29.73 kcal
mol�1) that accounts for the polarization and weakening of the
C–H bond. This interpretation along with the decrease in orbital
occupancy in s(C–H) (1.94 - 1.87) demonstrates that the

methane activation proceeds via heterolytic C–H cleavage at
the Pd–O site. From IM5, there are two possibilities for the
reaction pathway. Pathway 1, which is also the desired one, is the
recombination of CH3 and OH moieties to form methanol and
pathway 2 is activation of the 2nd C–H bond of methanol to form
CH2 and water. We have carried out both the pathways as shown
in Fig. 1. Consequently, beginning with IM5, we have produced
methanol (IM6) through TS3, where CH3 and OH recombine.
Starting from the same intermediate, activation of the 2nd C–H
bond of methane occurs via TS30 to give CH2 and water (IM60). All
the transition states are also verified by the IRC, which connects
the respective reactant and product. The distances of the Pd atom
from the framework oxygen atoms are shown in Table S5.

To gain insight into the thermodynamic view of the reaction
pathway, the potential energy surface (PES) diagram of Gibbs
free energy (kcal mol�1) vs. reaction coordinate is plotted and is
shown in Fig. 2. The PES is calculated with reference to the
reactants, i.e., Pd@ZSM-5 + N2O + CH4, which is carried out at
298 K and 1 atm pressure. From Fig. 2, it has been observed that
the overall reaction is spontaneous and thermodynamically
favorable. The N2O adsorption step is spontaneous with a free
energy of �10.18 kcal mol�1. However, the N–O dissociation TS
(TS1) is endoergic and non-spontaneous with an activation
barrier (IM1 - TS1) of 21.96 kcal mol�1. With a desorption
energy of 4.65 kcal mol�1, the N2 gas is easily removed from the
system to form active species (IM3) with a relative free energy of
3.04 kcal mol�1. The methane adsorption step is quite endoergic
with a relative free energy of 14.34 kcal mol�1, which could be
attributed to the confinement effect of ZSM-5 microspores.91

This less stable adsorption of methane also facilitates the 1st
C–H activation of methane with an activation barrier of merely
0.12 kcal mol�1 (IM4- TS1) and a relative free energy of
14.46 kcal mol�1. The complete breakdown of the C–H bond
results in a highly stable intermediate with a free energy of
�40.73 kcal mol�1. The stability of the intermediate is due to the
coordination of Pd to the O atom of the zeolite’s framework
including the confinement effect. After this intermediate, the
feasibilities of the pathways mentioned are determined in terms
of their activation barrier in the PES. As shown in Fig. 2, the
activation energy of CH3–OH recombination is much lower
compared to the 2nd C–H bond activation of methane that leads
to the formation of H2O and the Pd–CH2 moiety. The NBO
second order perturbation analysis offers a distinct electronic
explanation for why the CH3–OH recombination pathway (TS3) is
favored over the 2nd C–H activation pathway (TS30). A significant
interaction of the Pd lone pair with the antibonding s*(O–C)
(E(2) = 22.7 kcal mol�1) suggests effective overlap between Pd d
orbitals and formation of the C–O bond in TS3, which leads to
the stabilization of the transition state. The enhanced donor
acceptor stabilization in TS3 accounts for the reduced energy
barrier of methanol production compared to that of the 2nd H
abstraction. Desorption of methanol from the framework system
post-formation is critical, since elevated desorption energy may
lead to the over oxidation of methanol. In the Pd@ZSM-5 system,
methanol is easily desorbed from the system with a minimum
energy of 10.57 kcal mol�1, making it a viable process and
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Fig. 1 Optimized diagrams involved in the partial oxidation of methane with Pd@ZSM-5 obtained from ONIOM calculations (relative Gibbs free energy
of each step is given in parentheses).
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preventing over oxidation to unnecessary products like CO2, CO,
etc. This observation is supported by the weak donor–acceptor
interaction between Pd and the methanol molecule as well as a
Wiberg bond index value of 0.12 for Pd–OHCH3. We have also
calculated the desorption of methanol in the presence of water
in the system; however, the energy changes by only
1.09 kcal mol�1. Thus, adsorption of water molecules does not
significantly affect the environment of the siliceous zeolites due
to the hydrophobic nature of the siliceous zeolites.92 The PES
diagram of methanol desorption with and without the addition
of water molecules in the system is shown in Fig. S5. The
activation barrier of the transition states involved in the pathway
is tabulated in Table 1 and the imaginary vibrational frequencies
of the transition states are shown in Table S9.

Partial methane oxidation to methanol using Pd+@ZSM-5

In this section, we discuss the active site formation and partial
oxidation of methane to methanol by Pd+@ZSM-5. To gain a
deeper understanding of the electronic environment and reac-
tivity in Pd+@ZSM-5, the Si atom at the T12 site is replaced by
an Al atom to create a localized negative charge that electro-
statically balances the cationic Pd center as illustrated in Fig.
S1. The frontier molecular analysis reveals that Pd+@ZSM-5 is
an open shell configuration with the HOMO and the LUMO
lying in the b orbitals, primarily dominated by the 4d-orbitals of

the Pd atom. With small 4dyz and 4dxz contributions, the

HOMO consists of mostly the 4dz2 orbital of Pd, whereas the
LUMO is mainly localized on the 4dxy of Pd and antibonding
2p�y orbitals of framework oxygen atoms as shown in Fig. S2.

This orbital distribution indicates a metal center donor–acceptor
duality, with dz2 functioning as the s donor for the electrophilic
substrates and the dxy orbital serving as the p-acceptor. The lower
natural charges on the Pd atom (0.719e) than the formal oxida-
tion state indicate polarization as well as covalency, which is also
consistent with the previous literature.93 The various modes of
the metal encapsulation are shown in Fig. S6 and it is found out
that the one near the Al atom is the most stable, highlighting the
role of framework charge in anchoring the active site.

Fig. 2 PES of partial oxidation of methane to methanol and carbene, water.

Table 1 Activation barrier for all the transition states involved in the
reaction pathway

Catalyst

Activation energy (kcal mol�1)

N–O
(TS1)

C–H
(TS2)

CH3–OH
(TS3)

CH2–OH2

(TS30)

Pd@ZSM-5 21.96 0.12 0.43 20.20
Pd+@ZSM-5 41.2 6.51 10.39 23.40
1Pd2+@ZSM-5(ori2) 50.69 13.58 17.12 46.86
3Pd2+@ZSM-5 (ori2) 4.39 7.35 22.11 5.13
3Pd2+@ZSM-5 (Al–O–Si–O–Si–O–Al) 3.81 15.23 19.34 29.79
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The optimized diagrams involving intermediates and transi-
tion states are shown in Fig. 3 along with the potential energy
surface (PES) in Fig. 4. The initial orientation and binding
mode of a reactant molecule at the catalyst surface significantly
influence the reaction pathway and kinetics.94 Therefore, we
have calculated the adsorption of N2O from both N-terminal
and O-terminal sides to find the appropriate starting material
for the reaction to proceed.

As in the preceding section, the reaction commences with
the adsorption of N2O onto Pd+@ZSM-5. As shown in Fig. 4, the
adsorption process is spontaneous with an adsorption energy
of �18.19 kcal mol�1. N2O is adsorbed on Pd+@ZSM-5 (IM1a)
with a Pd–N distance of 2.143 Å, which is accompanied by the
charge distribution, as indicated by the reduction in Pd charge
(0.719e to 0.669e) and the accumulation of the negative natural
charge in N (�0.224e). The charge separation weakens the N–O
bond, leading to its elongation from 1.176 Å in IMa to 1.625 Å
in TS1a. In the transition state, the O atom moves closer to the
Pd atom to further elongate Pd–N and form the interaction
between Pd and O. The single imaginary frequency of 609.72i of
TS1 is verified from IRC calculations. In IM2a, N–O completely
dissociated to form Pd–O and Pd–N2 bonds with bond lengths
of 1.859 Å and 2.028 Å respectively. The natural charges on Pd
(0.709) and O (�0.357) along with the spin densities (Pd =
0.087, O = 0.933) suggest that the unpaired electron is on the O
atom, which aligns with the formation of a Pd–O� radical like
intermediate. By eliminating N2 from IM3a, we have obtained
the active species Pd–O with a bond distance of 1.804. In IM3a,
the Pd atom carries a natural charge of 0.876 and the O atom
retains a similar charge �0.348 but the spin density on the Pd
atom decreases to 0.017 and that of O increases to 1.001. Such a
change in spin density reflects the complete transfer of electron
density from Pd to O. This resultant high spin density on the
reactive O atom is crucial for the activity of the metal encapsu-
lated zeolites.95 The methane molecule adsorbs on the active
species (IM4a) with an adsorption energy of �32.05 kcal mol�1,
which is highly stable compared to the adsorption of methane
on the siliceous zeolites. The methane adsorption leads to the
partial reduction of the Pd atom (0.876 - 0.779) due to the
s(C–H) donation to the lp*(Pd). At the same time, the O atom
exhibits a slightly more negative charge (�0.374), resulting in a
slightly polarized Pdd+–Od� pair that could promote C–H bond
activation. The spin density value of 0.908 on the O atom shows
that the electron density remains localized in the O-atom,
making it a reactive center for H-abstraction. Eventually the
activation of the C–H bond of methane proceeds via TS2a with a
single imaginary frequency of 1061.13i cm�1. In TS2a, the C–H
bond elongated to 1.271 Å and the H–O bond forms with a
distance of 1.372 Å. The delocalization of spin is observed from
the O to Pd and H, which is consistent with the partial electron
sharing rather than complete charge transfer. As a result of this
homolytic C–H activation, Pd–CH3 and Pd–OH bonds formed
(IM5a) with a distance of 2.003 Å and 1.890 Å, respectively. The
spin density (Pd = 0.558 and O = 0.430) indicates that the unpaired
electron, which is initially located on the O-atom, becomes par-
tially located on Pd that completes the H-abstraction. Similar to

the previous section, we have explored two possibilities of product
formation, namely, pathway 1 and pathway 2 starting from IM5a.
In pathway 1, the recombination of the CH3 and OH moieties
occurs through TS3a, where the formation of the C–O bond begins
with a bond distance of 2.034 Å. With a single imaginary frequency
of 445.34i cm�1, TS3a connects IM5a and the desired product
methanol in IM6a. Instead of the formation of the C–O bond, in
pathway 2 we have explored the possibility of activation of the 2nd
C–H bond of methane via TS3a0. As a result, we have obtained the
CH2 moiety and the H2O molecule in IM6a0 as shown in Fig. 3,
which are attached to the Pd atom with a distance of 2.109 Å and
2.251 Å respectively. It has been observed that the distance
between the encapsulated Pd atom and the framework O-atoms
varies in the range of 2.029 to 2.400 Å during the reaction process.
The variation in bond lengths reflects the change in the electron
density of the Pd atom, activation, dissociation and formation of
various bonds during the reaction cycle. The changes in the bond
lengths of Pd with framework O-atoms during the reaction cycle
are shown in Table S6.

Comprehending the principal characteristics of the potential
energy surface might facilitate the identification of the factors
influencing the activity of Al-substituted ZSM-5 in the methane
oxidation reaction. The minimum energy pathway for methane
oxidation on Pd+@ZSM-5 is shown in Fig. 4 to understand the
thermodynamic prospect of the reaction mechanism. All the
energies are calculated with respect to Pd+@ZSM-5 + N2O +
CH4 at 1 atm pressure and 298 K temperature. The overall
reaction is spontaneous and exoergic as shown in the figure.
The N2O adsorption step (IM1a) is spontaneous and thermody-
namically feasible (EN2O,�7.76 kcal mol�1). The activation barrier
of N–O dissociation (IM1a - TS1a) is comparatively high
(41.2 kcal mol�1), establishing O-transfer as the turnover control-
ling event. Upon O2 transfer, N2 is easily removed from the
system (Edes = �0.95 kcal mol�1), which is consistent with the
spin density distribution. As the spin density is mainly localized
on the Pd atom (0.089) and negligible on N atoms (�0.002) N2

can easily be removed from the system as no significant inter-
action was formed between them in IM2. Unlike in the case of
siliceous zeolites, methane adsorption in the Al-substituted ZSM-
5 is highly stable and spontaneous with a relative energy of
�24.19 kcal mol�1. Previous studies on the experimental values
of the methane adsorption also support the finding that methane
demonstrated enhanced binding in Al-ZSM-5 compared to the
solely siliceous variant.96 The activation of the C–H bond of
methane is also found to be spontaneous and has an activation
barrier of 6.51 kcal mol�1. The activation barrier is consistent and
even lower compared to some previous studies.97,98 The resulting
homolytic product is situated at �50.69 kcal mol�1 lower than
the reactants. The stability of the intermediate is due to the
delocalization of spin density over mainly Pd and non-framework
or active oxygen species and also due to the non-radical type
behavior of CH3 and OH species. The intermediate is structurally
anchored as well as electronically stabilized. Two reaction
channels compete from this state. In pathway 1, the recombina-
tion of CH3 and OH occurs with a barrier (IM5a - TS3a) of
10.4 kcal mol�1, which results in the formation of methanol
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favored both kinetically and thermodynamically. In pathway 2,
activation of the 2nd C–H bond requires a higher energy barrier
(IM5a - TS3a0) of 23.40 kcal mol�1, confirming that 1st C–H
activation followed by the CH3–OH recombination is the primary

path. The desired product methanol exhibits highly exergonic
nature (DG = �83.3 kcal mol�1); however, this leads to the
requirement of a desorption energy of 44.76 kcal mol�1. This
high stabilization is reflected due to the pronounced charge

Fig. 3 Optimized diagrams involved in the partial oxidation of methane with Pd+@ZSM-5 obtained from ONIOM calculations (relative Gibbs free energy
of each step is given in parentheses).
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transfer from the lone pair of O(–HCH3) to the antibonding
orbital of the Pd–O bond. However, this value is quite high and
may often lead to over-oxidation of methanol. Therefore, we have
also calculated desorption of the methanol molecule while add-
ing additional water molecules in the system.22,99 The PES
diagram of desorption of the methanol molecule from
Pd+@ZSM-5 with and without ZSM-5 is shown in Fig. S7. From
the figure, it has been observed that addition of water molecules
drastically lowers the desorption energy of methanol compared to
the one with the absence of water molecules. The water molecule
forms a strong bond with a distance of 2.114 Å with the Pd atom,
thus acting as a competitor for the methanol molecule, which is
adsorbed at the same Pd atom. Consequently, the interaction
between methanol and the palladium atom diminishes as the
presence of an extra water molecule reduces desorption of
methanol from the system. In comparison to siliceous zeolites,
Pd@Al-ZSM-5 shows a considerable effect of water molecules on
methanol desorption.

Partial methane oxidation to methanol using Pd2+@ZSM-5

In the previous two sections we have discussed the active site
formation and partial oxidation of methane to methanol using
siliceous ZSM-5 and Al substituted ZSM-5 where the formal
charge of the Pd atom is 0 and +1 respectively. In this section
we have used a divalent Pd cation with formal charge +2 to
study how active site reactivity and overall reaction parameters
change during the conversion process. We have replaced two Si
atoms with two Al atoms to maintain the overall charge
neutrality of the ZSM-5 framework.100 With respect to cluster
model representation of the ZSM-5 framework, the modes of Al

substitution are shown in Fig. S8. Although additional posi-
tions for Al substitution are available, the focus on the reaction
mechanism of the methane oxidation process enhances the
clarity and coherence of the discussion. Therefore, we have
considered only two positions to demonstrate the overall reac-
tion mechanism. The molecular orbital HOMO–LUMO of the
proposed Pd2+@ZSM-5 framework is shown in Fig. S2. The
HOMO of the closed shell singlet species is delocalized on the
non Pd bonded Al atom (3pz), 2pz of framework O atom and
4dxy of Pd atom, while the LUMO is on the 4dxy and 4dyz of the Pd
atom. The system is more delocalized with Pd-framework electro-
nic coupling. We can also observe that the Al atom which is not
directly bonded to the Pd atom influences the frontier orbital,
indicating long range electronic effects throughout the zeolite
cluster. In the triplet spin state, the HOMO is mainly localized on
the 4dz2, 4dyz orbital of the Pd atom as well as the 2py orbital of
framework O atoms adjacent to the Al atoms. On the other hand,
the LUMO is on the 3px orbital of the non-Pd bonded framework
Al atom, suggesting the active involvement of framework elec-
trons as shown in Fig. S2. This indicates that distinct reaction
pathways may exist for singlet and triplet spin states.

As the energy difference of the ground singlet state and the
1st excited triplet state is not very high, we have considered two-
state reactivity.101,102 The optimized structures of the inter-
mediates and the transitions states involved in the singlet
and triplet pathways are shown in Fig. 5 and 6, respectively.
While the pathway from methane to methanol is identical in
both spin states, the modes of N2O adsorption differ between
them; thus, both pathways are illustrated here. For the ground
state singlet species, the N2O adsorption is calculated both via

Fig. 4 PES of partial oxidation of methane to methanol and carbene, water.
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N-terminal and O-terminal sides, as shown in Fig. S9. Adsorp-
tion is favorable in both cases with only a small energy
difference; the N-terminal side is slightly more stable. The
terminal nitrogen in N2O possesses a lone pair in a more

diffuse orbital, rendering it more polarizable, thus a softer base
than the O-terminal, which is harder due to greater electro-
negativity and denser electron distribution. Owing to its soft
Lewis acid nature, the orbital interaction between N-terminal

Fig. 5 Optimized diagrams involved in the partial oxidation of methane with Pd2+@ZSM-5 at a singlet spin state obtained from ONIOM calculations.
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and Pd2+ is energetically more favorable. NBO analysis also
offers quantitative evidence for the preference of the N-terminal
adsorption mode. The key donor–acceptor interaction of

lp(N) - lp(Pd)* exhibits a stabilization energy twice the value
of that of lp(O) - lp(Pd)*. Thus, the reaction is further
investigated with the N terminal modes of adsorption of N2O.

Fig. 6 Optimized diagrams involved in the partial oxidation of methane with Pd2+@ZSM-5 at a triplet spin state obtained from ONIOM calculations.
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In Fig. 5, the Pd atom is coordinated with three framework
O-atoms of the ZSM-5 cluster. The bond distances of the active
center with framework atoms are shown in Table S7. Following
the N-terminal adsorption (IM1b), the Pd–N bond forms with a
distance of 2.085 Å, exhibiting only slight changes in the N–N
bond length at 1.137 Å and the N–O bond length at 1.166 Å,
indicating donor coordination rather than direct activation. In
IM1b, the natural charge of the Pd atom reduces from 0.838e to
0.780e and the O atom gains a charge of �0.204e. At the
transition state TS1b (629.96i), N–N and N–O bond lengths
elongated respectively to 1.150 Å and 1.744 Å, while Pd–O bond
formation takes place with a bond length of 1.906 Å. During the
TS1b, the Pd atom slightly oxidizes (0.810e) and the O atom
gains more negative charge (�0.382e), consistent with the O
transfer process. In IM2b, complete dissociation of the N–O
bond leads to the formation of Pd–O with retention of N2 with a
bond length of 1.102 Å. The Pd–O interaction in IM2b transi-
tions from donor–acceptor coordination to a pure s-type bond
by the strong orbital overlap between the 4d orbital of Pd and
2p of the O atom. During the release of N2 in IM3b, Pd
reoxidises (1.107e), generating the Pd–O active centre. Methane
is initially adsorbed through physisorption in intermediate
IM4b, characterized by a C–O distance of 3.217 Å and weak
donor acceptor overlap, indicating weak van der Waals inter-
actions with the active site. As the reaction progresses, the
s(C–H) of the methane bond interacts strongly with the PdO
active site. Subsequently, C–H bond activation occurs via the
transition state TS2b, which exhibits a single imaginary fre-
quency of –1358.67i cm�1. At this stage, the C–H bond elon-
gates to 1.175 Å, while a new H–O (Pd) bond forms with a bond
length of 1.499 Å. In TS2b, the s(C–H) bonding orbital con-
tributes electron density to the antibonding Pd–O orbitals,
thereby diminishing the C–H bond and promoting its cleavage.
The delocalization reduces the strength of the s(C–H) bond
without directly populating its antibonding orbital, aligning
with a concerted, homolytic activation mechanism. After break-
ing of the C–H bond, the methyl fragment coordinates with the
Pd center, while the H atom attaches to the active O atom,
forming a hydroxyl group in IM5b. Similar to Pd@ZSM-5 and
Pd+@ZSM-5, here we have moved towards two transition states
to get two different products. The optimized diagrams of the
intermediates and transition states are shown in Fig. 5. Metha-
nol formed in IM6b via the TS3b, where CH3 and OH recom-
bine with a single imaginary frequency of 423.16i cm�1. In the
other path, water and the CH2 group formed via TS3bw as
shown in Fig. 5. All the imaginary frequencies associated with
the reaction mechanism are presented in Table S9.

A similar reaction pathway with identical key steps is
observed for the 3Pd2+@ZSM-5 system, as shown in Fig. 6. In
contrast to 1Pd2+@ZSM-5, where N2O binds in a linear fashion, the
molecule adopts a bridged coordination mode in 3Pd2+@ZSM-5,
interacting through both nitrogen and oxygen atoms. Despite
the more extended coordination, the adsorption energy in
3Pd2+@ZSM-5 is slightly endothermic at +2.11 kcal mol�1, com-
pared to the more favorable exothermic value of –10.01 kcal mol�1

in 1Pd2+@ZSM-5. This difference can be attributed to the spin

multiplicity and resulting electronic configuration in 3Pd2+@
ZSM-5, which may lead to reduced orbital overlap or destabiliz-
ing spin-state interactions during adsorption, making the
bridged mode less energetically favorable despite its geometric
adaptability. In the O-transfer process (IM1b0 - TS1b0 -

IM2b0) there is gradual shift of electron density from N2O to
the Pd–O unit. The elongation of the N–O bond from 1.324 Å to
1.632 Å (TS1b0) results in a gradual localization of spin density
on the O-atom, which enhances its radical like reactivity, and
subsequently makes the N–O dissociation feasible. In IM2b0 the
N–O bond is completely dissociated with spin density localized
on the O atom. This localization is further intensified following
the removal of N2 from the system in IM3b0. With an endother-
mic adsorption of energy of 4.36 kcal mol�1, methane physi-
sorbed onto PdO@ZSM-5 through van der Waals interaction.
Weak donor–acceptor interaction was observed between s(C–H)
and Pd(d) orbitals in IM4b0. As the reaction proceeds towards
TS2b0, activation of the C–H bond takes place, where the C–H
bond elongates to 1.275 Å and the O–H bond starts to form with
a bond distance of 1.406 Å, as shown in Fig. 6. During the process,
the enhanced s(C–H) -lp*(O) and s(C–H) -BD*(Pd–O) facil-
itates the electron delocalization to weaken the C–H bond of
methane. The completely activated C–H bond creates one CH3

group, which attaches to Pd, and the O atom abstracts the H atom
to form the OH group in IM5b0. Similar to all the previous cases,
the mechanism is carried out in two directions to get two different
products. All the vibrational frequencies involved in the transition
states are shown in Table S9.

Fig. 7 shows the potential energy diagram of the partial
oxidation of methane to methanol, with comparison of singlet
and triplet spin states. The ground spin state, which is the
singlet spin state of Pd2+@ZSM-5, was used as a point of
reference for constructing the potential energy surface (PES) at
298 K temperature and 1 atm pressure. Both the spin states
exhibit an exoergic reaction profile but the individual steps differ
in energetics. For the singlet spin, the free energy of N2O
adsorption is slightly endothermic (0.85 kcal mol�1) followed
by kinetically demanding N–O dissociation (IM1b - TS1b) with
significant energy barrier. The overall activation step is also non-
spontaneous with a relative energy of 23.78 kcal mol�1 in IM2b.
The N2 gas is easily desorbed from the system with a desorption
energy of �5.86 kcal mol�1. Methane is adsorbed with a relative
free energy of 32.28 kcal mol�1, and its subsequent C–H activa-
tion (IM4b - TS2b) proceeds through a favorable barrier of
13.57 kcal mol�1. The product from methane activation (IM5b) is
a highly stabilized intermediate (DG =�52.17 kcal mol�1), which
aligns with the charge delocalization occurring between the Pd
center and the Brønsted acidic framework. The desired product
of methanol recombination (IM5b - TS3b) has the activation
barrier of 17.12 kcal mol�1. The PES containing comparison of
CH3–OH recombination (IM5b - TS3b) and 2nd C–H activation
(IM5b - TS3bw) in 1Pd2+@ZSM-5 is shown in Fig. S10. The
activation barrier is much higher for 2nd C–H activation com-
pared to the methanol production, making the desired reaction
feasible. The desorption of methanol from the metal–framework
system requires 58.22 kcal mol�1; however, introducing a water
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molecule significantly reduces this energy barrier, as water
competes with methanol for coordination at the Pd active site.
The lowering of desorption energy of methanol in the presence
of one additional water molecule is shown in Fig. S11.

The triplet spin state of the reactant species is calculated to
be 7.11 kcal mol�1 higher in energy relative to its singlet counter-
part. Although N2O adsorption in the triplet state is more
endothermic than that in the singlet state, the subsequent N–O
bond dissociation proceeds with a lower activation barrier of
4.39 kcal mol�1, rendering the triplet pathway more favorable.
The dissociation process is spontaneous, leading to an inter-
mediate (IM2b0) with a relative free energy of –8.48 kcal mol�1.
This is followed by a barrierless desorption step that generates
the active center (IM3b0) onto which methane adsorbs to form
IM4b0 with a relative free energy of 1.25 kcal mol�1. Notably, the
overall pathway from N–O bond dissociation to methane adsorp-
tion follows the lowest energy route in the triplet spin surface.
The spin density analysis of the transition state (TS1b0) reveals a
moderate localization of unpaired electron density on the oxygen
atom (0.553), indicative of emerging radical character as the N–O
bond begins to dissociate. The low spin density on the Pd center
(0.07), on the other hand, indicates little spin delocalization to
the metal and is consistent with a homolytic cleavage mecha-
nism, where the oxygen primarily retains the unpaired electron.
Subsequent to bond dissociation, the resultant intermediate
(IM2b0) demonstrates a markedly increased spin density on
oxygen (0.933). In the intermediate IM3b0, the oxygen atom
displays a spin density of 1.029, signifying a completely localized
unpaired electron and validating the existence of a terminal
oxyl radical. After methane adsorption, the oxygen spin density
in IM4b0 stays high at 1.013, indicating that the system main-
tains its triplet open-shell configuration. Methane C–H bond
activation proceeds via a transition state with an energy barrier

(IM4b0 - TS2b0) of 7.35 kcal mol�1, which is 6.22 kcal mol�1

lower than that observed in the singlet state. During the TS2b0,
spin density on the O atom decreases, indicating that the
radical is partially quenched as it begins to abstract the H
atom from methane. Simultaneously, the spin density on the
Pd center rises to 0.227, indicating that the metal is now more
involved in stabilizing the unpaired electron. The resulting
product of methane activation (IM5b0) in the triplet state lies
higher in energy, with a relative free energy of�41.94 kcal mol�1,
as illustrated in Fig. 7. The methanol formation step has an
activation barrier (IM5b0 - TS3b0) of 22.10 kcal mol�1, which is
higher than that of the 2nd C–H activation step (IM5b0 -

TS3bw0), as shown in Fig. S12. From Fig. 7, it has been observed
that for the 1st half of the reaction up to the C–H activation step,
the triplet spin state is preferred, whereas for the later part of the
reaction singlet spin dominates the pathway as it is the lowest
energy pathway. After the formation of IM5b0, representing the
product of methane C–H bond activation on the triplet surface,
the reaction profile indicates a divergence in spin-state prefer-
ence based on the succeeding step. Despite the substantial
stabilization of IM5b0 (�41.94 kcal mol�1) in the triplet configu-
ration, the methanol formation step (IM5b0- TS3b0) encounters
a considerable activation barrier of 22.10 kcal mol�1 on the triplet
surface. This suggests that the transformation is more advanta-
geous on the singlet spin surface, where orbital pairing and bond
formation between CH3 and OH are more effective. Conversely,
the second C–H activation step (IM5b0 - TS3bw0) is more
advantageous in the triplet state, evidenced by a reduced energy
barrier relative to the singlet pathway as well as methanol
formation. This indicates persistence of the radical-type reactivity
stabilized by the triplet spin structure. This behavior highlights
the significance of spin-state flexibility in the catalytic cycle and
aligns with established patterns of two-state or multi-state

Fig. 7 PES of partial oxidation of methane to methanol via singlet and triplet states on Pd2+@ZSM-5.
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reactivity, where several steps occur along separate spin surfaces
to get the lowest energy pathway.14 The PES of desorption of the
methanol molecule with and without the water molecule is
shown in Fig. S13.

We further investigated the mechanism of the methane
oxidation reaction by exploring an alternative orientation for
the substitution of the second Al atom within the 10-membered
ring of the zeolite framework, as depicted in Fig. S14. In this
case, the Al–O–Si–O–Si–O–Al connectivity was considered on
both sides relative to the T12-substituted Al atom. Our results
indicate that the triplet spin state remains the ground spin state
for both orientations. As shown in the HOMO–LUMO diagram
in Fig. S15, the HOMO is entirely localized on the dz2 orbital of
the Pd atom, whereas the LUMO is primarily situated on the
second Al atom. This contrasts with the previously studied
configuration, where the LUMO was delocalized over both the
Pd atom and the second substituted Al site. The HOMO in 4dz2

and 4dyz signifies the availability of electrons in the Pd orbital
for donation to the incoming reactant molecules.

Fig. 8 shows the optimized diagrams for the methane
oxidation process using the mentioned Pd2+@ZSM-5 catalyst
with different Al substitution than the previous one. Here the
Pd atom is Z2 coordinated to two of the framework O-atoms,
ensuring electronic stabilization. The bond lengths of the Pd
atom with the framework O-atom during the reaction process is
shown in Table S8. Adsorption of N2O in IM1d in a bridging
manner leads to the pre activated complex, where the N–O bond
weakens prior to the dissociation process. The strong donor–
acceptor interaction between lp(O) - s*(N–N) and lp(O) -

s*(O–Pd) promotes the charge delocalization within the complex.
Also, the lp(N) - lp*(Pd) interaction enhances the electron
backdonation to the Pd center, making it more reactive to the
O transfer process. In TS1d (�611.84i) movement of electrons
mainly occurs through the s*(N–N) -s*(N–O) and lp(N) -

lp*(Pd) interactions, which indicate the role of Pd in the N–O
cleavage process. Desorption of the N2 gas from the system
results in the formation of oxo-like active species (IM3d) with a
Pd–O bond length of 1.804 Å. In IM3d, the natural charge on the
Pd atom slightly increases to 0.873e, while that of O possesses
�0.345e, indicating charge delocalization between two atoms.
Physisorption of methane takes place in IM4d, where methane
engages with a weak interaction with the Pd–O active site. The
activation of the 1st C–H bond of methane proceeds via TS1d
with a single imaginary frequency of 1603.14i cm�1. At this point,
the C–H bond in TS2d transitions to activate with a length of
1.322 Å, and the O–H bond starts to develop with a length of
1.197 Å. The interaction of lp(O) - s*(C–H) observed in NBO
analysis confirms the strong donor–acceptor coupling responsi-
ble for the activation. Complete activation of the C–H bond leads
to the formation of IM5d with formation of Pd–CH3 and Pd–OH
bonds with a distance of 2.019 Å and 1.911 Å respectively. After
the formation of IM5d, two pathways have been studied just like
in the previous cases. With a single imaginary frequency of
450.46i cm�1, recombination of CH3 and OH moieties takes
place via TS3d to finally form the desired product methanol in
IM6d with the Pd–OHCH3 distance of 2.144 Å. In another

pathway 2, the activation of the 2nd C–H bond of methanol
occurs via the TS3d0 characterized by a single imaginary fre-
quency of 1703.82i cm�1 to form Pd–CH2 and water as shown in
Fig. 8.

Fig. 9 shows the PES diagram of the partial oxidation of
methane using the Pd2+@ZSM-5 catalyst with the Al–O–Si–O–
Si–Al–O linkage to investigate how the energetics changes upon
the substitution of the 2nd Al atom in different positions. The
Gibbs Free energies are calculated with respect to the triplet
spin state, which is the ground state of the mentioned catalyst.
The adsorption of N2O is significantly endothermic by
17.92 kcal mol�1, accompanied by the Gibbs free energy of
29.70 kcal mol�1. This suggests that while the step is thermo-
dynamically unfavorable, it remains kinetically feasible. Follow-
ing adsorption, the N–O bond readily undergoes dissociation
with an activation energy (IM1d - TS1d) of 3.81 kcal mol�1,
resulting in the formation of the Pd–O intermediate and release
of N2 with barrierless desorption (IM2d - IM3d, �0.99 kcal
mol�1). In IM3d, the HOMO is localized mainly on the 4dxz and
4dx2�y2 of Pd and 2py of the O atom, indicating the strong Pd–O
orbital interaction that contributes to the oxidizing character of
the active site. The adsorption energy of methane is exothermic
(�10.70 kcal mol�1) and the process is spontaneous with a
relative free energy of �6.79 kcal mol�1. The activation of the
C–H bond has a barrier (IM4d - TS2d) of 15.23 kcal mol�1,
which leads to the formation of the stable intermediate IM5d
with a relative free energy of �33.96 kcal mol�1. From the PES it
has been observed that the formation of methanol is more
favorable with an activation barrier (IM5d - TS3d) of
19.34 kcal mol�1 compared to the 2nd C–H bond activation
with a barrier of (IM5d - TS3d0) 29.79 kcal mol�1. The lower
energy barrier and observed preference for methanol formation
over secondary C–H activation can be explained by the substan-
tial donation of lp(O) - s*(Pd–C) in TS3d. Finally, the product
methanol is desorbed from the system with a desorption free
energy of 20.63 kcal mol�1. We have also calculated the
desorption of methanol in the presence of one additional water
molecule; however, contrary to the previous cases, desorption
energy rather increases in this case. In the triplet spin state, in
both the orientations of Al atoms, it has been observed that the
N–O dissociation barrier is very less compared to the rest of
the cases.

Table 1 presents the activation barriers for all transition
states associated with the partial oxidation of methane to
methanol using the given catalysts. The chart indicates that, in
most instances, the activation barrier for the N–O dissociation
phase is elevated, suggesting that it may be the rate-determining
step. However, the scenario is different in the case of triplet spin
counterparts of Pd2+@ZSM-5, where N–O dissociation has the
lowest activation barriers. A similar trend is observed in the case
of the triplet spin state of Pd2+@ZSM-5 with the Al–O–Si–O–Si–
O–Al linkage, where the N–O dissociation barrier is quite low.
Pd@ZSM-5 exhibits an almost barrierless C–H activation step
and CH3–OH recombination step, rendering siliceous zeolites
advantageous for the partial oxidation of methane. The reduced
desorption energy of methanol from the system also inhibits its
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over-oxidation. Given that over-oxidation is a prevalent disad-
vantage of the oxidation reaction of methane, we have also
assessed the activation of the methanol molecule generated in
IM6 and it was found to be 30.77 kcal mol�1. The computed

disparity in barrier height indicates that the C–H activation of
methane is favored over the activation of methanol.

In the case of Pd2+@ZSM-5 (Al–O–Si–O–Al linkage), a spin
crossover between triplet and singlet spin states is observed

Fig. 8 Optimized diagrams involved in the partial oxidation of methane with Pd2+@ZSM-5 with Al–O–Si–O–Si–Al–O linkage at a triplet spin state
obtained from ONIOM calculations.
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during the reaction pathway due to their low-lying 1st excited
state. However, after changing the position of the 2nd Al atom,
the energy gap between singlet and triplet spin states increases
and the triplet spin state becomes the ground spin state.

Kinetic study of the partial oxidation of methane to methanol

The rate coefficients of the partial oxidation of methane
to methanol are calculated using the formula mentioned in
Section 2.1 and the values are tabulated in Table 2.

The reaction involves three elementary steps during the
pathway and one additional step to compare the last step of
the reaction. From Table 2, it has been observed that the rate
constant is the highest for the C–H activation of methane in all
the cases, indicating their kinetic feasibility except in
3Pd2+@ZSM-5. On the other hand, the rate determining step
(RDS) in most of the cases is the N–O dissociation step except in
3Pd2+@ZSM-5, where the CH3–OH recombination step is the
RDS. All the rate constants are found to be in the kinetically
feasible range. The findings indicate that Pd@ZSM-5 systems
demonstrate enhanced kinetic preference for the partial oxida-
tion of methane to methanol.

Conclusion

In the quest for effective catalytic systems for methane oxida-
tion, single-atom catalysts (SACs) have surfaced as very intri-
guing possibilities. Their remarkable reactivity, selectivity, and
catalytic effectiveness arise from the existence of well-confined,

low-coordinated metal centers, which are similar to enzyme
active sites when integrated inside the microporous structures
of zeolites. The present work based on the DFT-D3 based ONIOM
method offers detailed molecular insights into the influence of
the oxidation states of Pd (0, +1, and +2) and the surrounding
zeolite environment for the selective partial oxidation of methane
to methanol. The desired reaction pathway mainly consists of
three elementary steps of N–O dissociation, C–H activation and
CH3–OH recombination steps. In the case of Pd(0) and Pd(I), the
formation of the active site has the higher activation barrier and
is also the rate determining step. Two-state reactivity was
observed in the case of Pd2+@ZSM-5 with the Al–O–Si–O–Al
linkage, attributed to the presence of close lying singlet and
triplet spin states. In the case of 1Pd2+@ZSM-5, which has a
closed shell configuration, the N–O dissociation step has a higher
activation barrier, thus making it kinetically unfavorable. On the
other hand, its triplet counterpart performs way better in N–O
cleavage due to its favorable configuration. These findings sug-
gest a spin state dependent pathway that mimics the enzyme like
reactivity in the micro-porous zeolites.

A shift in the reactivity of the zeolites was found following
the substitution of the Al atom in the MFI framework. The
findings indicate how siliceous zeolites show better activity and
selectivity compared to the Al-substituted ZSM-5 framework,
highlighting the influence of local framework polarity and the
overall reactivity. The presence of the water molecule effectively
improves the methanol desorption in Al-substituted ZSM-5 by
lowering desorption energy, whereas its influence is much
weaker in the siliceous counterpart. These findings reveal that

Fig. 9 PES of partial oxidation of methane to methanol via a triplet state on Pd2+@ZSM-5 (Al–O–Si–O–Si–Al–O linkage).
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combined effects of the metal oxidation state, spin state and
framework composition play a crucial role in determining the
reactivity and selectivity of products, providing a rational
foundation to develop more efficient SACs for methane oxida-
tion. Our study deals with the mechanism of methane oxida-
tion along with kinetics as well as easy desorption to prevent
over oxidation of methanol.

The cluster based ONIOM approach employed in our study
is good enough for capturing reactivity at the individual active
site; however, it does not fully represent the dynamics and long-
range impacts of the zeolite’s framework. Therefore, future
computational studies in this area may involve periodic DFT
and molecular dynamics simulations to more accurately cap-
ture framework stability and entropic effects in the catalytic
mechanism. This approach would provide a deeper and more
realistic understanding of catalyst stability and reactivity under
operating conditions, thereby bridging the gap between theo-
retical modeling and experimental observations.
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