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Abstract: This study investigates the utilization of controlled nanocatalysts in methane conversion
reactions, addressing the pressing need for the efficient utilization of methane as a feedstock for
valuable chemicals and clean energy. The methods employed include a comprehensive review of
recent advancements in nanocatalyst synthesis, characterization, and application, as well as the critical
analysis of underlying mechanisms and controversies in methane activation and transformation. The
main findings reveal significant progress in the design and synthesis of controlled nanocatalysts,
enabling enhanced activity, selectivity, and stability in methane conversion reactions. Moreover, the
study highlights the importance of resolving controversies surrounding metal–support interactions
for rational catalyst design. Overall, the study underscores the pivotal role of nanotechnology in
shaping the future of methane utilization and sustainable energy production, providing valuable
insights for guiding future research directions and technological developments in this field.
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1. Introduction

The quest for sustainable energy sources has spurred immense interest in methane
conversion reactions, given the abundance of methane and its potential as a feedstock
for valuable chemicals and clean energy [1]. In this context, nanotechnology offers un-
precedented opportunities to revolutionize catalysis, enabling precise control over reaction
pathways and enhancing catalytic performance. The utilization of controlled nanocatalysts
represents a paradigm shift in catalytic processes, offering enhanced activity, selectivity,
and stability compared to conventional catalysts [2,3]. Methane, as the main constituent of
natural gas, holds tremendous promise as a feedstock to produce value-added chemicals
and clean fuels. However, its inert C-H bonds pose a significant challenge for activation
and conversion under mild conditions. Traditional catalysts often suffer from low activity,
poor selectivity, and rapid deactivation, hindering the development of efficient methane
conversion processes [4,5]. The emergence of controlled nanocatalysts has opened new
avenues for addressing these challenges, offering unprecedented control over catalyst
structure, composition, and surface properties, as depicted in Figure 1.

In recent years, significant progress has been made in the design, synthesis, and
application of controlled nanocatalysts for methane conversion reactions [2,4]. Fundamental
studies have elucidated the underlying mechanisms governing methane activation and
subsequent transformations of nanostructured catalysts [3]. Key advancements include
the development of novel synthesis techniques, such as colloidal chemistry, atomic layer
deposition, and template-assisted methods, enabling precise control over nanoparticle size,
shape, and morphology [3,6]. Moreover, advances in characterization techniques, such as
in situ spectroscopy and microscopy, have provided invaluable insights into the dynamic
behavior of nanocatalysts under reaction conditions [6]. Despite significant progress,
several controversies and diverging hypotheses persist in the field of methane conversion
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catalysis. One such debate revolves around the role of metal–support interactions in
determining the catalytic activity and selectivity of supported nanocatalysts. While some
studies emphasize the importance of strong metal–support interactions for stabilizing
active metal nanoparticles and facilitating methane activation, others suggest that excessive
metal–support interactions may lead to catalyst encapsulation and deactivation. Resolving
these controversies is essential for the rational design of efficient nanocatalysts to be used
for methane conversion reactions [7,8].
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Figure 1. Schematic illustration of the catalytic conversion of methane over bulk catalysts and
nanocatalysts to produce mixed products and selective products, respectively.

In this review, we aim to provide a comprehensive overview of the recent advances
in the use of controlled nanocatalysts for methane conversion reactions. We will critically
analyze the underlying principles governing methane activation, hydrocarbon transforma-
tion, and product selectivity on nanostructured catalysts. Furthermore, we will discuss key
challenges and opportunities in the field, highlighting emerging strategies for enhancing
catalytic performance and sustainability. By synthesizing insights from a diverse range
of studies, this review aims to guide future research directions and inspire innovative ap-
proaches towards efficient methane utilization. The main aim of this work is to elucidate the
pivotal role of controlled nanocatalysts in enabling efficient methane conversion reactions.
By highlighting recent advancements and addressing existing controversies, we seek to
provide a holistic understanding of the underlying principles governing catalytic processes
on the nanoscale. Through a critical analysis of key publications and experimental findings,
we aim to identify promising avenues for further research and development in this rapidly
evolving field. Ultimately, this review underscores the significance of nanotechnology in
shaping the future of methane utilization and sustainable energy production. In conclu-
sion, the integration of controlled nanocatalysts holds immense potential for transforming
methane into a versatile platform for the synthesis of chemicals, fuels, and materials. By har-
nessing the unique properties of nanomaterials and leveraging the synergistic effects at the
nanoscale, researchers can unlock new pathways towards a greener and more sustainable
energy future.
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2. Controlled Nanocatalysts: A Comprehensive Overview

Nanotechnology has emerged as a powerful tool in the realm of catalysis, offering
unprecedented control over catalyst properties and enabling the development of highly effi-
cient and selective catalysts for various chemical transformations. In the context of methane
conversion reactions, the utilization of controlled nanocatalysts represents a paradigm
shift, promising to address the longstanding challenges associated with the activation
and transformation of this abundant but inert hydrocarbon [9]. This section provides a
comprehensive overview of the fundamentals of controlled nanocatalysts, highlighting
their unique properties and advantages in catalyzing methane conversion reactions.

Controlled nanocatalysts refer to catalysts comprising nanoscale materials with pre-
cisely engineered structures, compositions, and surface properties tailored to catalyze
specific reactions with high efficiency and selectivity [10]. The nanoscale dimensions of
these catalysts impart unique physicochemical properties, such as a high surface area-
to-volume ratio, size-dependent electronic properties, and enhanced surface reactivity,
which are instrumental in facilitating catalytic processes [11,12]. The controlled synthesis of
nanocatalysts allows for the precise manipulation of these properties, enabling the design
of catalysts which are optimized for desired reaction pathways and product distributions.

A variety of synthesis methods have been developed for the preparation of con-trolled
nanocatalysts, each offering distinct advantages in terms of control over catalyst morphol-
ogy, composition, and structure [13], as depicted in Figure 2. Common techniques include
wet-chemical methods such as sol–gel synthesis, co-precipitation, and hydrothermal syn-
thesis, which afford control over nanoparticle size, shape, and crystallinity through the
precise control of reaction conditions and precursor chemistry [14–16]. Other approaches,
such as chemical vapor deposition, physical vapor deposition, and template-assisted syn-
thesis, enable the fabrication of nanocatalysts with well-defined nanostructures, including
nanowires, nanotubes, and porous materials [17,18]. Recent advancements in colloidal
chemistry, atomic layer deposition, and self-assembly techniques have further expanded
the toolbox for synthesizing controlled nanocatalysts with tailored properties for methane
conversion applications [11].
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The tailored design of nanocatalysts for methane conversion applications requires
the careful consideration of several key factors, including catalyst composition, structure,
and surface properties [19,20]. Noble metals such as palladium, platinum, and rhodium
are commonly employed as active components due to their high catalytic activity and
selectivity towards methane activation and subsequent transformations [21,22]. The choice
of support material is critical in stabilizing and dispersing active metal nanoparticles, with
oxides such as alumina, silica, and ceria being frequently used to provide a high surface
area and thermal stability [23,24]. Furthermore, the introduction of promoters, dopants,
or modifiers can tailor the electronic and chemical properties of nanocatalysts to enhance
catalytic performance and selectivity towards desired products [24,25]. Rational catalyst
design strategies, informed by theoretical modeling and experimental insights, enable the
optimization of nanocatalysts for specific methane conversion reactions, including methane
combustion, partial oxidation, steam reforming, and dry reforming [26–28].

Significant progress has been made in recent years towards the development and appli-
cation of controlled nanocatalysts for methane conversion reactions. Fundamental studies
have elucidated the mechanisms of methane activation and transformation on nanoscale
catalysts, providing insights into key factors governing catalytic performance [29,30]. Exper-
imental and computational approaches have been employed to characterize the structure–
activity relationships of nanocatalysts and identify the optimal catalyst formulations for
enhanced methane conversion efficiency and selectivity [31,32]. Moreover, advances in in
situ and operando characterization techniques have enabled the real-time monitoring of cat-
alyst dynamics under reaction conditions, facilitating the rational design of nanocatalysts
with improved stability and performance [33].

In conclusion, controlled nanocatalysts offer immense potential for advancing methane
conversion reactions through their unique properties and tailored design. By harnessing
the principles of nanotechnology, researchers can overcome the longstanding challenges
associated with methane activation and transformation, paving the way for more efficient
and sustainable processes. The synthesis methods and design strategies outlined in this
section provide a roadmap for the rational development of nanocatalysts optimized for
methane conversion applications. Moving forward, interdisciplinary collaborations and
continued innovation are essential to unlock the full potential of controlled nanocatalysts
and realize the promise of methane as a renewable feedstock to produce fuels and chemicals.

3. Methane Activation Strategies

Recent strategies for methane activation using controlled nanocatalysts have been
employed to overcome the barriers associated with heterogeneous catalysts. The enhanced
surface properties of controlled nanostructures lead to a higher number of active and
more reactive sites, facilitating the reaction with methane and yielding more valuable
products [5].

In Figure 3, methane activation is depicted as being dependent on the interaction
between methane and the surface, occurring through either a radical or surface-stabilizer
pathway. The methane conversion process involves the initial breaking of the C-H bond [30].
In Figure 3A, a homolytic radical mechanism is illustrated. This mechanism proceeds
through hydrogen abstraction via active oxygen species in the M-O active site, resulting
in the formation of a hydrogen atom adsorbed on the catalyst surface (M-OH) and a free
methyl radical (*CH3) with sp2 hybridization and a trigonal planar geometry [30,34,35].
The *CH3 radical does not form M-C bonds with active sites, and the *H exhibits a weak
interaction forming OH groups. Additionally, a one-electron redox process occurs, leading
to the oxidation of the carbon center from the −4 state to the −3 state and the corresponding
reduction of the active sites [29,30]. This process requires strong oxidants, such as H2O2 and
N2O, and high metal oxidation states to form electron-deficient species, such as O− and O2−,
thereby promoting the homolytic dissociation of C-H bonds [5,29,30,34,36]. The enhanced
properties, such as oxygen vacancies, promoted in MgO, CeO2, TiO2, and TbOx contribute
to a stronger ability to activate methane due to the easily reducible surface [29,30].
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Figure 3. Schematic illustration of the methane activation strategies via the homolytic radical
mechanism (A) and heterolytic surface-stabilized mechanism (B) [5].

In Figure 3B, a heterolytic surface-stabilized mechanism is illustrated, utilizing surface
Lewis acid-base pairs (M-X) as active sites to dissociate adsorbed methane and produce
CH3− and H+ [5,30]. The metal atom stabilizes the sp3-hybridized methyl group in a
tetrahedral geometry via the σ-bond [5,29]. Simultaneously, hydrogen protons are accepted
through the X atom, including surface nucleophilic oxygen species, surface metals, and
ligands. The M-O active site with a low metal oxidation state is more favorable for the
formation of electron-saturated oxygen atoms (O2−) to accept hydrogen protons and
promote the heterolytic mechanism [5,29]. Latimer et al., through DFT calculations, estimate
that the maximum distance for methyl surface-stabilized requires a distance of 2Å [5]. This
can be rationalized through arguing that the heterolytic bond cleavage favored by acid-
base pairs is governed by more long-range ionic interactions than homolytic cleavage,
which occurs when no acid-base pair is present to polarize the bond. Catalysts with
specific surface functionalities play a crucial role in stabilizing methane molecules, lowering
activation energy, promoting selective transformations, and minimizing unwanted by-
products [5,29,30,34,36].

Interestingly, the engineered surface in controlled nanomaterials is fundamental for
optimizing methane activation surface defects such as oxygen vacancies, acidity, and ba-
sicity. By controlling synthetic parameters, including size, morphology, structure, and
composition, it is possible to regulate the electronic and surface properties of nanomate-
rials [37,38]. Reducing the size of nanomaterials influences the surface-to-volume ratio,
lattice parameters, and changes the surface energy of the metal oxide crystal [39–41]. This
reduction in lattice parameters alters the geometric and electronic structure of the metal
oxide by modifying the distance between atoms in the crystalline lattice. With increased
surface energy, the surface bonds weaken, favoring the output of oxygen atoms that can-
not be accommodated, leaving excess electrons in the material to form O2 and H2O [42].
Additionally, morphology is crucial because nanomaterials of different dimensions exhibit
specific quantum confinement effects on electronic properties. For example, bulk materi-
als, such as 3D materials, display lower surface activity, whereas nanosheets, nanofilms
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(2D materials), nanowires, nanotubes (1D materials), quantum dots, and small nanoparticles
(0D materials) exhibit higher levels of activity [43]. Densified and hollow structures ex-
hibit different electronic properties; a nanoshell can display a thin layer thickness, lattice
structure contraction, and intensified oxygen vacancies. The composition of nanomaterials
controls the introduction of a positive or negative charge, regulating the surface activity,
acidity, basicity, and electronic charge [12,42,44,45]. Additionally, modifications in the
electronic and surface structure can control the reducibility of nanomaterials, directly affect-
ing the mechanism of methane activation via a nanomaterial, whether it acts as a carbon
acceptor or not.

4. Reaction Mechanisms and Kinetics of Methane in Sustainable Energy Production

Understanding the reaction mechanism of methane conversion is essential to design
a nanocatalyst with the specific physicochemical, surface, and electronic properties re-
quired to transform methane into more valuable products such as methanol (CH3OH)
and C2+ hydrocarbons [46–51]. This section will return to some relevant catalytic reaction
mechanisms in methane conversion to highlight the catalyst properties, such as oxygen
vacancies, acidic and basic sites, and the electronic characteristics of the active sites. How-
ever, methane conversion is a huge topic that has been widely investigated for over a
century, influencing numerous books which have deep approached each specific topic.
We recommend some recent review articles to delve deeper into each catalytic reaction,
such as the nonoxidative conversion of methane [52–58], methane oxidation [4,53,59–62],
methane-to-methanol [49,53,59,63–66], the oxidative coupling of methane [47,50,53,67–70],
methane steam reforming [25,53,60,71–75], the dry reforming of methane [4,24,25,28,32,53,
60,73,74,76–83], electrocatalysis [84–92], and photocatalysis [9,11,67,93–99].

Figure 4 presents a diagram depicting two pathways for methane conversion. Acti-
vating methane and oxidizing it usually requires highly reactive conditions or aggressive
reactants due to the significant energy barriers involved [46]. Transition metal-based cata-
lysts have shown effectiveness in surmounting these barriers by efficiently activating the
C-H bond [46,49,50,100]. For instance, the pathway from methane to methanol has been
extensively researched and involves various forms of transition metals in their atomic and
oxide states. This system offers advantages like low oxidation energy barriers and weak
methanol adsorption onto active sites [46,49,100].
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4.1. Methane-to-Methanol

Figure 4A illustrates the overall reaction mechanism for the methane-to-methanol
cycle. Initially, the metal center undergoes oxidation via N2O to create a metal oxide
anionic unit (Equation (1)) [49,59]. Following this, the methane reacts with the metal oxide
anion (MO−) to generate either HOMCH3

− or MOH−, interacting with a methyl radical,
MOH−. . .CH3 (hydrogen abstraction) (Equation (2)) [100]. The former process entails the
heterolytic dissociation of the CHx and OH moieties, which then combine to form methanol,
while the negative charge returns to the metal center (Equation (3)). The weaker interaction
of the formed M−··· HOCH3 when compared to methanol with a cationic metal center
enables the anionic centers to minimize the residence time of methanol at the catalytic site,
thus preventing methanol overoxidation and facilitating its removal [49]. Additionally,
we show later that the oxidation step poses minimal activation energy barriers for anionic
centers. Given that the electron affinities of CH4, N2O, and CH3OH are small or negative
(anions are unstable), and the electrons return to the metal [100].

M− + N2O → MO− + N2 (1)

MO− + CH4 → [CH3, MOH]− (2)

[CH3, MOH]− → M− + CH3OH (3)

4.2. Oxidative Coupling of Methane (OCM)

The oxidative coupling of methane (OCM) process presents an opportunity to generate
ethene (C2H4), which holds significant value across various industrial sectors [50,101]. It
serves as a vital monomer for polyethylene production and as a primary component in fuels
such as gasoline (C5–C10) or diesel (C10–C20) [47,50,59,68]. However, the oxidative coupling
of the methane process involves a complex series of surface and gas-phase reactions that
are not fully understood and can be summarized as a single global reaction, as shown in
Equation (4) [47,50]. This intricate process comprises numerous oxidation and dehydration
elementary reactions, yielding a range of gas-phase byproducts including H2, H2O, CO2,
CO, and C2H6, alongside the desired C2H4 [47,50]. Minor gas-phase species like C3H6,
C3H8, and C2H2 typically occur in concentrations below 1%. Although Equation (4)
suggests a stoichiometric ratio of CH4:O2 as two, real-world reactors typically operate with
values between five and ten to prevent the oxidation of C2 [47].

Figure 4B outlines the schematic representation of the reaction mechanism for the
oxidative coupling of methane, involving both gas-phase and surface reactions. Initially, O2
gets adsorbed at the surface, and methane activation occurs through the formation of CH3

◦

radicals via surface oxygen attack. Following the formation of methyl radicals, the CH3
◦

radical recombination in the gas phase produces C2H6, which undergoes dehydrogenation
to produce C2H4 through attacks by H◦, OH◦, or CH3

◦ radicals, forming the ethyl radical
(C2H5

◦). Alternatively, surface oxygen attack can generate the ethyl radical (C2H5
◦), leading

to C2H4 production through subsequent radical attacks. Gas-phase oxygen or oxygen
radical attack reactions contribute to methyl radical formation or methane activation in the
gas phase and play a role in forming C2+, COx, and H2O species [47].

2CH4 + O2 → C2H4 + 2H2O (4)

4.3. Steam Reforming of Methane

Natural gas represents a significant resource for catalytic conversions aimed at trans-
forming methane into valuable industrial inputs and energy sources like syngas and
hydrogen [27,71,84]. Figures 5–8 illustrate several important catalytic reactions for convert-
ing methane into added-value products through cleaner and more renewable processes,
including the steam reforming of methane using water, the dry reforming of methane using
CO2, electrocatalysis, and photocatalysis, which utilize electricity and sunlight as activation
sources [11,26,27,71,72,76,84–86,94,101].
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Figure 5. Schematic illustration of the catalytic reaction mechanism of steam methane reforming.
Reproduced with permission from [27], Elsevier, 2022.

 
Figure 6. Schematic illustration of the catalytic reaction mechanism of the reforming of methane via
(i) dissociative adsorption and (ii) H-assisted adsorption. Reproduced with permission from [102],
John Wiley and Sons, 2016.
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Figure 7. Schematic illustration of the catalytic reaction mechanism of the electrocatalysis of methane.
Reproduced with permission from [87], John Wiley and Sons, 2020.
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The steam reforming of methane for hydrogen production, depicted in Figure 5, is
a pivotal process, which involves methane reacting with water vapor over a catalyst to
produce hydrogen gas and carbon monoxide. Operating typically at elevated temperatures
between 700 and 900 ◦C and moderate pressures ranging from 1 to 30 bar, the catalytic
steam reforming method employs transition metal catalysts supported on high-surface-area
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materials like alumina or silica [27]. Throughout the steam reforming of methane, various
oxygenated species and compounds such as adsorbed surface oxygen (O), surface hydroxyl
groups (OH), methoxy (CHOH), formaldehyde (CHO), and carboxyl (COOH) species
play critical roles as intermediates within the reaction medium [103]. The mechanistic
intricacies of steam reforming involve a series of steps [26]. Water molecules spontaneously
dissociate on the catalyst surface at oxygen top sites, leading to the cleavage of O-H
bonds and the formation of atomic hydrogen (H) and hydroxyl radicals (OH) [72]. These
species initiate paths of C-H activation, facilitated via oxygen-assisted and hydroxyl-
assisted mechanisms [104]. These activation processes involve reductive deprotonation to
induce the direct dissociation of methane to CHx (where x ranges from 0 to 3), as well as
oxidation pathways yielding CHxO and CHxOH species [26]. Ultimately, three primary
routes—redox, carboxyl, and formate mechanisms—contribute to the formation of carbon
dioxide (CO2) from carbon monoxide (CO) [72]. Finally, the combination of two hydrogen
atoms culminates in the production of molecular hydrogen (H2), representing the desired
product of the steam reforming process [26,27,103].

4.4. Dry Reforming of Methane

The dry reforming of methane, as depicted in Figure 6, represents a significant path-
way towards achieving sustainable development through the utilization of greenhouse
gasses such as methane (CH4) and carbon dioxide (CO2) in chemical production, thereby
mitigating environmental impact [28,77,102]. In this process, the dissociation of methane is
considered the rate-determining step due to the activation of the stable C-H bond [76,105].
Upon the adsorption of methane on the metal sites, hydrogen (H2) and CHx species (where
x represents various carbon-containing intermediates) are generated, while CO2 undergoes
dissociative adsorption on metallic particles to yield carbon monoxide (CO) and oxygen
(O) [28,102]. The adsorbed oxygen species subsequently react with CHx to form CHxO
species, which eventually dissociate to produce CO and H2 [71,106]. The dissociation of
CO2 plays a critical role in activating methane, while oxygen species contribute to the
partial oxidation of the metal particles [28,76,107].

The hydrogen generated in the initial step initiates a new bifunctional mechanism
involving two types of active centers: basic sites on the support material and metallic parti-
cles [28,76]. CO2 is adsorbed on the basic sites of the support to form carbonate/bicarbonate
species, which are then transformed into CO and water (H2O) through the formation of
formate-type intermediates via H-assisted CO2 decomposition. This latter process actively
participates in the reaction mechanism through the reverse water–gas-shift reaction. The
formation of formate species requires the close vicinity of carbonate species and hydrogen
adsorbed on the metal surface, demonstrating the intricate interplay of multiple active sites
and intermediates in the dry reforming of methane [102,106]. However, it is important to
mention that, because of the metal affinity towards oxygen, the mechanism can be directed
to a format near the carbonate-mediated pathway. For example, Pt, Pd, and Ag surfaces
were proposed to react to a carboxyl-mediated associative mechanism, whereas Cu, Ni,
and Rh metals proceed via redox mechanisms because of the stronger metal–O interac-
tion [104,105,108,109]. Oxygen vacancy sites are important as they are able to perform
the CO2 reduction and the C=O bond cleavages over reducible supports, as Ce-Zr oxides
and Fe-based catalysts are described to switch from redox to redox-associative reaction
pathways via formate species [104,105,108].

4.5. Electrochemical Direct Partial Oxidation of Methane

The traditional pathways for methane conversion rely on thermal activation, neces-
sitating harsh reaction conditions such as high temperatures (>700 ◦C) and pressures
(>2.5 bar) to initiate C-H bond dissociation [84,87]. However, alternative methods such as
electrochemical and photo-based methane conversion technologies offer activation through
electricity and light [84]. Electrochemical-based conversions allow precise control over
product formation via the utilization of surface energy through electrode potential [85,88].
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Figure 7 illustrates the electrochemical direct partial oxidation of methane, which faces
challenges in directly activating methane using electrocatalysts and adjusting the pH of
the aqueous electrolyte [87]. In low pH solutions, methane can be activated over metal
catalysts using the potentiodynamic concept via applying potential on a given catalyst for
an extended period [85]. Conversely, most electrocatalysts enhance methane activation
under high pH conditions, where they interact with oxidants like O2, CO3

2−, and OH−

to activate the CH4 molecule. Mechanistically, the catalyst should weakly bind oxygen or
bind it as a radical at a suitable potential for oxidizing methane while preventing oxygen
evolution [87,110]. Thus, selectivity towards desired products relies on factors such as the
availability of adsorbed oxygen ion species, high oxygen vacancy on the catalyst, and the
extent of exposed oxide species [84,86]. The activation of the methane molecule involves
abstracting H or introducing O, leading to the formation of C1 species on the catalyst sur-
face. Metal electrocatalysts promote total methane oxidation into CO2, while oxo-included
catalysts facilitate partial oxidation into various oxygenates like CH3OH, HCHO, CO, and
HCOO− [85,86,110]. Formaldehyde forms as a methanol oxidation product, then under-
goes attachment by a methyl free radical to form an acetaldehyde intermediate, which
can further oxidize into C3 alcohols and ketones through electrophilic attachment [87,110].
The *CH2 intermediate is hydroxylated thermodynamically before coupling with a methyl
radical to produce the final ethanol product [84]. Finally, the combination of two hydrogen
atoms culminates in the production of molecular hydrogen (H2) [84,85].

4.6. Photocatalytic Direct Partial Oxidation of Methane

Photocatalytic methane conversion represents a promising avenue for transforming
methane into valuable chemical products under mild conditions, harnessing solar energy
as a sustainable and environmentally friendly activation source [9]. Photocatalysts absorb
photons, generating energetic carriers (electrons and holes) that can activate and convert
methane molecules. This disruption of the thermodynamic equilibrium enables uphill
reactions to occur at room temperature, helping to mitigate catalyst deactivation to some
extent [9,11,67,77,93–95,111].

Upon light radiation, the photoexcitation of electrons (e−) from the valence band to the
conduction band creates positive holes (h+) in the valence band [94]. The energy levels at the
bottom of the conduction band and the top of the valence band determine the reducing and
oxidizing abilities of photoelectrons and photogenerated holes, respectively [11]. Electrons
can react with molecular oxygen to produce peroxide and radical oxygen, leading to
the degradation of organic compounds into CO2 and H2O, or they can directly interact
with organic compounds to yield reduction products [9]. Meanwhile, holes can react
with water to produce hydroxyl radicals, which subsequently oxidize organic compounds
or directly interact with them [112]. In methane conversion, an ideal catalyst should
achieve the partial oxidation of methane to high-value products, thereby enhancing the
utilization value of methane [11]. To improve selectivity towards high-value products,
appropriate active sites must be introduced to regulate the formation of free radicals,
activation barriers of intermediates, and adsorption/desorption of intermediates [94].
Methane can be converted into various products, including gaseous (C2H6, C2H4, and
C3H8) and liquid (CH3OOH, CH3OH, CH3CH2OH, HCHO, and HCOOH) products, with
the type of products depending on the reaction systems employed [11].

In Figure 8, the activation of the C-H bond in methane conversion through photocatal-
ysis follows two main pathways: direct and indirect. The valence band of metal oxides,
primarily composed of O 2p orbitals, possesses positive potential and strong oxidation
ability for CH4 activation. Upon light irradiation, the surface lattice oxygen of metal oxides
can trap photogenerated holes (h+), leading to the generation of reactive oxygen species
(O=), which can directly capture the H atom from CH4, generating •CH3 radicals. In the in-
direct route, C-H bond cleavage can be initiated by oxygen radicals such as •OH, generated
through the reaction between photogenerated carriers and adsorbate [9,11,94,95,112].
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Interestingly, it is noted that in all examples of methane conversion reactions, nanoma-
terials can be optimized for specific surface properties such as controlled surface defects like
oxygen vacancies, reducibility, acidity, basicity, electronic activity, and surface properties
tailored to a particular reaction [12,37,38,42,44,45].

5. Comparative Analysis with Traditional Catalysts

In the earlier sections, we explored various techniques involving the interaction of
methane with catalyst surfaces, underscoring the vital role played by nanomaterials in
enhancing methane conversion. When materials are scaled down from the macroscopic
level to the nanoscale (ranging from 1 up to ~100 nm), significant changes occur in their
surface-to-volume ratio, lattice parameters, and surface energy. This reduction in lattice
parameters modifies the geometric and electronic structures of the material by adjusting
the distances between atoms in the crystalline lattice, resulting in improved properties
when compared to larger-scale counterparts. Additionally, not only the size but also the
shape of nanomaterials strongly affects properties such as surface reactivity, electrochemical
behavior, optical characteristics, and photocatalytic performance.

Premachandra Heagy conducted a study examining how the size and shape of WO3
micro- and nanomaterials influence photocatalytic properties, particularly in the conver-
sion of methane to methanol. This investigation compared materials with uncontrolled
morphologies, such as microparticles and nanoparticles, with precisely engineered struc-
tures including nanorods, nanowires, and nanoflowers. The scanning electron microscopy
(SEM) images depicted in Figure 9 illustrate the diverse morphologies and sizes of WO3
materials, alongside spectroscopic data, and the efficiency of methane-to-methanol con-
version. While uncontrolled materials display irregular shapes and sizes, the engineered
structures like nanorods, nanowires, and nanoflowers exhibit uniform morphology. How-
ever, nanorods are prone to particle aggregation. The analysis of the specific surface area
indicates that controlled morphologies have higher surface areas, thereby improving optical
and electronic properties.

Figure 9G,H present UV-vis and photoluminescence emission spectra of WO3 ma-
terials. Nanoflowers exhibit the highest rates of photocatalysis and selectivity towards
methanol production, attributed to the slower recombination of photogenerated carriers
on the surface and a larger specific surface area, allowing for the increased generation of
surface-bound hydroxyl radicals. The 3D hierarchical structure of nanoflowers, character-
ized by petal-like nanosheet structures and hollow chambers, facilitates multiple reflections
of light, resulting in the enhanced formation of photogenerated electron/hole pairs due to
improved light interaction with the material surface. In contrast, nanorods and nanowires
show similar levels of methanol production, surface areas, and band gap energy.

As another example of support shape effects, La2O3 catalysts with various morpholo-
gies such as nanoparticles, flower-like structures, nanorods, nanofibers, and nanospheres
were employed for the oxidative coupling of methane [111]. The different morphologies
exhibited distinct physicochemical properties; for instance, La2O3 nanospheres displayed
moderately strong acidic sites, whereas La2O3 nanorods and nanofibers exhibited weak
acidic sites, and nanoparticles and flower-like structures did not display any acidic sites.
In terms of basic sites, all morphologies showed weak and moderate basic sites with sig-
nificant differences between them, with values of 4.9, 3.5, 31.9, 13.9, and 5.8 µmol·g−1 of
total surface basicity. Moreover, the morphological differences also affected the catalytic
properties of the La2O3 catalysts. Nanoparticles, flower-like structures, and nanospheres
exhibited methane conversion and C2 selectivity above 480 or 510 ◦C, whereas nanorods
and nanofibers exhibited methane conversion and C2 selectivity at 450 ◦C. Interestingly,
nanofibers and nanoparticles displayed the highest C2 selectivity (45%), while flower-like
structures, nanorods, and nanospheres exhibited 35% C2 selectivity. Additionally, the
temperature at which the reaction initiated increased with the binding energy of lattice
oxygen [111]. An increase in the binding energy of lattice oxygen suggests a shift in its
nature from nucleophilic to electrophilic [113,114]. Consequently, a more nucleophilic O2−
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and a more electrophilic La3+ pair could lower the activation energy required for C-H bond
cleavage, initiating the reaction at lower temperatures. Moreover, there was an observed
trend indicating that the initiation temperature of the reaction decreased with increasing
surface basicity. This suggests that an abundance of nucleophilic surface sites promotes
low methane activation since CO2 acts as an electron acceptor and reflects electron density
on the surface [111].
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and methane conversion ratio (I) [115].

For instance, in methane oxidation, Ni/CeO2 nanoparticles, nanorods, and nanocubes
were utilized in methane oxidation [116]. The different morphologies exhibited distinct
properties; for example, CeO2 nanocubes expose the (100) surface facet, which has lower
surface free energy, a lower specific surface area, and lower oxygen storage capacity [12,117].
CeO2 nanoparticles displayed the lowest oxygen storage capacity and specific surface area
due to their well-crystallized nature, with a crystallite size of 45.6 nm. Conversely, CeO2
nanorods showed a higher oxygen storage capacity, with the (111) surface facet exposed,
having higher surface free energy and a higher specific surface area. These morphological
differences in the properties of the nanostructures are reflected in their catalytic activity
towards methane oxidation, which increases with the amount of surface oxygen vacancies
and oxygen storage capacity, in the order of nanorods > nanoparticles > nanocubes [116].

In a well-controlled synthesis example, Ga2O3 microrods were combined with Pt
nanoparticles with particle sizes ranging from 1.5 to 2.7 nm for the photocatalytic coupling
of methane. The Ga2O3 microrods were synthesized via a template-free solvothermal
method using ethanol/water as the solvent. This process resulted in the formation of
microprisms of CaOOH, which were then annealed to produce mesoporous microrods,
which measured 4–5 µm in length and 200–300 nm in width (Figure 10A,B). Pt nanoparticles
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were subsequently photodeposited onto the surface of the Ga2O3 microrods to achieve
well-controlled sizes of 1.5, 1.9, 2.2, 2.5, and 2.7 nm, resulting in highly dispersed Pt nanopar-
ticle distribution (Figure 10C,D). The particle size of the Pt nanoparticles extended the
absorption range into the visible-light region and increased the band gap of the composite
material [118].
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Jiayu Ma et al. observed that the interaction between Pt nanoparticles and Ga2O3
microrods led to the partial oxidation of Ptδ+ (Pt2+ and Pt4+) through an electron transfer
from Ga2O3 to Pt, consequently increasing the number of oxygen vacancies. These en-
hanced properties effectively facilitated the conversion of methane to ethane (as shown in
Equation (5)). The size effect of Pt on the nonoxidative coupling of methane photocatalytic
activity was investigated, revealing that the corner Pt atoms served as geometrically active
sites for CH4 activation, while Ptδ+ species distributed on the terrace sites assisted in C-H
polarization. Additionally, PtO2 promoted the transfer of a photoinduced hole from Ga2O3
to oxidize adsorbed −CH3 in order to form a •CH3 radical. Figure 10E,F illustrate the
selectivity and yield to ethane, hydrogen, and propane. Ga2O3 microrods exhibited lower
values, while the incorporation of Pt nanoparticles strongly influenced the photocatalytic
activity, leading to improved performance [118].

2CH4(g) → C2H6(g) + H2(g) (5)

In another well-controlled synthesis example, titanate nanotubes were combined
with gold nanoparticles ranging in size from 1 to 9 nm for the photocatalytic coupling
of methane [119]. Titanate nanotubes, characterized by open-ended hollow cylinders
measuring up to 200 nm in length and 15 nm in outer diameter, are of great interest for
catalytic applications due to their high surface area and cation exchange capacity, which
facilitate achieving high metal dispersion. Ion exchange allows titanate nanotubes to
incorporate metal adatoms into their framework, and the curved layers contain a large
number of defect sites, typically oxygen vacancies and Ti3+ centers, which can make them
promising photocatalysts because the defect sites can trap photoelectrons or holes, thus
extending the lifetime of the excited state. Gold nanoparticles smaller than 3 nm lose their
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bulk-like electronic properties; for example, they no longer exhibit the plasmon excitation
characteristics of relatively large gold nanocrystals [119–123].

Kiss et al. observed that smaller gold nanoparticles exhibit methane conversion,
hydrogen, and ethane formation which are four times higher than larger gold nanoparticles,
at 1.6% and 0.4%, 116 and 48 µmol·h−1·g−1 of H2, and 12.0 and 1.5 µmol·h−1·g−1 of
C2H6, respectively. In agreement, László et al. observed that gold nanoparticles supported
in titanate nanotubes produced eight times more C2H6 and three times more H2 [122].
This remarkable catalytic activity can be explained by the fact that electron–hole pairs are
generated on gold-promoted titanate nanotubes upon the absorption of UV light [124].
After the dissociation of the exciton, the electron and the hole migrate to energetically
favorable positions. Electrons have a higher possibility of being found on the metal particles
due to the Fermi-level equilibration between the metal and the oxide [125]. Surface water
molecules can catch the hole and produce reactive OH radicals and H+ that delocalize onto
nearby water molecules. The as-generated hydroxyl radicals are very aggressive oxidants
and start to oxidize methane in a radical-type reaction. The formed methyl radical adsorbs
onto the metal surface. The methyl radical decomposes consecutively into hydrogen and
carbon or recombines to form ethane [119]. In small dimensions, the plasmonic feature does
not operate. However, multiple molecular-like transitions of the gold cluster with a partial
positive charge can bind strongly to the defect sites in titanate nanotubes. These clusters
may be directly involved in the photo-induced reactions, namely in the direct activation of
the methane/Au25

δ+ complex during irradiation (Equation (6)).

CH4/Au25
hυ→ CH∗

3 + H+ (6)

As an example for the dry reforming of methane, NiCo nanoparticles supported by
ZrO2 hollow nanospheres were applied in the dry reforming of methane reaction [126]. In
this case, rational catalyst synthesis can lead to the production of nanomaterials with higher
catalytic activity and long-term stability. Ni and Co act as catalysts for methane cracking
and CO2 reduction, respectively, and the induced carbon deposition and active oxygen
combine to release CO in order to regenerate the metal surface. Moreover, the hollow ZrO2
nanospheres exhibited higher activity and better stability due to strong metal–support
interactions and the effective mass transportation of the reactants and products [126].

As an example for the methane-to-methanol reaction, Pd@Pt core–shell nanoparticles
were evaluated in the methane-to-methanol reaction [127]. The combination of Pd in the
core and Pt in the shell promotes enhanced electronic properties of the catalyst. Pd donates
electrons to Pt, leading to a higher surface electron density, higher rates of methane activa-
tion, and high selectivity and productivity towards methanol. In comparison, monometallic
Pt nanoparticles exhibited high selectivity to methanol but low methane conversion, while
monometallic Pd nanoparticles showed high selectivity to formaldehyde. In bimetallic alloy
PdPt nanoparticles, a range of compositions from 1:1 to 8:1 or 1:8 was reported. However,
when the ratio of Pt:Pd shifted from 1:1 to 1:8, there was a decrease in methanol selectivity,
likely due to the exposed Pd. Additionally, Pt@Pd core–shell nanoparticles, with Pt in the
core and Pd in the shell, exhibited lower primary oxygenate selectivity [127].

For instance, in the context of methane steam reforming, a study investigated the
impact of size and metal variation (M = Ni, Pd, Pt, and Rh) on catalytic performance. This
investigation utilized computational density functional theory (DFT) and microkinetic
modeling [128]. The truncated octahedron structure was used to simulate a spherical
nanoparticle in TEM images, enabling the exploration of the influence of three primary
exposed particle surfaces (M(111), M(211), and M(100)) on catalytic behavior [129–131]. Fur-
thermore, the study revealed how nanoparticle size alters the ratio between these exposed
surfaces and their respective significance in catalytic properties. The activity dependency
on nanoparticle size was found to be closely linked to surface characteristics [132,133]. At
smaller particle sizes, the dominance of the M(211) surface exposure was noted, whereas
larger particles saw increasing contributions from M(111) and M(100). However, the en-
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ergetics favored M(211) over M(111), and the activity of M(100) was limited by surface
site blockage. Consequently, larger particles exhibited reduced activity due to the lower
activity of M(100) and M(111) surfaces when compared to M(211) [129–133]. In terms of
metal-dependent activity, the study found that Rh exhibited the highest activity, followed
by Ni, and then Pd and Pt, which showed similar levels of activity. This difference in
activity was attributed to the high free energy barriers observed for Pd and Pt, while Ni
activity was constrained by surface blockage.

6. Conclusions: Challenges and Future Perspectives

Significant advances have been made in controlled nanocatalysts for methane reac-
tions, with a focus on understanding and manipulating synthetic parameters to control
surface and nanomaterial properties. This review emphasizes exploring the differences
between bulk and nanomaterial properties regarding reaction selectivity. The discussion
begins with an examination of catalyst property engineering at the nanoscale, which has
unlocked unprecedented control over reaction pathways, selectivity, and stability. By
leveraging advanced synthesis techniques and insightful characterization methods, surface
functionalities, catalytic sites, and synthetic parameters underscore the pivotal role of
nanotechnology in tailoring catalysts for methane conversion. Whether through homolytic
radical mechanisms or heterolytic surface-stabilized pathways, designing nanomaterials
with engineered surfaces and optimized electronic structures has unlocked new avenues
for enhancing methane activation efficiency and selectivity. Harnessing the unique prop-
erties of nanoscale materials, such as surface defects, morphology, and composition, the
exploration of the reaction mechanisms and kinetics of methane in sustainable energy
production highlights the intricate interplay between catalysts, reaction conditions, and
product selectivity. Through the utilization of controlled nanocatalysts and optimizing
methane conversion pathways, ranging from methane-to-methanol cycles to oxidative
coupling, these pathways offer promising routes for transforming methane into valuable
products such as methanol, ethene, and hydrogen, with applications spanning various
industrial sectors. Moreover, emerging technologies such as electrochemical and photocat-
alytic methane conversion present exciting opportunities for achieving cleaner and more
renewable processes, harnessing electricity and sunlight as activation sources. The ability
to tailor nanomaterial properties, including surface defects, reducibility, and electronic
properties, underscores the critical role of nanotechnology in advancing sustainable en-
ergy production. Lastly, the comparative analysis with traditional catalysts underscores
the transformative impact of nanomaterials on methane conversion processes. Through
meticulous control over the size, shape, and composition, nanocatalysts exhibit superior
performance when compared to their macroscopic counterparts. Studies investigating
the photocatalytic properties of materials like WO3, Ga2O3 microrods, and titanate nan-
otubes coupled with Pt or Au nanoparticles reveal enhanced methane-to-methanol and
methane-to-ethane conversion rates, and have also explored other examples of catalytic
reactions, highlighting the pivotal role of nanotechnology in advancing catalytic efficiency
and emphasizing the importance of nanoscale engineering in achieving remarkable catalytic
activity. In this context, this review posits that advancements in nanocatalyst synthesis,
enabling the precise comparison of bulk and nanomaterials on methane conversion, are
pivotal for enhancing our comprehension of catalysis, driving progress in the fields of
methane, chemistry, and nanoscience.
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111. Özdemir, H.; Çiftçioğlu, E.; Faruk Öksüzömer, M.A. Lanthanum Based Catalysts for Oxidative Coupling of Methane: Effect of
Morphology and Structure. Chem. Eng. Sci. 2023, 270, 118520. [CrossRef]

112. Bresciani, L.; Stülp, S. Electrochemical Deposition of Pt and Pd on TiO2 Nanotubes for Application in the Photoelectrocatalytic
Conversion of Biomethane and Biogas for Hydrogen Generation. Electrocatalysis 2024, 15, 70–86. [CrossRef]

113. Özdemir, H. Detailed Investigation of Sm2O3 Catalysts with Different Morphologies for Oxidative Coupling of Methane.
ChemistrySelect 2021, 6, 7999–8006. [CrossRef]

114. Kim, I.; Lee, G.; Na, H.B.; Ha, J.-M.; Jung, J.C. Selective Oxygen Species for the Oxidative Coupling of Methane. Mol. Catal. 2017,
435, 13–23. [CrossRef]

115. Premachandra, D.; Heagy, M.D. Morphology-Controlled WO3 for the Photocatalytic Oxidation of Methane to Methanol in Mild
Conditions. Methane 2023, 2, 103–112. [CrossRef]

116. Chen, J.; Pham, H.N.; Mon, T.; Toops, T.J.; Datye, A.K.; Li, Z.; Kyriakidou, E.A. Ni/CeO2 Nanocatalysts with Optimized CeO2
Support Morphologies for CH4 Oxidation. ACS Appl. Nano Mater. 2023, 6, 4544–4553. [CrossRef]

117. Rodrigues, T.S.; e Silva, F.A.; Candido, E.G.; da Silva, A.G.M.; Geonmonond, R.d.S.; Camargo, P.H.C.; Linardi, M.; Fonseca,
F.C. Ethanol Steam Reforming: Understanding Changes in the Activity and Stability of Rh/MxOy Catalysts as Function of the
Support. J. Mater. Sci. 2019, 54, 11400–11416. [CrossRef]

118. Ma, J.; Tan, X.; Zhang, Q.; Wang, Y.; Zhang, J.; Wang, L. Exploring the Size Effect of Pt Nanoparticles on the Photocatalytic
Nonoxidative Coupling of Methane. ACS Catal. 2021, 11, 3352–3360. [CrossRef]

119. Kiss, J.; Kukovecz, Á.; Kónya, Z. Beyond Nanoparticles: The Role of Sub-Nanosized Metal Species in Heterogeneous Catalysis.
Catal. Lett. 2019, 149, 1441–1454. [CrossRef]

120. Zhu, M.; Aikens, C.M.; Hollander, F.J.; Schatz, G.C.; Jin, R. Correlating the Crystal Structure of A Thiol-Protected Au25 Cluster
and Optical Properties. J. Am. Chem. Soc. 2008, 130, 5883–5885. [CrossRef] [PubMed]

121. Wu, Z.; Jiang, D.; Mann, A.K.P.; Mullins, D.R.; Qiao, Z.-A.; Allard, L.F.; Zeng, C.; Jin, R.; Overbury, S.H. Thiolate Ligands as a
Double-Edged Sword for CO Oxidation on CeO2 Supported Au25 (SCH2CH2Ph)18 Nanoclusters. J. Am. Chem. Soc. 2014, 136,
6111–6122. [CrossRef]
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