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ABSTRACT: Direct conversion of methane (CH4) to C1−2 liquid
oxygenates is a captivating approach to lock carbons in transportable
value-added chemicals, while reducing global warming. Existing
approaches utilizing the transformation of CH4 to liquid fuel via
tandemized steam methane reforming and the Fischer−Tropsch
synthesis are energy and capital intensive. Chemocatalytic partial
oxidation of methane remains challenging due to the negligible
electron affinity, poor C−H bond polarizability, and high activation
energy barrier. Transition-metal and stoichiometric catalysts utilizing
harsh oxidants and reaction conditions perform poorly with
randomized product distribution. Paradoxically, the catalysts which
are active enough to break C−H also promote overoxidation,
resulting in CO2 generation and reduced carbon balance. Developing
catalysts which can break C−H bonds of methane to selectively make useful chemicals at mild conditions is vital to
commercialization. Single atom catalysts (SACs) with specifically coordinated metal centers on active support have displayed
intrigued reactivity and selectivity for methane oxidation. SACs can significantly reduce the activation energy due to induced
electrostatic polarization of the C−H bond to facilitate the accelerated reaction rate at the low reaction temperature. The
distinct metal−support interaction can stabilize the intermediate and prevent the overoxidation of the reaction products. The
present review accounts for recent progress in the field of SACs for the selective oxidation of CH4 to C1−2 oxygenates. The
chemical nature of catalytic sites, effects of metal−support interaction, and stabilization of intermediate species on catalysts to
minimize overoxidation are thoroughly discussed with a forward-looking perspective to improve the catalytic performance.
KEYWORDS: single atom catalysts, greenhouse gas reduction, methane conversion, C−H activation, biomimetics,
metal−support interaction, photocatalysis, two-dimensional materials, small molecules activation, density functional theory calculations

1. INTRODUCTION

Methane, a greenhouse gas (GHG) 80 times more powerful
than carbon dioxide (CO2), is a prime component of natural
gas and is used for 22% of the world’s electricity production.
Methane is the second most abundant anthropogenic GHG
after CO2, accounting for about 20% of global emissions.1,2

Over 10 billion cubic meters/day of natural gas is produced
per day to meet ever-increasing energy demands. Anthro-
pogenic activities account for 60% of the total methane, while
natural emissions (wetlands, swamps, wild ruminants, etc.)
contribute the remaining 40%. Human sources include
livestock, gas and petroleum exploitation, rice farming, mining
(particularly coal mining), and landfills. Water reservoirs are
another main source of methane which generate 1.3% of all
greenhouse gases worldwide each year. The anthropogenic
release of methane in the environment will accelerate global
warming which will accelerate permafrost thawing.3 Permafrost
holds a significant organic matter in the frozen state, and when

that material thaws in wet and anaerobic conditions, micro-
organisms can turn it into methane. The release of methane
from permafrost will further intensify the thawing of more
permafrost and methane emission.4 Methane clathrate or
methane hydrate (CH4·5.75H2O) is the largest source of
methane than all of the world’s oil, natural gas, and coal
resources combined which might be exploited in the near
future for energy.5 Horizontal drilling and hydraulic fracturing
have already revolutionized shale gas production. The
production of methane from shale gas avails the utilization of
hydrocarbon trapped in sedimentary rock, however it poses
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ecological challenges and climate change. In the recently held
26th session of the Conference of the Parties (CoP26) to the
United Nations Framework Convention on Climate Change
(UNFCCC) summit, considering the immediate contribution
of methane to global temperature rise, 104 countries including
the United States, Europe agreed to cut their CH4 emissions
up to 30% by 2030. As per the IPCC report, just 0.3% CH4
reduction is equivalent to net-zero for CO2, which can reduce
further warming of the earth (Figure 1a,b).6−9 To tackle the
problem of rising CH4 concentration, the leaking of CH4 from
oil and gas wells, pipelines, and other fossil fuel infrastructure
will be reduced.

Methane is an essential chemical feedstock for many
chemicals, such as methanol, olefins, aromatic hydrocarbons,
acetic acid, dimethyl ether, and so on.10 Therefore, the
utilization of methane with high reaction efficiency has great
potential for relieving energy crises and atmospheric pollution.
The direct conversion of methane to value-added chemicals is
incredibly challenging, as CH4 is the most stable and inert
hydrocarbon (ΔHC−H = 104 kcal mol−1: C−H bond
dissociation enthalpy of 4.55 eV at 298 K). The dissociation
of the first CH3−H bond is even highly challenging due to
small polarizability (2.84 × 10−40 C2 m2 J−1) and requires
almost 435 kJ mol−1 energy.11 Methane is usually transformed
into the syn-gas mixture by steam methane reforming (SMR)
to produce chemicals, which is a highly endothermic process
(consumes heat, ΔHr= 206 kJ/mol) operating at 700−1000 °C
and 3−25 bar pressure in the presence of catalysts. The
produced hydrogen is mainly used for the production of
ammonia. Additionally, the syn-gas mixture is used to produce
synthetic fuels using Fischer−Tropsch synthesis (GTL
technology). Recently, scientists have developed a technique
of dry reforming for directly converting methane to carbon and
hydrogen using molten tin, Ni:In alloy, and MnCl2−KCl
salts.12−15 Though the overall process is carbon negative with
intensive energy requirements, storage/transport of hydrogen,
unutilized carbon, and loss of tin catalyst with produced
carbon are baffling challenges. The complete oxidation of CH4
to CO2 in solid oxide fuel cells to generate electricity is also
being investigated; however, high operating temperature
(300−700 °C), rapid drop in efficiency due to coke deposition,
and sulfur poisoning are other unsolved issues.16,17 Another,
approach to utilize methane as a feedstock is thermocatalytic
nonoxidative partial dehydrogenation to alkenes and aromatics
which requires high temperature. Partial dehydrogenation is
advantageous over complete dehydrogenation, as it produces

platform chemicals that can be directly used for the chemical
synthesis along with hydrogen. Again, the lack of suitable
catalysts that can work at low temperatures with a satisfactory
conversion rate is an obstacle.
The transformation of CH4 to liquid oxygenates products is

considered a holy grail to use widely abundant natural gas as a
feedstock to produce chemicals with added value.18,19 Partial
oxidation of CH4 to oxygenates via oxidative dehydrogenation
using O2 as oxidant at high temperature has been implemented
intensively on various metal oxides and metal-supported
catalytic systems. However, after the first C−H bond cleavage,
preventing further oxidation at elevated temperature becomes
challenging, and CO and CO2 are produced dominantly,
sacrificing the input energy and CH4 feedstock. Also, catalytic
surface deactivation, due to coking, oxidation, and sulfur
poisoning (from crude CH4 feed), are inevitable. Low-
temperature oxidation of CH4 to liquid oxygenates is desirable
to substitute energy-intensive protocols. Though the electro-
chemical approach presents significant promise such as low
temperature and modular design, the lack of active and
selective catalysts and overoxidation of CH4 to CO2 are some
of the key challenges for practical application.20−23 Addition-
ally, the use of external oxidants such as H2O2 should be
avoided by developing catalytic systems which can in situ
produce reactive oxidation species (ROS) from water.
Engineering catalysts with a high affinity toward C−H bond
activation to selectively produce value-added products is an
active area of research that can solve major energy and global
warming-related issues. Several catalytic systems composed of
the metal complexes such as Hg, Pt, Pd, Au, Ru, Rh, and V
have been explored, but low catalytic activity, the requirement
of corrosive acids, unselective oxidation, and difficult/non-
feasible separation remain an obstacle.24−28 Other components
such as molecular sieves, ZSM-5, metal−organic frameworks
(MOFs), etc., have also been investigated for the direct
methane conversion.29−32 The large energy gap between the
highest occupied molecular orbitals (HOMO) and lowest
unoccupied molecular orbitals (LUMO), weak polarizability
(2.84 × 10−40 C2m2 J−1) with identical electronics environ-
ment, high ionization energy (≈12.6 eV),33 low proton affinity
(543.9 kJ mol−1)34 and weak acidity (pKa ≈ 48)35 make CH4
activation via the first C−H bond cleavage a highly unfavorable
reaction.36 Despite the inactivity of the CH4 molecule, it can
be activated due to the fractional contribution of the ionic
resonance structure. As per calculations by Hiberty and
Cooper, the resonance structures of CH3−H are composed
of 74% ground state and 26% ionic (CH3

+H− and CH3
−H+)

resonance structures.37 Transition metal with d-orbital (dz2, dxz
and dyz orbitals) can supply electrons to empty C−H σ*
antibonding MO while facilitating the back-donation of
electrons from C−H σ bonding MOs. Transition-metal
catalysts either in a nanomorphological state such as colloids,
nanoparticles, or immobilized on a support have shown great
promise to activate the C−H bond of methane.38,39

Unfortunately, they are nonselective and produce a number
of oxygenates such as CH3OH, methyl hydroperoxide
(CH3OOH), and formic acid (HCOOH) and rely on H2O2
as an oxygen source.40 Further controlling the oxidation degree
is another challenge for selective methane oxidation. The size
reduction of transition metal catalysts in nanoregime is found
to increase the catalytic performance due to increased surface
energy of the activated catalytic centers. However, stabilization
of small subnanoparticles is challenging due to agglomeration,

Figure 1. (a) The contribution methane in global warming Source
IPCC six assessment report 2021.6,7 (b) Atmospheric methane
concentration (ppb) pathways from IPCC and observations from
the NOAA measuring network. Adapted with permission under a
Creative Commons CC BY 3.0 License from ref 8. Copyright 2016
IOP Science.
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leading to the deactivation of catalytic sites. The stabilization
of nanoscopic particles in the support matrix has been found
useful to maintain the catalytic activity. Further, improvement
in the catalytic performance can be achieved by careful
selection of support materials that stabilize the intermediate
and synergistically improve the performance. Even though the
catalytic performance is increased by reducing the size of the
nanoparticles, selectivity remains an issue. The presence of
unidentical catalytic sites on different exposed facets and
corners leads to a wide range of product distribution. Further,
size reduction of metal from nano to atomic regime displayed
entirely new properties absent in bulk material. Reducing the
size of metal increases the gap between the energy levels due to
the quantum size effects and discretization of energy levels.41

Under atomic dispersion, nonreactive metals such as Au
become extremely active.42,43 This concept led to the
development of single atom (SA) catalysis by atomically
distributed metal on stabilizing supports. Though the effect of
size on activity and selectivity was known for years, the seminal
work of Flytzani-Stephanopoulos and Peŕez-Ramiŕez and
finally affirming Pt SA on FeOx surface revolutionized the
research in this direction.44−46 Recently, single atom catalysts
(SACs) have gained significant attention for the selective
conversion of CH4 due to their potential to drive catalytic
reactions under mild reaction conditions. SACs with
homogeneous distribution of metal and specific coordination
with support can afford a higher activity and selectivity for
methane oxidation. Despite the wide potential of SACs in CH4
oxidation and possible further development, only few
experimental studies are available. Most reports are limited
to density functional theory (DFT) modeling and very few
catalysts have been evaluated in the laboratory. However, these
studies have fueled the research to develop robust, selective,
and economical catalysts for scissoring the C−H bond of CH4
to produce high-value products and minimize the impact on
climate. This review focuses on the recent advances in
chemical fixation of CH4 using SACs under mild reaction
conditions (Figure 2). The structural coordination, chemical
reactivity, and mechanism of CH4 oxidation are investigated in
detail while covering the computational studies predicting the
structural and catalytic properties of catalysts. The metal−
support interaction, defect/dopant engineering, and photo-
active SACs are primely discussed considering future
modification that will lead to more exotic materials with high
activity and selectivity.

2. SINGLE ATOM CATALYSTS: BIOMIMETIC
CATALYST FOR CH4OR

The C−H bond activation is an essential part of biological
survival, and several enzymatic systems have evolved for the
selective cleavage of C−H bonds. In nature, methanotrophic
bacteria containing methane monooxygenase (MMO) and
anaerobic archaea with methyl coenzyme M reductase (MCR)
metalloenzymes can selectively transform methane to oxygen-
ates (methanol) and hydrocarbons via C−H bond activa-
tion.3,47 Usually, two MMOs named particulate methane
monooxygenase (pMMO) with a copper active site and soluble
methane monooxygenase (sMMO) with diiron sites are the
main catalytic centers to promote CH4 activation.48 Figure
3a,b displays the structure of the di-iron-based sMMO enzyme
coordinated with two histidine and four glutamate ligands.49,50

The CH4OR occurs at a carboxylate-bridged diiron center of a
hydroxylase protein (MMOH) where the active site resides in

a four-helix bundle of the α-subunit. The ground state
diiron(III) sites (MMOHox) are bridged with two hydroxide
ligands which form diiron(II) after the reduction (MMOHred)
in which one Fe remains bonded to the H2O ligand, while the
second Fe site is available for C−H bond activation.49,51

Similar to Fischer−Tropsch which converts gas to liquid, bio-
GTL using methanotrophs is proposed; however, low turnover
numbers of 0.16−13 s−1 posed upstream challenges.52 Genetic
engineering is a parallelly explored option that is yet to
overcome the issue of stability under contaminants present in
natural gas and gene expression in heterologous hosts.53

Cytochrome P450s (P450s), another class of enzymes that
utilizes a similar C−H bond activation mechanism as MMOs,
are a better alternative for methane oxidation due to their
ubiquitous nature (Figure 3c).54,55 Usually, these enzymes are
composed of a large protein molecule containing a metal
center in a macrocyclic assembly. The most pertinent examples
of such enzymes are cytochrome P450s constituted of a heme
center with a single Fe-thiolate linkage which plays a significant
role in a variety of reactions from the oxidation of fatty acid/
toxins to the biosynthesis of various molecules such as
hormones etc.56 The iron metal center in the heme unit can
form a high-valent iron(IV)-oxo porphyrin π-cation radical
intermediate which promotes C−H bond activation via proton
abstraction.57 Figure 3d displays the proposed catalytic cycle of
dioxygen activation and oxygen atom transfer by cytochrome
P450 enzymes (CYP 450) involving high-valent iron(IV)-oxo
porphyrin π-cation radicals for C−H bond activation.58

Indeed, metallozymes are nature’s meticulous engineering
which sustains several biological and environmental processes
(i.e., carbon cycle). They suffer several drawbacks (poor
efficiency, deactivation/denaturation in oxidative/harsh envi-
ronment) to deploy at the industrial scale. On the other hand,
bioinspired catalysts may have an added advantage over
metalloenzymes due to its scalability, robust catalytic sites, and
wide substrate scope either via the same catalysts or
manipulation of chemical structure.59 Like natural mono-

Figure 2. Outline of the review showing various dimensions of
SACs for methane oxidation.
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metallic pMMO and P450 enzymatic systems which utilize
hypervalent single metal sites for the catalytic activation of
CH4, many catalysts with isolated metal sites have been

developed in recent years. For example, MOFs with exposed
metallic centers have displayed improved CH4 catalytic
activity.60,61 In a recent report, Simon et al. demonstrated

Figure 3. Diiron active site structures of (a) Mc MMOHox (PDB ID 1MTY) and (b) Mc MMOHred (PDB ID 1FYZ). Reprinted with
permission from ref 49. Copyright 2011 American Chemical Society. (c) Chemical structure of cytochrome P450 compound I. Reprinted
with permission from ref 54. Copyright 2021 Elsevier (d) Proposed catalytic cycles of CYP 450 Adapted with permission from ref 58.
Copyright 2007 American Chemical Society.

Figure 4. (a) Fe-N-rGO mimicking the cofactor structure of HRP. Reprinted with permission from ref 80. Copyright 2019 Wiley-VCH. (b)
The chemical structure similarity of MOF-derived FeN3P-SAzyme with HRP enzyme promotes better peroxidase-like activity. Reprinted
with permission from ref 81. Copyright 2021 Springer Nature. (c) Structural similarity between natural di-iron and dicopper sites s/pMMO
enzymes versus zeolite-based copper catalysts active sites for methane oxidation.98−100 Reprinted with permission from ref 82. Copyright
2019 Springer Nature. (d) Oxo dicopper anchored carbon nitride (Cu2@C3N4) mimicking the structure of pMMO and used for
photocatalytic methane oxidation. Reprinted with permission under a Creative Commons CC-BY License from ref 96. Copyright 2022
Springer Nature. (e) Peroxo-like O2 adsorption configuration of cytochrome c oxidase and Fe2NC nanozyme. Reprinted with permission
from ref 97. Copyrights 2022 Tsinghua University Press and Springer.
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that a MOF with Fe(II) sites within Fe3-μ3-oxo nodes can
promote selective oxidation of CH4 to CH3OH.

62 In another
example, Baek et al. utilize imidazole units of MOF-808 MOF
as a protein backbone for the metalation to form pMMO type
bis(μ-oxo)dicopper active sites for CH4 oxidation to
methanol.63 The maximum methanol yield using MOF-808-
Bzz-Cu as a catalyst at 150 °C was 71.8 ± 23.4 μmol
gMOF‑808‑L‑Cu

−1. Unfortunately, poor yield, along with the
requirement of high temperature, tedious synthesis, and
vulnerability of degradation of organic ligands, remains an
issue. Single atom catalysts constituted of isolated SA
decorated on active supports are an attractive alternative to
conventional catalytic systems due to their specific geometric
configuration, high reactivity, and selectivity.64,65 SACs can
achieve a high atomic economy like homogeneous catalysts
due to the populated concentration of isolated SAs on catalysts
surface, while at the same time they are recyclable like
heterogeneous catalysts.66 Additionally, due to the presence of
under-coordinated atomic sites and strong metal−support
interactions, SACs can promote reactions at an accelerated rate
while maintaining selectivity.67 The specific coordination of
metal centers with support makes them thermally and
chemically stable due to the ensemble effect. SACs have
been widely studied for a plethora of selective reactions such as
CO oxidation, selective hydrogenation of alkenes, aromatics,
nitroaromatics, biomass conversion (including oxidative
dehydrogenation), oxygen reduction reactions, CO2 photo/
electro/photoelectrocatalytic reduction, NO reduction, water
splitting, etc.68−74 Since metal centers in SACs occupy a well-
defined coordination environment on support, entirely new
catalytic properties are manisfested. Like metallozymes in
biological systems where metal centers coordinated with ligand
and proteins scaffold can achieve almost 100% selectivity,
SACs with precise coordination environment displayed high
selectivity for a variety of organic reactions.64,66 Considering
the structural similarity and specificity, SACs can work as
bioinspired single atom nanozymes (SAzymes) to mimick
several bioenzymatic reactions.75,76 Numerous SAzymes have
been developed in the recent past, demonstrating compelling
performance for several biological and chemical reactions.77

SAzymes can work in harsh reaction conditions without
deactivation, and in contrast to metallozymes, SACs can
promote a wide variety of reactions. The most promising
category of SAzymes is M-N4-C catalyst supported on
graphenic or carbon backbones.78,79 The M-N4 mimics the
metal porphyrin counterpart of biological enzymatic systems,
while the carbonaceous backbones immitate the protein part
and serve as a scaffold for the SAs. However, compared to the
protein counterpart which controls the three-dimensional
(3D) shape and geometry and ligand-exchange chemistry,
the C scaffold in M-N4-C catalysts controls the charge
distribution and concomitantly the activity of the metal center.
The porphyrinic structure is an essential component of many
enzymes and electrons/gas transport relays such as cyto-
chrome, peroxidase, hemoglobin, myoglobin, etc. Among all
available possible metal variants, Fe-N4-C components are
most appealing due to their high activity originating from
specific affinity to oxygen and facile Fe(IV)O formation. Kim
et al. reported that Fe-N4 single site embedded graphene (Fe-
N-rGO) catalysts displayed excellent peroxidase-like activity
reaching 5 million times higher activity per iron ion compared
to Fe3O4 NPs (Figure 4a).

80 The reactivity/selectivity of these
SAzymes can be controlled/increased by manipulating the

coordination patterns of metal in the ring (M-N3−5, M2-N5−6),
N atom exchange with other heteroatoms, and doping of
carbonaceous scaffold. For example, Ji et al. demonstrated
MOF and hexachlorophosphazene-mediated synthesis of the N
substituted FeN3P-SAzyme, which has applications in the
therapeutic strategy for inhibiting tumor cell growth due to
superior peroxidase-like activity (Figure 4b).81 Considering the
CH4OR, these SAzymes share similar features to P450 and can
promote room temperature oxidation of CH4 to oxygenates. In
nature, mono/di oxo iron/copper sites containing s/p-MMO
achieve the anaerobic oxidation of CH4 to oxygenates (Figure
4c).82 However, their industrial-scale implementation includ-
ing bioreactor digestion or enzyme extraction is tedious due to
the denaturation of enzyme. On the other hand, many
artificially synthesized μ-oxo mono/di/tri copper centers
supported in mesoporous silica which might be tagged as
dual single atom catalysts (DSACs) have demonstrated
selective aerobic oxidation of methane to oxygenates (Figure
4c).82−85 However, SAzymes and μ-oxo dual metal catalysts
require pressurized CH4 and H2O2 as oxidants, which should
be excluded to afford sustainable biomimetic conversion and
reduce the overall cost of the process. Interestingly, photo-
active SACs have shown great promise since they can produce
H2O2 from water oxidation and promote CH4OR in situ using
abundant light as an energy source. Besides conventional
support materials, several new materials with tuned cavity,
optoelectronic properties, and coordination have increased
research on the synthesis of user-tailored SACs. Black
phosphorus (BP) and carbon nitride (CN) with specific
bonding and visible absorbing nature are materials of
choice.86−90 Like photosystem-II of natural photosynthesis,
where chlorophyll (Mg-chlorin; the slightly reduced form of
porphyrin) absorbs the visible photon and generated holes to
oxidize water (electrons flow to reduction sites), certain
materials mimicking natural light harvesters can afford artificial
water splitting under visible light. For example, modified CN
(K and −CN) nanozyme displayed efficient in situ
generations of H2O2 from water/light followed by glucose
oxidation mimicking the peroxidase enzyme.91 Similarly, Cu
SA stabilized in heptazine’s N cavity can achieve selective
CH4OR to CH3OH and even C2H5OH.

92 A new population of
catalysts with two or more isolated metal centers working
cooperatively is emerging which can overcome the issue of
isolated centers and mimics more complex biological systems.
Many homo and heteronuclear DSACs have been designed
recently demonstrating superior performance for various
applications.93,94 The cooperative interaction in two SA sites
can impart an activity and selectivity that is not possible even
after doubling-tripling the concentration of SACs. For example,
iridium SA pinned on TiO2 (Ir1/TiO2) displayed 38%
selectivity and 87% conversion toward nitro-styrene reduction,
while Mo SA on TiO2 (Mo1/TiO2) was almost inactive for the
reaction. Fascinatingly, when a heteronuclear DSAC composed
of Ir and Mo (Ir1Mo1/TiO2) exhibited a >96% at 100%
conversion.95 These concepts are exploited in CH4OR too,
where homonuclear DSACs composed of either Cu and Fe
sites displayed better performance. For example, pMMO-like
oxo-dicopper moiety containing CN catalysts can sustain the
methane oxidation rate higher than the benchmark Cu/ZSM-5
catalyst (Figure 4d).96 In another work, Fe2N6 dimer with two
iron supported on graphene network could activate the O2
atom due to per-oxo-like O2 adsorption configuration (Figure
4e).97−100 Despite the advancement, the use of heteronuclear
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Table 1. Various Strategies for the Synthesis of Sacs and Representative Examplesa

aFigures in the table are reprinted with permission from the respective references. Reprinted with permission under a Creative Commons CC-BY
License from ref 112. Copyright 2019 Springer Nature. Reprinted with permission from ref 114. Copyright 2019 Royal Society of Chemistry.
Reprinted with permission from ref 116. Copyright 2019 American Chemical Society. Reprinted with permission from ref 117. Copyright 2018
Wiley-VCH. Reprinted with permission from ref 118. Copyright 2019 Elsevier. Reprinted with permission under a Creative Commons CC-BY
License from ref 119. Copyright 2019 Springer Nature. Reprinted with permission under a Creative Commons CC-BY License from ref 120.
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DSACs that can produce interesting chemistry are not
explored for CH4OR leaving plenty of room for future
investigation. Furthermore, bioinspired complex oligomeric
homoheteronuclear isolated site catalysts capable of promoting
two or more reactions selectively will bolster the catalysis field.

3. SYNTHESIS OF SACS

Since the advent of heterogeneous catalysis, synthetic chemists
have been trying to manipulate the morphological and
chemical structures of catalysts to improve their catalytic
performance. For example, size reduction, exposing specific
planes to control the nature of catalytic centers, and alloying to
get synergistic effect are widely investigated in the past
century.101 Among these, size reduction demonstrated the
most profound effect on the catalytic activity. Subnanometer
size reduction in metal nanoclusters brings up entirely new
catalytic properties due to increased quantum confinement,
unsaturated coordination sites (catalytic sites), and better
utilization of metal content.102,103 Further, size reduction to
atomic-scale avails the maximum utilization of metal and the
ability to control product selectivity due to uniform catalytic
centers like in homogeneous catalysts. Unfortunately, the
atomic size reduction also increases the surface energy which
makes them vulnerable to agglomeration.66,104 Thus, control-
ling the atomic distribution of SAs on the supporting material
is challenging and requires an appropriate selection of the latter
that can favorably coordinate with SAs to exclude agglomer-
ation. As a general rule, the coordination strength between SAs
and the neighboring support atoms (M−S) should be higher
than metal−metal (M−M) bonds to prevent agglomeration.105

The past decade has witnessed a significant advancement in
the design of stable and inexhaustible SACs. Many dedicated
review articles discussing various strategies of the synthesis of
SACs and their pros and cons are already available.72,106−109

For readers’ understanding, only a brief discussion summariz-
ing key synthetic protocols, advantages/disadvantages, and
limitations are discussed and summarized in Table 1. The wet
impregnation (WI) method is the most common and widely
utilized approach for the SACs synthesis, which entails the
soaking of support materials in a very dilute solution of the
metal salt that prevents immediate contact of two metallic
entities during deposition on the support. These porous
supporting materials including high surface area silicates and
oxides are frequently used for the deposition of SAs. Despite
the simplicity, the agglomeration due to Ostwald ripening and
removal of ligand leads to agglomeration and induces
unsymmetrical size distribution.110 To improve the dispersi-
bility and exclude aggregation, porous and defect-rich surfaces,

and high surface area materials such as MOF and zeolites, are
also used.106,111 Other approaches include the intercalation of
SAs in layered materials. For example, Li et al. demonstrated
the synthesis of ruthenium anchored CoFe-LDHs (Ru/CoFe-
LDHs) SACs via a simple mixing of ruthenium precursor and
LDH which displayed superior OER performance.112 Hydro-
lyzing the RuCl3 followed by binding with the surface hydroxyl
groups on LDHs. Postsynthesis decoration of CN with SAs is
mainly achieved by the WI approach in which metal ions
become entrapped in the heptazine (C6N7) cavity via
coordination with terminated pyridinic nitrogen.113 The
coprecipitation further widens the scope of WI by adjusting
the pH of the solution, adding a small concentration of
reducing agents such as NaBH4, NH2NH2, NaCO3, etc. The
reduction of a metal precursor followed by deposition on
support led to a robust bonding stabilizing the SACs. For
example, Qiao et al. synthesized Pt1/FeOx catalysts using
H2PtCl6·6H2O and Fe(NO3)3·9H2O precursors by adjusting
pH using Na2CO3 as a weak base followed by calcination.46 In
another example, Wang et al. demonstrated the synthesis of Ru
SA deposited on a monolayer NiFe-LDH via coprecipitation of
Ni(NO3)2·6H2O, Fe(NO3)3·9H2O, and RuCl3·3H2O in a pH-
adjusted solution using formamide as a weak reducing agent.
Interestingly, Ru atom was not randomly distributed but
confined to the top of the Fe-metal atom and coordinated to
three Fe atoms.114 In the above-mentioned approach
controlling the coordination environment of SAs, stabilization
of SA on specific sites/ligands remains a challenge. The
confinement of SA on a specific position in the substrate
during in situ synthesis is possible by using certain ligands,
which also leads to better dispersion and high metal loading.
For example, metal precursors mixed with precursors of MOFs
can coordinate with organic ligands of MOF, which upon
calcination can produce spatially separated SACs. Cao et al.
displayed that when H2IrCl6·6H2O was hydrothermally reacted
with UiO MOF’s precursors (ZrCl4, H2BDC), and Ir@UiO-66
was obtained which upon annealing produces Ir@ZrO2@C
SACs with a relatively high loading ca. 0.6 wt %.115 Similar
ligand assisted in situ confinement was also demonstrated for
Y-zeolite where Pt coordinated with ethylenediamine was
introduced to Y-zeolite precursors that lead to the formation of
Y-zeolite with Pt-EDA trapped in β-site.116 The thermal
treatment of Pt-EDA@Y-zeolite in air and H2 leads to the
formation of isolated platinum atoms that are firmly stabilized
by skeletal oxygens. Defects on the supporting materials create
coordination sites for SAs stabilization. Easily reducible
materials such as TiO2 and CeO2 with defect-rich surfaces
are frequently used as supporting materials for the stabilization
of SACs.117 Regardless of the opportunity of getting a dense

Table 1. continued
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population of SAs, populated defect creation also comes with
the drawback of altered physicochemical properties that are
sometimes undesirable. The agglomeration of SAs on inorganic
support at a high temperature can also be avoided by using
ionic liquids which improve the stability of SAs and also
facilitate better interaction of the metal with support. Ding et
al. demonstrated PtCODMe2 with Pt as the precursor
stabilized on a HAP support by means of butyl-3-
methylimidazolium [Bmim+]-based ionic liquids which main-
tain atomic dispersion after annealing. On the contrary, under
identical conditions, nonionic liquid stabilized precursors tend
to agglomerate.118 Nondefect stabilization of SAs on support
requires strong coordination between the former and latter,
preventing the movement of the SAs during high-temperature
annealing. In contrast to most of the reports with diluted metal
salt precursor for the deposition of SAs on support, Lang et al.
were able to demonstrate Pt nanoparticles can be used as a
metal source for defect-free stabilization on FeOx surface.

119

They observed that at elevated temperatures, Pt NPs release
mobile PtO2 species which can be ultimately trapped by a
reducible support. Interestingly, the lower temperature and
inert atmosphere favor the formation of Pt NP, and the
maximum SAs distribution was achieved in the air at 800 °C,
demonstrating PtO2 species formation at high temperature.
Carbonization is one of the most popular methods of the

synthesis of SACs with high-temperature annealing of a metal
salt, in the presence of a carbonaceous (glucose/citrate/
dopamine/GO) and nitrogenous precursor (urea, melamine,
EDA, etc.) in an inert atmosphere that leads to carbonization
and graphitization. Mostly M-Nx-C materials are synthesized
by this approach, and a relatively high density of SAs can be
obtained. However, due to high thermal treatment, the
clustering is dominant, and it requires postsynthesis acid
treatment to obtain isolated SA sites. The complexation of a
metal salt with ligands or precursors itself has been found to
reduce agglomeration. Zhao et al. achieved an astonishing 12.1
wt % loading of metal via a cascade anchoring strategy.120 First,
the metal chelated with glucose was anchored onto an oxygen-
species-rich porous carbon support followed by a second step
of mixing with melamine and further annealing to gain M-N4-C
catalysts. Using metal complexes such as phthalocyanine, metal
bipyridyl complexes as the source reduces agglomeration via
stabilization of the metal during heating and also integration of
the N-coordination sites with carbon backbone for spatial
separation. Phthalocyanine and porphyrins-based metal com-
plexes are the most used precursors due to their planar
structure, stable tetra-N coordination, and thermal stability. In
some cases, porphyrinic materials without metal coordination
are used as carbon scaffolds and in conjugation with metallic
counterparts provides the opportunity to maintain spatial
separation. For example, He et al. by Friedel−Crafts alkylation
fabricated a macromolecular two-dimensional (2D) structure
of tetraphenylporphyrin platinum (PtTPP) as a metal
precursor and Pt-free TPP (PtTPP:TPP = 1:40, mol:mol) as
diluent to maintain spatial separation upon which pyrolysis
yielded agglomeration free M-Nx-C SACs.121 The carbon-
ization of MOFs, either directly or after modification with
metal salt/metal complexes, is identified as another route for
the preparation of high-density M-Nx-C type SACs. Using
templates such as KCl for the growth of MOF precursor
followed by annealing was found to be impressive to stabilize
the high density of SA sites. Wu et al. demonstrated that KCl
particles wrapped with a Co-based organic framework (ZIF-

67) can impart a population density for the SA Co as high as
≈15.3%.122 Recently, amino-functionalized carbon quantum
dots coordinated with Ir atoms were found to achieve a metal
density up to 40 wt %, which is the highest recorded metal
density for SACs.123 In contrast to water-soluble templates that
can only work for the solid phase synthesis, other hard
templates such as SiO2, Al2O3 and LDHs provide an
opportunity to react with a precursor in solution and high
temperature followed by etching of template.124 Even MOFs
assisted synthesis also suffers from the problem of agglomer-
ation and requires postacid treatment. Therefore, choosing an
appropriate ligand that can stabilize the SA species during the
annealing step is vital to getting atomically distributed
c a t a l y s t s . W an g e t a l . s y n t h e s i z e d U iO - 6 6 ,
[Zr6O4(OH)4(BDC)6 (BDC = 1,4-benzenedicarboxylate)],
modified with NH2 (UiO-66-NH2), which can stabilize the
Ru sites and after annealing maintain the atomic dispersion.125

Apart from the density of SACs, another important feature of
N-carbon/graphene-based SACs that governs the catalytic
performance is the coordination environment. As per the DFT
calculation, pyridinic Ns coordinated SA is more stable to
more strong electronic interaction and robust coordination.
However, fabrication of SACs from carbonaceous precursor
usually attains a random distribution of pyridinic and pyrrolic
Ns. By controlling the nature of the N species, the catalytic
performance can be significantly improved. Ha et al.
demonstrated that lysozyme-modified Co-ZIF-8 selectively
forms pyridinic Ns ligated Co SAs.126 Other processes for the
synthesis of carbon confined SACs include localized thermal
treatment with laser and photochemical trapping of SAs in
freeze-dried precursor,127,128 while the gas transport approach
and solid diffusion synthesis utilized evaporation of metal
precursor at high temperature and subsequent trapping in
growing carbonaceous networks.129,130 Direct carbonizations
of CN coordinated isolated metals were also used for the
synthesis of M-Nx-C catalysts.70,131 Chemical structure
modification of carbon support with certain functional groups
followed by decoration of SAs is also employed for the SACs
fabrication.132,133 Bakandritsos et al. used highly functionalized
cyanographene for the decoration of mixed valence state Cu
SA which cooperatively catalyzes oxidative coupling of amines
with almost 99% selectivity.134 Besides these chemical routes,
physical methods such as ball milling, atomic layer deposition
(ALD),135,136 and flame spray pyrolysis (FSP)137 are also
utilized for the fabrication of SACs.138 Ball milling utilizing
high impact and localized heating to implant SA species in
support is envisioned to make SACs on a commercial scale.
However, the drawback of asymmetric size distribution,
chemical structure alteration (phase change) of support, poor
control over SA’s coordination site, and inability to use impact-
sensitive materials limits their applicability.139,140 On the other
hand, ALD provides uniform distribution of SAs with a
possibility of multiple atom decoration for the synergic
interaction.136 Unfortunately, the slow deposition rate on
limited surfaces, the requirement of specific instrumental
conditions, and the inability to control over deposition of SA
on specific sites are a few drawbacks. Similarly, FSP displayed
limited application due to agglomeration and nonuniform-
ity.137 The arc discharge method can be used for the synthesis
of SACs directly from high melting point metals to form SACs
and single atom alloys (SAAs).141 A more versatile approach
frequently used for the synthesis of SACs and SAA is galvanic
replacement (GR), which utilizes the electrochemical potential
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difference between two metals/metal ions for the deposi-
tion.142,143 In principle, when a metal ion with high reduction
potential (noble metals) meets another metal with less
reduction potential, the metal with lower reduction potential
gets oxidize followed by dissolution in solution, resulting in
reduced noble metal deposit on the surface.144 Zhang et al.
synthesized a PtCu SAA by galvanic deposition of Pt on
CuMgAl-MMO (mixed metal oxide) surface which demon-
strated a high conversion (99.6%) and selectivity (99.2%) for
the glycerol hydrogenolysis to 1,2-propanediol.145 Compared
to physical methods, electrochemical approach is compelling
due to better control over dispersion, fast synthesis, compact
electrochemical cell design, and possibility for structural and
chemical state manipulations.146 Zhang et al. displayed Ir SA
deposition on Co(OH)2 nanosheets loaded on glassy carbon
both in anodic and cathodic depositions.147 A detailed
mechanism speculated that the IrCl3 precursor was trans-
formed to IrCl3

+ and Ir(OH)6
2− during cathodic and anodic

deposition and finally reduce/oxidized at the Co(OH)2
support. Additionally, Ir SAs were also deposited on
Co0.8Fe0.2Se2 nanosheets both anodically and cathodically,
which can reach a current density of 10 mA cm−2 at 1.39 V in a
two-electrode cell. The versatility of the process was tested on
other materials and was also found to maintain similar atomic

distribution. Conclusively, the synthesis of stable, high density
SAs cooperatively working with other metal centers and
support offering a better control over the coordination
environment are the key synthetic challenges which need to
be dealt with in near future.

4. CHARACTERIZATION OF SACS
The presence of atomically distributed species on catalytic
support was deliberated back in the petrochemical industry
where catalysts prepared by WI method with a dilute
concentration of metal display high activity.148 In 2003, the
observance of unusual activity of Au NPs free CeO2 surface
with cationic Au and Pt species for water gas shift reaction
contemplated the presence of SACs.44 However, due to the
limited resolution and contrast of high-resolution transmission
electron microscopy, imaging SAs was not successful until the
development of spherical aberration correctors with better
beam alignment. For the first time, Tao Zhang confirmed the
presence of a SA entity supported on FeOx using aberration-
corrected high-angle annular dark-field imaging-scanning
transmission electron microscopy (AC-HAADF-STEM).46

The SACs characterization techniques can be broadly divided
into two subdomains: (1) imaging, which includes direct
observation of SAs, i.e., AC-HAADF-STEM and scanning

Figure 5. Various techniques employed for the characterization of SACs. (a) HADDF-STEM image of A-Ni@DG, Reprinted with permission
from ref 154. Copyright 2018 Elsevier. (b) HAADF-STEM image of Co−SMoS2, showing two bright contrast sites in the MoS2 monolayer
and (c) HAADF image simulation. Reprinted with permission from ref 155. Copyright 2017 Springer Nature. (d) Low-temperature STM
image of FeN4/GN-2.7 and (e) simulated STM image. (f) HAADF-STEM images of FeN4/GN-2.7. (g) EELS spectra of Fe and N from the
bright dots. Reprinted with permission under a Creative Commons CC BY-NC 4.0 License from ref 158. Copyright 2015 AAAS. In situ CO-
DRIFTS spectra of (h) Pt/MMO and (i) PtCu−SAA, as a function of time. Reprinted with permission under a Creative Commons CC-BY
License from ref 145. Copyright 2019 Springer Nature. (j) In situ DRIFT spectra of Ir DHCs in He flow 5, 40, and 70 min after CO
adsorption. Reprinted with permission under a Creative Commons CC-BY License from ref 160. Copyright 2018 PNAS. (k) Deconvolution
of the Ir 4f spectra for Ir−N−C-6, Ir−N−C-7, Ir−N−C-8, Ir−N−C-10, Ir−N−C-12, and Ir−N−C-15 catalysts. Reprinted with permission
from ref 123. Copyright 2021 Springer Nature. (l) Cu K-edge XANES spectra of Cu/TiO2. Reprinted with permission from ref 165.
Copyright 2019 Springer Nature. (m) R-spaced FT-EXAFS spectra of Pd1/TiO2, PdNPs/TiO2 and Pd1 + NPs/TiO2. Reprinted with
permission under a Creative Commons CC-BY License from ref 170. Copyright 2020 Springer Nature. (n) 57Fe Mössbauer spectra of the
Fe−N−C-600/700/800 samples. Reprinted with permission from ref 173. Copyright 2017 American Chemical Society.
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tunneling microscopy (STM) and (2) spectroscopic techni-
ques, which provide auxiliary evidence of their presence and
chemical environment, i.e., X-ray absorption spectroscopy
(XAS), electron energy loss spectroscopy (EELS), CO-DRIFT,
Fourier-transform infrared spectroscopy (FTIR), X-ray photo-
electron spectroscopy (XPS), energy-dispersive X-ray spec-
troscopy, and Mössbauer spectra.65,149 HAADF-STEM utilizes
an annular detector to collect scattered electrons around the
beam at a very high angle. Due to the collection of more
electrons, the signal intensity and concomitantly the image
quality are higher compared to conventional TEM dark-field
imaging using an objective aperture. Since numbers of scatter
electrons are dependent on atomic number (Z), the HAADF-
STEM can distinguish atomic number change (Z-contrast
imaging). Additionally, the electron beam passes through in
HAADF-STEM, allowing to perform EELS simultaneously.
The imaging of heavy SAs on light crystalline materials is
straightforward due to the large Z-contrast difference.
However, lighter SAs and heavy metal oxide supports (e.g.,
Fe@WO3, Co-doped WO3) pose significant challenges and can
be visualized if the lighter atoms replace the heavier atoms and
can be observed as a low contrast point.150 If both support and
SAs are in a similar atomic range, only the adsorbed SAs can be
imaged, and the rest remains indistinguishable. By measuring
the distance in the intensity profile of HAADF, it is possible to
propose atomic numbers and differentiate between two
different SAs.151 Visualization of SAs in 2D/layered materials
such as graphene and MoS2 with few layers of thickness is
much easier.121,152 It must be noted that 2D materials do not
have long-range crystallinity or periodicity (i.e., carbon), the
lattice planes of supporting materials cannot be imaged, and
the image quality remains poor due to uneven surface.153 For
example, g-C3N4 with plenty of intersheet hydrogen bonding
between heptazine unit loses crystallinity. In contrast, Zhang et
al. showed atomically dispersed Ni catalyst on defected
graphene (A-Ni@DG) (Figure 5a).154 Due to its crystalline
nature, the lattice plane in graphene was visible where N was
centered in the pyridinic N constituted Ni-N4 cavity. In
another example, Co atoms situated on Mo atop sites were
imaged and simultaneously confirmed by simulation of DFT
optimized structure (Figure 5b,c).155 The low molecular
weight materials and 2D sheets are prone to beam damage
and imaging should be performed at low acceleration voltage.
STM utilizes the quantum tunneling phenomena between the
sample and the tip, and the resulting variation in tip current is
translated into the form of an image. STM can scan the surface
of samples in 10 pm depth resolution and can provide direct
evidence of the presence of SA.156,157 STM has its challenges
such as the requirement of stable and clean surfaces, atomic/
subclustered tips for better resolution, and an oscillation-free
environment. Compared to inorganic crystalline thin films,
STM imaging on 2D materials is easy and informative. Deng et
al. displayed Fe-N4(pyridinic) units embedded in a graphene
network using STM that complied with simulated STM images
(Figure 5d,e).158 Further, EELS spectroscopy, which collects
secondary electrons from the materials, can give information
about the chemical environment and oxidation state. The
EELS spectrum of bright spots and nearby areas in STEM
images displayed Fe L edge and C K edge energy loss signals,
validating the Fe species surrounded by N atoms (Figure 5f,g).
DRIFTS spectroscopy in the presence of CO as a probe
expands the indirect evidence of SA sites as CO binds
differently in SACs compared to nanoparticulate materials.159

Usually, linear single-site binding of CO is preferred on SA
sites due to the unavailability of the adjacent site, while NPs
prefer bridging CO adsorption along with a small fraction of
linear bonding. For example, DRIFTS of Pt NPs displayed
vibration bands of both Pt-CO(linear) and Pt2-CO (bridged),
while only one vibrational band was observed for atomically
dispersed Pt SA on Cu as SAA catalyst (Figure 5h,i).145 Linear
coordination of two CO molecules on the same atom is also
possible; however, it does not introduce bridged binding in the
system due to the separation of metal centers. This idea is
useful to differentiate DSACs that have a bridging atom as a
spacer (prefer linear binding) and DSACs without a spacer
element, which shows both linear and bridging binding (Figure
5j).160 XPS allows determination of oxidation state change of
SAs and comparison with metal NPs which can be used for the
optimized synthesis/reaction temperature and identification of
SAs agglomeration at a particular concentration/temper-
ature.161 Usually, SA exists in ionic form in supporting
materials which permits them to form stable bonding with
support via covalent metal−support interaction. At higher
metal concentration or during the reaction, SAs tend to
agglomerate, and the resulting metallic species exists in a
zerovalent state. For instance, Xia et al. showed Ir-N-C
catalysts with Ir in a +4 state and a maximum ∼3.84 at%
loading can be achieved, after that the metallic species Pt0 due
to the formation of NPs emerges (Figure 5k).123

XAS including X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure
(EXAFS) is the most powerful tool for the characterization
of SACs which provide information on valence state,
coordination environments and bonding pattern.162,163

XANES originated from the excitation of core electrons to
the higher energy unfilled molecular orbitals and continuum
resonances which provide information about the oxidation
state and coordination geometry. The XANES spectra in
comparison with standards are used as a fingerprint to provide
the valence state. Roughly, the absorption edge shifted by ∼2
eV with each oxidation state change.164 For example, XANES
spectra of Cu SA on TiO2 were compared with standard Cu
samples which display the edge overlapped with CuO showing
a 2+ oxidation state (Figure 5l).165 The careful evaluation of
pre-edge region shape and intensity can provide significant
information about electronic structure and coordination
geometry. For example, the 1s → 3d transition is forbidden
in symmetric octahedron coordination, while slight distortion
from this geometry increases the 1s → 3d transition, leading to
an increased pre-edge intensity. We refer the reader to the
reference materials for an in-depth understanding of the
topic.164,166−169 EXAFS arises from the electronic excitation of
an element in a continuum and when the resulting electron
wave interacts with nearby atoms, and it provides information
about the coordination and bond length. For SACs, the
absence of M-M peak confirms SA identity, while in
comparison with other models/standard materials, the bonding
pattern can be determined. For example, in Figure 5m, the
Pd1/TiO2 shows only one peak corresponding to Pd−O
bonding, while peaks for Pd−O−Pd (in PdO NPs) and Pd−
Pd (Pd metal) were absent, validating the existence of SA.170
57Fe Mössbauer spectroscopy with high sensitivity and spectral
resolution is a powerful technique which can differentiate
between various Fe species and provide insight of coordination
and electronic state.171,172 For instance, 57Fe Mössbauer
spectra of Fe-N-C samples prepared at different annealing

ACS Nano www.acsnano.org Review

https://doi.org/10.1021/acsnano.2c02464
ACS Nano XXXX, XXX, XXX−XXX

J

www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c02464?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


temperatures display the absence of sextet and singlet peaks at
600 and 700 °C, while one sextet and one singlet were present
for the Fe-N-C 800 °C sample, suggesting the transformation
of SA cationic species to Fe0 NPs (Figure 5n).173

Besides ex situ characterizations of SACs, in situ/operando
characterizations are also covered to develop a better
understanding of the active sites, structural change, coordina-
tion behaviors, and electronic transitions which help to
elucidate mechanism and reaction kinetics.174,175 In situ
characterization of SACs also helps to build models for
theoretical studies which provide a roadmap for developing
robust and active catalytic systems. The elementary tools
frequently used for the characterization of SACs during the
reaction are UV−vis, DRIFT (with probe or reactant), and
Raman. Though UV−vis, DRIFT, and Raman do not provide
direct evidence of coordination/electronic change, they are
useful to understand the electronic transition and functional
groups ligation/detachment during the reaction. For example,
Zhang et al. employed synchronous illumination diffuse
reflectance Fourier transform infrared spectroscopy to under-
stand the vibrational feature of Pt-C3N4 SACs.

176 Under dark
conditions, Pt2+ remained coordinated to N atoms in the
heptazine cavity; however, under illumination conditions, the
Pt−N bond cleaves due to the transfer of electrons from C3N4
to Pt2+ which results in increased signal intensity of C−N
heterocycle. In situ XPS provides more tangible information on
valence state change, charge transfer, and even the bonding
state of SAs during the reaction. Nguyen et al. used in situ AP-
XPS studies to know the chemical state of bimetallic Pt1Com
SACs during the catalytic hydrogenation of NO with H2 at
various temperatures.177 As per their observation, the most

active catalysts deposited on reduced Co3O4 (0.1 at% Pt/
Co3O4, 0.5 at% Pt/Co3O4) via Pt−O−Co bonding (EXAFS)
showed no change in 317.0 eV peak at higher temperature
(300 °C), demonstrating ionic Pt species remain stable on
support, while 0.5 at% Pt/SiO2 displayed a signal correspond-
ing to Pt0 under identical conditions, suggesting a support
stabilized ionic Pt thus maintaining catalytic performance
during the reductive environment. On some occasions, in situ
XPS can reveal auxiliary information otherwise evaded in
operando XAS. For instance, Hülsey et al. found that negligible
change in the oxidation state of Rh1/NPTA was observed in
operando XAS, while the in situ XPS displayed W 4f 7/2 peak
shifted from 36.1 to 35.6 eV, probing the role of support in CO
oxidation.175 Using SI-XPS valence band (VB) spectra, Zhang
et al. also found that during irradiation, the Pt-C3N4 SAC
displayed negative shift spectra due to the transformation of
Pt2+ to Pt0 and cleavage of Pt−N bond which increases the
reduction ability of C3N4 scaffold (Figure 6a).

176 In situ TEM/
STM allows visualization of SAs during the reaction or under
thermal treatment. With the advent of environmental TEM
(ETEM), characterization of the structural evolution of SACs
under gaseous and operational conditions becomes possible.
Wei et al. investigated the transformation mechanism of Pd, Pt,
and Au-NPs (Pd-NPs@ZIF-8) to SACs above 900 °C using
ETEM, where they demonstrate sintering and atomization
coexisted during NP-to-SA transformation.178 Operando XAS
(XANES and EXAFS) is a versatile and reliable technique to
determine the geometric and electronic structures of SACs
during the reaction and probe the mechanism.179 In situ XAS
is widely used in electrochemistry to probe the mechanism of
the reaction.90,180,181 Cao et al. used operando X-ray

Figure 6. In situ physicochemical characterization of SACs. (a) XPS VB spectra of S−Pt−C3N4 under light and dark. Reprinted with
permission from ref 176. Copyright 2020 Wiley VCH. (b) Co L-edge XANES spectra of the ex situ catalyst and under the open-circuit
condition (total electron yield, TEY). (c) Operando Co K-edge XANES spectra of Co1/PCN, at different applied voltages from the open-
circuit condition to −0.1 V during HER and the XANES data of the reference standards of CoO, Co3O4, and CoOOH. (d) First-shell fitting
of EXAFS spectra of Co1/PCN sample under ex situ and open-circuit conditions and at −0.04 V vs RHE. Reprinted with permission from ref
182. Copyright 2019 Springer Nature. (e) The phase-corrected FT-EXAFS (k3-weighted) of Co−N4/C was obtained at various operando
biases. (f) The EXAFS spectrum, which was obtained under a bias of 0.6 V (vs RHE), is fitted with three different models. Reprinted with
permission under a Creative Commons CC-BY License from ref 183. Copyright 2020 Springer Nature. (g) Operando 57Fe Mossbauer
spectra for 57Fe enriched Fe-NC-S recorded at an OCV, 0.9, 0.7, 0.5 V (vs RHE), and after ORR (at 0.5 V vs RHE) in O2-saturated 1 M KOH
at room temperature. The green, blue, and red doublets are assigned to LS FeIIN4/O2−FeIIN5, MS FeIIN4, and HS FeIIN5/O2−FeIIN4,
respectively. Reprinted with permission from ref 184. Copyright 2020 Elsevier.
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spectroscopy to unveil the nature of the Co active site in Co1−
N4 sites embedded phosphorized CN (Co1/PCN) SACs under
HER conditions.182 Soft XAS analysis of Co1/PCN on Co L-
edge displayed an increased peak intensity and higher energy
peak shift (∼0.2 eV) at OCV and applied bias, suggesting an
increased valence state due to the O/OH adsorption lowering
the electron density on Co 3d state (Figure 6b). Operando
XANES spectra of Co1/PCN at the Co K-edge at an open-
circuit voltage (OCV) were shifted toward a higher energy by
∼0.6 eV at the cathodic potentials (−0.04 and −0.1 V vs
RHE), exhibiting an increase in valence state during applied
potential (Figure 6c). By fitting XANES of pristine catalysts
and catalysts under the applied bias of −0.04 V, they calculated
that the oxidation state of Co was changed from +2.02 to
+2.40. Furthermore, k3-weighted EXAFS spectra for Co1/PCN
displayed a low-R shift from 1.63 to 1.56 Å for Co−O/N peaks
(Figure 6d). The fitting of EXAFS displayed four Co−N
coordination for the ex situ sample, which changed to two-fold
Co−N coordination (R = 2.01 Å) plus one Co−O
coordination (R = 2.08 Å) under OCV, demonstrating
adsorption of oxo-group from the electrolyte. Under applied
bias during HER, an additional Co−O coordination appeared
implying adsorption of a water molecule in the Volmer step. In
another study, Lien et al. investigated the coordination
environment of a biomimetic Co−Nx/C catalysts (pyrolyzed
vitamin B12) using operando EXAFS during oxygen reduction
reaction (ORR) (Figure 6e,f).183 Based on operando EXAFS
analysis under applied bias followed by fitting, the authors
proposed that five (Co−N4-1O2) and six (Co−N4-2O2)
coordinated species dominated during the OCV and applied

voltage (0.6 V vs RHE) conditions. In situ Mössbauer
spectroscopy is a highly sensitive technique to elucidate the
oxidation electron spin configuration and coordination
environment which can identify the SACs intermediate state
and probe the reaction mechanism. Li et al. studied the local
chemical environment change of a series of Fe graphenic
catalysts (Fe-ZIF, Fe-ZIF-S, and Fe-NC-S) during the ORR
(Figure 6g).184 The measurement of the isomer shift (IS) and
quadrupole splitting (QS) demonstrates the decreased D3
content and an increase in the relative D1 content, due to the
adsorption of O2 on the D3 site resulting in the formation of
O2−FeIIN5 intermediate. Furthermore, the IS shift from 0.77
to 0.39 mm s−1 depicts an overlap between the Fe 3d orbital
and O antibonding π* orbitals, resulting into shortened Fe−N
bond lengths and movement of Fe2+ inside the N−FeIIN4 plane
in O2

−−FeIIN5. Other in situ approaches sporadically used to
investigate SACs reaction mechanism are in situ EPR, mass
spectrometry, SERS, and in situ NMR.149,185

5. SACS SUPPORTED ON MICRO/MESOPOROUS
SILICA (ZSM-5)

5.1. Transition-Metal SACs on Micro/Mesoporous
Silica (ZSM-5). When SA are supported on the oxide support,
SA can coordinate with surface oxygen moieties to form the
M1-Ox entity. These M1-Ox entities due to differential
electronegativity exhibit polarization and displayed Lewis
acidity and basicity, respectively. These localized electrostatic
fields on polarized catalysts’ counterparts can induce electro-
static CH3

δ−-Hδ+ polarization of methane, weakening the C−H
bond followed by homolytic dissociation. Based on DFT

Figure 7. (a) Chemical structure of various copper-oxo active species (i) bent mono-(μ-oxo)dicupric site, [Cu2O]2+,85 (ii) trinuclear copper
oxygen clusters [Cu3(μ-O)3]

2+,84 (iii) [CuIIOH]+,219 and (iv) bis(dihydroxy)dicopper.219 Reprinted with permission under a Creative
Commons CC-BY 3.0 License from ref 188. Copyright 2020 Royal Society of Chemistry. (b) Reaction scheme for partial CH4 oxidation to
CH3OH for 8MR-[CuOH]+ active site in Cu-CHA. (c) Free energy diagram for partial CH4 oxidation to CH3OH for the 8MR-[CuOH]+

active site in Cu-CHA. The direct insertion of CH3 radical into Cu-H2O has a barrier of 175 kJ/mol and is unfavorable (red curve). Z2Cu
(Hb) refers to the addition of a Brønsted hydrogen to an adjacent 2Al/Cu(II) site (Z2Cu). Reprinted with permission from ref 218.
Copyright 2016 American Chemical Society. (d) Calculated reaction profiles and the corresponding intermediates of the anaerobic oxidation
of methane to methanol for the CuMOR systems based on copper monomers (red lines) and dimers (blue lines). Reprinted with permission
from ref 219. Copyright 2018 Wiley-VCH.
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calculations, Gao et al. studied SACs with different metal
centers (Pd, Pt, Ni, Rh) supported on Al2O3 to screen the best
catalysts to promote catalytic oxidation of CH4.

186 Their
observation suggests that the Ni atom with d9 configuration
can make stable bonding with methane and lowers the
activation energy for further transformation. They also found
that O-terminated Al2O3 (0001) has a strong coupling with the
metal (0.23 eV for Ni). Indeed, Pt and Ni have been found to
display higher catalytic performance experimentally; however,
strong binding also promotes deep dehydrogenation and
overoxidation of the product.157 Compared to other metals,
Cu-based catalysts have higher activation energies to cleave the
C−H bond. However, resistance to deep dehydrogenation/
overoxidation makes them a suitable choice to fabricate a SAC.
Among the various materials investigated for CH4 oxidation,
alumino-silicates-based zeolites secured the top position due to
their well-defined porous structure which can provide a specific
coordination site to host metals (iron, Cu etc.) imitating
natural enzymatic systems. Many elements such as W, Mo, Re,
Cr, Fe, etc. on zeolites either in nanoparticulate form or
dispersed monodiatomic species in cages forming hypervalent
state with oxygen has been reported for CH4OR.

187 Since the
first report on the Cu entrapped zeolite for the CH4 oxidation
to CH3OH, numerous zeolite-based systems have been
developed demonstrating superior CH4OR performance.83 A
detailed account of Cu-based CH4OR catalysts hosted in
various zeolitic frameworks, their catalytic activity, and
mechanism is beautifully summarized by a review article by
Newton et al.188 Various Cu exchanged zeolitic frameworks
such as MOR, CHA, ZSM-5, and MAZ, etc. have been
demonstrated for CH4OR.

189 The zeolite cavity size is crucial
in determining the activity and even selectivity of such systems.
Usually, it is believed that for the product formation, the ring
size must be higher than six. The Cu species in zeolites can be
present in either monomeric (mono(μ-oxo)) and dimeric form
(bis μ-oxo dicopper) (Figure 7a). Initial investigation on Cu-
ZSM-5 coupled using EXAFS, XANES, IR, and DFT
demonstrates that bis(μ-oxo)dicopper was present in the
ZSM framework which goes in a reductive-oxidation (CuI···CuI

→ Cu2
+-O2-Cu

2+) catalytic cycle during the oxidation of
NO.190 Unlike iron and other transition-metal-based catalysts
which can form high valent MO species, Cu undergoes a
CuII/CuI cycles during CH4OR on zeolite support. However,
formation of high valent CuIIIO species has also been
proposed in synthetics and natural enzymatic systems.191,192

Yoshizawa et al. based on DFT proposed a mechanism for
methane hydroxylation in MMO involving a CuIII−oxo
reactive species.193 Similarly, [Cu3(μ-O)3]

2+, di(μ-oxo)-
CuIICuIII, (μ-oxo)(μ-hydroxo)CuIICuIII, and CuIII−O-CuIII

species with high-valent CuIII have been identified to involve
in CH4OR.

194−196 Other studies using Cu for catalytic C−C/
C−X (X: heteroatoms) bond formation/oxidation also
speculate that CuI/CuIII redox cycles might be possible
where a hypervalent CuIIIO species is formed which by
reductive elimination finally produces an initial CuI

state.197−200 Such a mechanism is also reported for computa-
tional studies of monooxygenase enzymatic systems.201,202

However, isolation of CuIII complexes and CuIII species on
support/matrix is reported by many.203 For example, Elias et
al. demonstrated the synthesis of aliovalent Cu2+ and Cu3+ on a
ceria matrix which can catalyze CO oxidation.204 However, due
to the lack of evidence, the involvement of hypervalent Cu in
CH4OR is debatable. DiMucci et al. carried out XAS and DFT

studies on various CuIII metal catalysts and demonstrated that
metal−ligand bonding in high-valent d8 CuIII species is
extremely covalent due to the inverted ligand field.205 Cu K-
edge and L2,3-edge display no signature features for the CuIII

oxidation state, thus indicating ligand involvement in catalysis
rather than high-valent CuIII. Narsimhan et al. reported Cu
dimeric centers in Cu-exchanged mordenite (Cu-MOR) can
promote CH4 oxidation to CH3OH using CO as an oxidant.206

Experimental mechanism evaluations using MAS NMR, EPR,
and UV−vis demonstrate the formation of CH3O groups on
Cu centers which can be migrated to Bronsted acid sites where
carbonylation takes place. Interestingly, the exchange of acidic
sites with Na in Cu-NaMOR significantly reduces the C2 yield.
The Si/Al ratio greatly influences the yield of the product
discussed at the end of this section. Even in some cases,
trimeric ([Cu3(μ-O)3]

2+) was reported as an active center
(Figure 7a).84 For example, based on DFT calculations, Li et
al. found that trinuclear oxygenated [Cu3(μ-O)3]

2+ clusters are
preferentially stabilized in the ZSM framework and in contrast
to dimeric species provide a lower energy direct conversion
path for CH4 conversion.207 However, which one is the real
catalytic center is highly debatable.84 Numerous reports on
zeolite-supported copper catalysts show extremely high
selectivity of methanol using O2 or H2O oxidants due to the
involvement of the Cu2+−Cu+−Cu2+ cycle.208−210 Sushkevich
et al. demonstrated that copper-exchanged mordenite zeolite
(CuMOR) with Cu−O−Cu core can convert CH4 to CH3OH
using water as a soft oxidant reaching a yield of 0.204
molCH3OH/molCu in the zeolite with associated selectivity of
97%.211 Reaction with isotopically labeled H2

18O suggests
oxygen exchange to Cu sites, while XANES demonstrates the
formation of CuI sites and back oxidation to CuII by water.
Time-resolved in situ FTIR spectroscopy using pyridine as
probe molecule suggests C−H bond cleavage coincides with
methoxy and Brønsted acid site formation. However,
considering the thermodynamics limitation, Periana debated
the role of water as an oxidant.212

Monomeric and dimeric Cu stabilization has been reported
in both large and small membered ring zeolites; however,
zeolites with small pore/cage such as CHA-type zeolites (Cu-
SSZ-13 and Cu-SAPO-34) are found to produce CH3OH
selectively. Dinh et al. using in situ XAS reported the formation
of [Cu−O−Cu]2+ moieties in SSZ-13 zeolites via proton-aided
diffusion of hydrated Cu ions which promotes CH4OR to
CH3OH oxidation.213 The Cu loadings (Cu/cage < 0.3) and
high Al content (Si/Al > 30) were crucial to forming [Cu−O−
Cu]2+ species while avoiding CuxOy nanoclusters formation. A
recent study on Cu-BEA zeolites with D2O as isotopic tracer
demonstrates that H2O can build a high-speed proton transfer
bridge between the generated moieties of CH3

− and OH− over
the evolved mono(μ-oxo) dicopper ([Cu−O−Cu]2+) active
site, resulting in improved selectivity/activity.214 Monomeric
copper species have been also found to be active/selective for
CH4OR. In a recent work, Sun et al. showed particulate-MMO
(pMMO) mimicked Cu−CHA zeolite can achieve an
astonishing methanol space-time yield of 543 mmol/molCu/
h with selectivity up to 91%. The in situ FTIR and UV−vis
spectroscopy demonstrates the transformation of Cu2+ to Cu+

and the active role of water and O2 in the replenishing of
catalytic centers.215 They also demonstrated that both mono
and dimeric Cu were active in CH4 activation. However,
Sushkevich compared the activity of mono and dimeric centers
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based on kinetic and spectroscopic studies and demonstrated
that monomeric species were relatively slow for CH4
oxidation.216 Motoki et al. demonstrated that Cu-containing
SSZ-13 as CHA-type zeolite catalysts (Cu-CHA) can afford
direct CH3OH formation from CH4 oxidation with almost
100% selectivity.217 To elucidate the selective origin of
CH3OH in small-cage size zeolites, Kulkarni et al. based on
DFT calculations suggest that monocopper ([CuIIOH]+)
species in Cu-exchanged SSZ-13 zeolite’s eight-membered
ring (8MR) can provide an alternative route for methane
oxidation compared to [Cu−O−Cu]2+ sites.218 Three possible
Cu species are identified [CuOO]+, [CuO]+, and [CuOH]+,
and the energy barrier for C−H activation was found to be
155, 49, and 110 kJ/mol for [CuOO]+, [CuO]+, and
[CuOH]+, respectively. Due to a high-energy barrier,
[CuOO]+ was excluded. Compared to 6MR−Cu−H2O, the
8MR−Cu−H2O was found to be more stable. For a high
temperature and water partial pressure, [CuOH]+ was found to
remain as a major contributor (<11%) and CuO exists in a
negligible amount. Due to the low-energy barrier, CH4 binds
with [CuOH]+ yielding Cu−H2O and a •CH3 radical (Figure
7b,c). The possibility of direct insertion of CH3 radical in Cu
bonded H2O molecule can be excluded due to the high
activation energy barrier (75 kJ/mol). However, the addition
of the CH3 radical to the same Cu atom is energetically
favorable due to the negligible barrier for the [Cu−H2O−
CH3]

+ species. The formed [Cu−H2O−CH3]
+ cannot be

directly converted to CH3OH due to the higher-energy barrier
and remains attached to the 8MR framework. Considering the
presence of water and addition of one water molecule
demonstrate that [Cu−2(H2O)−CH3]

+ became mobile and
diffuses in zeolite framework after detaching from zeolite, the
observed phenomenon is consistent with geometry optimiza-
tions, which show [Cu−2(H2O)−CH3]

+ species is ∼22.6 kJ/
mol more favorable compared to species bound with zeolite

framework. Finally, a proton abstraction from mobile Cu-
hydrated species by adjacent Cu site yields methanol. Further,
they evaluated the Si/Al ratio and found that at Si/Al ratio of
5, the kinetics remains the same; however, the probability of
forming two “paired” Al atoms in the 6MR was increased.
Suskevich et al. also confirmed that higher Si/Al ratio favors
the formation of isolated Cu species which provide better
methanol yield per Cu (Figure 7d).219 However, sluggish water
reactivation reaction reduces stability and regeneration by
releasing molecular hydrogen. On the other hand, samples with
lower Si/Al ratio with dimeric and oligomeric Cu species favor
an energetically less costly release of hydrogen. CH4-TPD with
in situ XANES demonstrates that Cu-MOR samples with low
Si/Al ratio reduces at 400 K, while CuMOR(46) with high Si/
Al ratio demonstrates a gradual reduction up to a temperature
of 600 K, suggesting monomeric Cu species were less active
toward methane. Further, methane-reacted samples after
anaerobic oxidation show generation of hydrogen in contrast
to Cu monomeric samples which were active only under
aerobic (O2) condition. DFT comparison considering
stabilization of two Cu monomeric units in 12MR and one
Cu−O−Cu dimeric unit in 8MR demonstrates similar CH4
activation steps in both monomers and the dimer, while higher
stabilization of the methoxy species was achieved for
monomeric species (214 kJ mol−1 vs 134 kJ mol−1 for the
dimer). Despite favorable stabilization, the presence of more
hydrogen bonds and larger distance between two Cu makes
the process energy intensive. The addition of three extra water
molecules to stabilize the structural model exhibited the release
of hydrogen possessing higher free energy for monomeric
species, while the corresponding energy profile for dimers
decreased possibly due to the formation of a very stable
bis(dihydroxy)dicopper sites. For the dimer, the stabilization
after release was much easier, suggesting better regeneration
compared to monomers.

Figure 8. Chemical state and coordination information on Cu1/ZSM-5 SAC. (a) EPR of 1.5 Cu/ZSM-5, fresh and used Cu1/ZSM-5 SACs.
(b) k2-weighted μ(k) function of EXAFS spectra. (c) Copper K edge XANES spectra. Inset: pre-edge region of XANES. (d) EXAFS fitting
curve for Cu1/ZSM-5 SAC. Inset: the proposed coordination environment of the Cu1−O4 entity. Catalytic performances of Cu/ZSM-5
samples for direct methane oxidation (DOM). Productivity of DOM on pure H-ZSM-5, Cu1/ZSM-5 SAC, and 1.5Cu/ZSM-5 at (e) 50 °C
and (f) 70 °C. (g) Product distribution and selectivity of DOM on Cu1/ZSM-5 SAC and pure H-ZSM-5 at 70 °C (d). Reaction conditions: 28
mg catalysts dispersed in 10 mL of 0.51 M H2O2 aqueous solution, 30 bar CH4 for 30 min. Calculated activation free energies ΔG≠ of C−H
bond breaking of CH4 and CH3OH. For each free energy barrier, ΔH≠, TΔS≠, ΔGsol

≠ denote the enthalpy, entropy, and solvation free energy
contribution to the free energy barrier. ΔGsol

≠ was calculated with reference to 1 mol/L CH3OH solution, corresponding to the partial
pressure of gaseous CH3OH of 0.01 bar. Δμ corresponds to the pressure and concentration influence on the free energy barrier when the
reaction proceeded to 30 min at 323 K: 30 bar CH4, 100 μmol CH3OH/10 mL H2O at 323 K. Reprinted with permission from ref 222.
Copyright 2021 Elsevier.
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Considering the debatable role of mono and di-Cu species in
CH4 activation, it is essential to identify the activity of each
component. However, the study of Cu species in caged zeolite
systems is challenging. Meyet et al. synthesized isolated CuII

sites by thermolysis of monomeric CuII siloxide molecular
precursor [Cu(OSi(OtBu)3)2(TMEDA)] on Al support which
also provides a similar Si/Al coordination environment as
present in zeolite frameworks.220 Similarly, an oxygen-bridged
dimeric Cu was also prepared for the comparison. The isolated
mononuclear species demonstrated superior reactivity for
CH4OR yielding CH3OH with >80% selectivity. XAS confirms
the presence of Cu in the 2+ oxidation state, which was further
validated by UV−vis absorption band at 900 nm due to the d−
d transition of d9 CuII species. The EXAFS spectra show the
first-shell peak with an average of three oxygens, while the
second shell peak can be fitted for one atom (Si/Al). A similar
pattern was observed for dimeric Cu species. The catalytic
performance evaluation yielded 11% CH3OH per/Cu, which
corresponds to 22% of such sites for the two-electron process.
In-situ XAS demonstrates that 27% of the total CuII was
reduced to CuI consistent with the 22% number obtained from
CH4 yield. Additionally, in situ EPR spectra demonstrate a
decrease in signal intensity and 23% of CuII becomes EPR-
silent due to the reduction of CuII to CuI which excludes the
formation of antiferromagnetically coupled bridged μ-oxo Cu
dimer and Cu oxide clusters. These observations suggested
that dimeric/trimeric species and the presence of crystalline
metal are not the ultimate necessity for the CH4OR. XAS
(XANES and EXAFS) is a widely used technique to
characterize Cu-based zeolites; however, the identification of
CuII-bis-μ-oxo and CuII-mono-μ-oxo sites, trimers Cu3O3

2+,

and CuOH remains challenging due to similar first- and
second-shell scattering and an almost identical Si/Al environ-
ment.221 They demonstrated with careful measurement that
the long k-range at cryogenic temperatures can improve the
quality of fitting, while WT allows discrimination between
various species. Inspired by these findings, Tang et al.
synthesized a Cu isolated SA decorated H-ZSM-5 (SiO2/
Al2O3 = 25) catalysts possessing Cu1-O4 entities.222 EPR
spectra of Cu1/ZSM-5 demonstrate a quartet EPR fine
structure, suggesting signals were not uninterrupted by
neighboring Cu atoms evidencing the presence of isolated
centers (Figure 8a). The EXAFS spectra of Cu1/ZSM-5
displayed a signal at 1.46 Å and peaks corresponding to Cu−
Cu and Cu−O−Cu were absent, validating the atomic
distribution of the copper on the surface of ZSM-5 (Figure
8b). XANES analysis shows peaks at 8977 eV due to 1s to 3d
transition, while the shoulder peak for CuO at 8986 eV due to
1s to 4pz transition was absent, suggesting bivalent Cu in
planar geometry coordinated to 4 O atoms (Figure 8c,d). The
yield of total oxygenates using Cu1/ZSM-5 was 4800 μmol
gcat

−1 (75% methanol selectivity) within 30 min compared to
680 μmol gcat

−1 in 30 min for the H-ZSM-5 (Figure 8e). When
the temperature was increased from 50 to 70 °C, the yield of
C1 oxygenates was increased to 12000 μmol gcat

−1 within 30
min, though the methanol selectivity was significantly
decreased and formic acid was almost equally dominated
product (Figure 8f,g). Generally, Fe impurities are present in
commercial ZSM-5 which might be involved in enhanced
activity due to synergistic Cu−Fe promoted reactions. To
confirm the activity arose due to Cu sites, Fe free ZSM-5
decorated with Cu was investigated which demonstrated

Figure 9. Effect of different Fe species on CH4 oxidation activity. (a) 57Fe Mössbauer spectra of the Fe/ZSM-5 zeolites with different Fe
loadings obtained at ambient temperature. (b) The relative proportion of different Fe species in different Fe/ZSM-5 zeolites with the
apparent TORs of five Fe/ZSM-5 zeolites. (c) TOR values of various Fe/ZSM-5 catalysts with different Fe content. (Reaction conditions: T
= 50 °C, PCH4 = 30 bar, 0.5 M H2O2 aqueous solution, catalyst mass = 0.3 g, rpm = 1500, V = 80 mL, t = 30 min, the deviation bar is
determined from running three additional repeats. In situ characterization results from in situ EXAFS, in situ UV−vis DR and in situ FT-IR.
(d) In situ Fe K-edge EXAFS spectra of the 0.1% Fe/ZSM-5 at 50 °C with different treatments. (e) In situ UV−vis diffuse reflectance (DR)
spectra of the 0.1% Fe/ZSM-5 at 50 °C with different treatments (fresh: the fresh catalyst; dehydration: treated by dehydration at 300 °C;
CH4 introduction: methane introduction at 50 °C; H2O2(aq) introduction: with a few droplets of 0.5 M H2O2 aqueous solution). (f and g) In
situ FT-IR spectra of methane absorption bands in the −OH vibration region over the parent H-ZSM-5 and 0.1% Fe/ZSM-5 at 50 °C,
respectively. Reprinted with permission from ref 228. Copyright 2021 Royal Society of Chemistry.
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almost identical activity as commercial ZSM-5. DFT studies on
Cu bonded to two Si4+ and two Al3+ sites displayed C−H bond
scissoring at the Cu−O ion pair followed by interaction of
formed CH3* with H2O2 to form CH3O* and finally CH3OH.
Interestingly, the first C−H bond cleavage energy for methane
was lower than methanol due to better solvation of CH3OH,
and high translational and rotational entropy loss avoids the
reabsorption of methanol (Figure 8h).
Nature’s enzymatic transformation of methane to oxygenates

under anaerobic conditions is usually promoted by MMO
containing Fe-oxo and Cu-oxo active sites.223−226 To mimic
the natural architecture, several metal-containing zeolite
catalysts with distinct metal-oxo species have been designed
which demonstrate enzyme-like reactivity for methane
oxidation to methanol and other oxygenates.220,227 Unfortu-
nately, controlling the oxidation degree remains a challenge
and overoxidation products are usually dominated in such
reactions. Low-temperature methane oxidation under an
ambient environment has been reported in H2O2-based
heterogeneous systems, containing metal-supported zeolites
catalysts.194,227 Dinuclear Fe-oxo species were proposed as
active species based on ex situ experiments; however, the role
of mononuclear species cannot be ruled out. Since most of the
studies were in ex situ environments, it is highly debatable to
determine the exact nature of catalytic sites. To understand the
role of mononuclear iron sites, Yu et al. synthesized a series of
Fe/ZSM-5 catalysts via the WI method with different Fe
contents (0.1−2% Fe) and concomitantly different active
species (i.e., mononuclear, oligonuclear clusters and metal
oxide nanoparticles) were obtained. FE-SEM and XRD spectra
of 0.1% Fe/ZSM-5 catalyst show no nanoparticles or
diffraction peaks for iron suggesting the subnanometer size
of Fe. While few nanoparticles (10−50 nm) were visible for
high metal-containing catalysts (0.5−2.0%). UV−vis diffuse
reflectance spectra of 0.1% Fe/ZSM-5 displayed one
prominent peak at 278 nm assigned to mononuclear Fe3+

species in octahedral coordination, while 0.5% Fe/ZSM-5, 1%
Fe/ZSM-5, and 2% Fe/ZSM-5 displayed peaks at >300 nm
and >400 nm corroborated to oligomeric FexOy and Fe2O3
nanoparticles, respectively. A similar pattern was observed in
H2-TPD, where only one reduction peak was observed for
0.1% Fe/ZSM-5 at 503 °C due to monomeric Fe3+ species,
while 0.2% Fe/ZSM-5 and 0.5% Fe/ZSM-5 demonstrated a
reduction peak at 455 °C for oligomeric FexOy clusters.
Further increments in Fe content in 1% Fe/ZSM-5 and 2% Fe/
ZSM-5 lead to the evolution of three peaks at 395, 427, and
473 °C due to oligomeric FexOy and Fe2O3. AC-HAADF
images further verify the presence of monomeric species in
0.1% Fe/ZSM-5. To gain further insight into the nature of iron
species, 57Fe Mössbauer spectroscopy was employed. The 57Fe
Mössbauer spectra of 0.1% Fe/ZSM-5 demonstrated two
doublet components with an isomeric shift of IS ∼ 0.35 mm
s−1 originated from Fe3+ oxidation state and QS ∼ 0.70 mm s−1

suggesting octahedral coordination of Fe3+ species (Figure 9a).
The sextet components with IS = 0.36−0.38 mm s−1 and QS =
0.22−0.29 mm s−1 in 57Fe Mössbauer spectra of 0.5% Fe/
ZSM-5, 1% Fe/ZSM-5, and 2% Fe/ZSM-5 suggest presence of
Fe2O3 nanoparticles. As the Fe content of Fe/ZSM-5 was
increased from 0.1% to 2.0%, the monomeric Fe3+ species
decreases from 66% to 28%, respectively (Figure 9b). Using
pressurized methane (30 bar) and 0.5 M H2O2 oxidant a
turnover rate (TOR) of 66 molMeOH molFe

−1 h−1 was obtained
for 0.1% Fe/ZSM-5 catalyst which was significantly higher than

other high-concentration Fe/ZSM-5 catalysts (Figure 9c).
Based on the determined Fe species population from 57Fe
Mössbauer spectra TOR of mononuclear, dinuclear/oligomers
and Fe2O3 was found to be 91 molMeOH molFe

−1 h−1, 18
molMeOH molFe

−1 h−1, and 210 molMeOH molFe
−1 h−1,

respectively, demonstrating mononuclear Fe3+ species were
most active for the methane to methanol formation. In situ FT-
EXAFS of fresh 0.1% Fe/ZSM-5 demonstrates the main peak
components at 1.5 Å for octahedral species which after
dehydration show a Fe−O peak at ∼1.91 Å (Figure 9d). The
introduction of CH4 followed by data fitting suggests the
formation of Fe−C species providing evidence of C−H bond
activation by Fe−C interaction. In situ UV−vis spectra of 0.1%
Fe/ZSM-5 after dehydration give a band at ∼328 nm which
upon introduction of CH4 transformed into an intense band
centered at ∼350 nm, suggesting gas-phase CH4 can strongly
interact with the Fe species and induce a partial agglomeration.
Interestingly, after the addition of H2O2 aqueous solution, the
absorption band corresponding to oligomeric cluster at ∼300−
400 nm disappeared, demonstrating Fe species revert to
monomeric phase in the presence of aqueous H2O2 to activate
methane (Figure 9e). Time-resolved in situ FTIR spectra of H-
ZSM-5 and 0.1% Fe/ZSM-5 at 50 °C after absorption of
methane followed by desorption show decreased intensity of
−OH vibration at 3612 cm−1 for pristine H-ZSM-5 (−65.5%)
compared to 0.1% Fe/ZSM-5 (−5.6%), suggesting less
effective interaction between methane and ZSM-5 after
addition of Fe (Figure 9f,g). Products identification using 2D
1H−13C heteronuclear multiple quantum correlation demon-
strates crossed peaks 3.34/49, 3.85/65, 5.03/93 and 8.25/167
(1H/13C) assigned to CH3OH, CH3OOH, HOCH2OOH, and
HCOOH.
Developing strong oxidation catalysts which can break the

energy-intensive C−H bond of methane while preventing
overoxidation of product from converting to waste CO2 are
two paradoxical prerequisites for successful conversion of CH4
to oxygenates. Iron-based catalysts, due to the formation of
biomimetic hypervalent FeIVO state like sMMO and
cytochrome P450 metallozymes displayed excellent perform-
ance in methane oxidation. In a recent report, Zhang et al.
demonstrated that iron salt can promote efficient oxidation of
CH4 and HCOOH was a major product (33273.5 μmol/gcat),
while CH3OH (1972.2 μmol/gcat) was the second dominant
product.229 The FeIVO was a reactive species, and the role of
counterion was crucial, as compared to nitrate and bromide
anions, the chloride was found to significantly enhance the
performance. Many heterogeneous Fe-based zeolite supported
catalysts such as Fe-ZSM-5230−232 and Fe@MFI233 have been
reported for the CH4OR.

187 Like Cu-based zeolites, the nature
of catalytic centers remains elusive and monomeric, and
dimeric μ[Fe2(μ2-OH)2(OH)2-(H2O)2]

2+ type species have
been reported. Using in situ resonance-enhanced Raman
spectroscopy, Hammon et al. demonstrated the presence of
Fe−O(H)−Fe core and a FeIII−OOH intermediate activation
with H2O2.

234 A recent report by Wu et al. showed that Fe/
ZSM-5 possessing [Fe(III)−(μO)2−Fe(III)−(OH)2] active sites
can afford a 100% selectivity for C2 products (CH3COOH)
using CO and H2O2 as an oxidant at 30 °C.235 Theoretical
studies suggest the CH3 radical can easily react with surface
adsorbed *CO and *OH species forming CH3COOH. In
another study, a detailed DFT calculation on [(H2O)2−
Fe(III)−(μO)2−Fe(III)−(H2O)2]

2+ extra framework cluster
on ZSM zeolites displayed that three possible CH4OR
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pathways exist: (1) heterolytic and (2) homolytic methane
dissociation and (3) Fenton-type reaction involving free OH
radicals.236 Despite, the high-energy barrier of the homo/
heterolytic route compared to the Fenton reaction, these
routes are favored. CH4 and H2O2 compete for the same Fe
sites, and due to favorable oxidation of H2O2 over CH4, the
product yield remains low. On the contrary, Fang et al., based
on DFT and spectroscopic analysis, demonstrated that
monomeric species can form •OH and •OOH resulting in
the formation of CH3COOH, while dimeric species produce
CH3OH via •OH radicals.237 Yu et al. also showed, three
synthesis routes named incipient wetness impregnation (IWI),
liquid ion-exchange (IE), and solid-state ion-exchange (SSIE)
for the synthesis of Fe-ZSM-5 among which SSIE had the
highest (71%) population of monomeric species as determined
by 57Fe Mössbauer spectroscopy.238 Compared to IWI and IE
samples, the Fe/ZSM-5SSE yielded the highest CH3OH
productivity and selectivity demonstrating the direct role of
monomeric species. Like Cu-based zeolites, the Fe species

entrapped in small cage zeolites such as 6MR cavity of BEA,
CHA, FER, and MOR displayed better selectivity for
methanol. The Fe/Al ratio is also extremely important to
maintain the monomeric distribution. For example, Loberee et
al. found that Fe/Al ratios higher than 0.56 led to the
formation of FeOx species, while Fe

3+(OH−)2 species prevailed
below this ratio.239 DFT studies also verified the preferential
stabilization of monomeric Fe2+ in a six-membered ring (6MR)
of SSZ-13 zeolite with proximal Al’s which were more active
than dimeric species for partial CH4 oxidation.240 The
mononuclear species in Fe-zeolites forms square pyramidal
high-spin (S = 2) α-Fe(IV)O intermediate via O transfer
that can abstract protons from the substrate due to a
constrained coordination geometry imposed by the zeolite
lattice. Unfortunately, the catalytic oxidation of methane
remains poor due to the radical escape and absence of a
closed catalytic cycle. In natural enzymatic systems, active sites
embedded in the well-defined pocket of ligand pockets can
direct precise control over radical recombination without

Figure 10. Local environments of α-Fe(IV)O sites in *BEA and CHA. (a) Comparison of first coordination spheres, with bond lengths
from spectroscopically calibrated DFT models.241−243 (b) Comparison of α-Fe(IV)O pore environments in *BEA and CHA. Identification
of Fe(III) species after H2 and CH4 reactions with Fe-*BEA. 57Fe Mössbauer spectrum of α-Fe(IV)O in Fe-*BEA at 6 K. The blue trace
shows the Mössbauer signal from α-Fe(III)−OH; the red trace shows the Mössbauer signal from α-Fe(III)-OCH3. Comparison of reaction
coordinates for *BEA (red) and CHA (black) after H atom abstraction. The reaction coordinates for radical rebound (left) and cage escape
(right) are shown. Free energy changes (ΔG at 300 K, ΔH in parentheses) are given relative to the α-Fe(III)−OH···CH3 vdW complex
produced during H atom abstraction from CH4 by α-Fe(IV)O. The insets show how the vdW surface of an 8MR of CHA compares to that
of a 12MR of *BEA, illustrating how the constricted CHA 8MR creates a steric barrier for radical escape from the CHA active site (TS1).
Reprinted with permission from ref 244. Copyright 2021 AAAS.
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radical escaping and thus preventing the deactivation
mechanism. Similarly, controlling the size of the zeolite pore
can exert similar effects and allow better control over
reactivity/selectivity. Studies reveal that regardless of the
quite similar chemical environment of α-Fe(IV)O in
chabazite (CHA) and zeolite beta (*BEA), they displayed
different reactivity toward CH4OR.241−243 Snyder et al.
speculated that cavity size must be playing a crucial role to
decide reactivity.244 The α-Fe(IV)O sites in *BEA are
constituted of a large 12-membered ring (12MR) of SiO4
tetrahedra, while in CHA α-Fe(IV)O, it is encased in a cage-
like pore environment. Despite the similar cage dimension, the
entrance to α-Fe(IV)O sites in CHA are controlled by an
8MR. Figure 10a displays that for CHA, the maximum van der
Waals (vdW) diameter of a molecule that can freely diffuse out
of this constricted aperture is 3.7 Å, compared to 5.9 Å for
*BEA. This reveals that the diffusion of CH4, which has a
larger vdW diameter than 3.7 Å [4.1 to 4.2 Å],245 should be
hindered in CHA but not *BEA. To evaluate the effect of cage
size *BEA (Si/Al = 12.3, 0.30 wt % Fe) and CHA (Si/Al = 8.9,
0.24 wt % Fe) with monomeric Fe species, distributions were
studied by Mössbauer spectroscopy. Fresh samples displayed
almost identical signature peaks. However, after α-Fe(IV)O
sites were exposed to CH4, the Mössbauer signal for *BEA was

significantly diminished (α-Fe(II) ∼ 4%) demonstrating the
presence of randomly oxidize Fe species, while for CHA,
almost ∼37 Fe(II) were recovered after the reaction. The
product yield was almost identical for the fresh samples;
however, during the first and second cycle, the yield of CHA
was almost ∼50% and ∼40% higher than that of *BEA
(considering the ∼74% and ∼91% concentration of α-
Fe(IV)O for CHA, *BEA). The H2 treatment of α-
Fe(IV)O in *BEA followed by Mössbauer spectroscopy
demonstrated 61% α-Fe(III)−OH along with 17% signals from
relaxing α-Fe(III)−OH′ species. Resonance Raman (rR)
spectra displayed enhanced Raman vibration at 735 cm−1

assigned to α-Fe(III)−OH. After CH4 treatment, the Raman
spectra of *BEA demonstrated formation of deactivated
Fe(III)-OCH3 species by the reaction of CH3 with remote
α-Fe(IV)O sites. The Mössbauer spectra after CH4
treatment show a conversion of α-Fe(IV)O to a 1:1 mixture
of α-Fe(III)-OCH3 and α-Fe(III)−OH, while form CHA, the
contribution of α-Fe(III)−OH and α-Fe(III)-OCH3] was
∼4:3 and almost 40% α-Fe(II) species were regenerated
(Figure 10b). DFT calculation, for 12MR and 8MR channel
modeled for *BEA and CHA, showed no barrier to CH3
radical escape in *BEA. Additionally, CH3 radical can freely
react to remote α-Fe(IV)O resulting in deactivated α-

Figure 11. (a) General schematics of CH4 oxidation on Cu−Fe ZSM-5 catalysts. (b) UV−vis DR spectra of the different catalysts. (c) 57Fe
Mössbauer spectra at 298 K in air for 0.1Fe/ZSM-5228 and Cu−Fe(2/0.1)/ZSM-5 samples. (d) Cu K-edge XANES spectrum of the Cu−
Fe(2/0.1)/ZSM-5 catalyst. (e) Time-online profile for the reaction products of CH4 oxidation over the 0.1Fe/ZSM-5 and Cu−Fe(2/0.1)/
ZSM-5 catalysts. (f) EPR trapping experiment with 5,5-dimethylpyrroline-N-oxide over the Cu−Fe(2/0.1)/ZSM-5 catalyst with H2O2 as the
oxidant. (g) Proposed reaction scheme of reaction pathway for direct CH4 oxidation to CH3OH over Cu−Fe(2/0.1)/ZSM-5 using H2O2 as
the oxidant. Red, purple, gray, and white balls represent O, Fe, C, and H atoms, respectively. (h) DFT-simulated pathway on the
mononuclear Fe3+ species in zeolite ZSM-5 for the oxidation of CH4 to CH3OH using H2O2, illustrating the thermodynamic feasibility of the
proposed mechanism. Reprinted with permission from ref 255. Copyright 2021 American Chemical Society.
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Fe(III)-OCH3 and equivalent of α-Fe(III)−OH (Figure 10c).
The obtained results were consistent with finding in
Mössbauer and rR showing equal contribution of the two
components. As expected, for CHA, an energy barrier of 5.2
kcal/mol for CH3 escape was calculated. Despite the difference
in cage path, their radical rebound mechanisms were similar to
a low-energy barrier resulting in α-Fe(II) [α-Fe(II)−CH3OH].
The released ∼50 kcal/mol in this step drive desorption of
CH3OH and regenerating α-Fe(II). Due to small pore in CHA,
the CH3 radical recombines with α-Fe(III)−OH to form
CH3OH and revert the α-Fe(III)−OH site to reduced α-
Fe(II) state.
Despite high yield in some cases, the use of toxic CO and

expensive H2O2 is undesirable, and overoxidation of the
products remains a challenge. Copper species have been
reported to prevent overoxidation of the oxygenates, and
methanol is usually the dominant product. For instance,
Hutching et al. reported a Cu−Fe/ZSM-5 catalyst that can
selectively convert CH4 to CH3OH using H2O2 as an oxidant
reaching a TOR of 31 molMeOH mol−1Fe h−1 and 85%
selectivity.246 Despite the obvious observation of enhanced
oxygenates selectivity, the role of Cu species remains elusive. It
is believed that Cu species control the population of •OH
radicals impeding the further oxidation of CH3OH to formic
acid.247 Several studies have been conducted on copper
exchanged zeolites (CuMFI, CuMOR, CuFAU, CuMAZ, and
CuCHA) to know the role of copper in CH4 to CH3OH
formation.248,249 Detailed studies suggest the formation of oxo
copper monomers, dimers, bis-μ-oxo and mono-μ-oxo states
depending upon the structural topological feature, chemical
composition (Si/Al ratio), copper concentration, and nature of
counterions present on zeolite surface.250 Based on the FTIR,
DRIFT, and NMR studies on Cu exchanged zeolites, it can be
confirmed that CuII sites are reduced to CuI during the
reaction and methoxy, dimethyl ether species were bonded to
CuI and Brønsted acid sites.251 Suskevich et al. investigated the
intermediate species in detail using NMR and suggest that CH4
oxidation on activated Cu follows the formation and
stabilization of CH3OH on Brønsted acid sites, which was
also confirmed in subsequent works indicating the transfer of
methoxy from Cu sites to Brønsted acid sites.248 Compared to
copper-oxo oligomers (di/trimer), mono-μ-oxo species due to
the absence of hydrogen atoms, the reaction with methane
leads to the generation of free Brønsted acid sites and reduced
CuI, and the resulting methoxy can migrate to Brønsted acid
sites. In another study, Dyballa used 1H−13C cross-polarization
(CP) MAS NMR and 1H−13C heteronuclear correlation
(HECTOR) spectroscopy to evaluate the chemical nature of
Cu sites and methanol formation mechanism on Cu exchanged
mordenite (MOR).252 It was found that surface methoxy
groups (SMGs) were located on Brønsted sites preventing
further oxidation. H-form with plenty of Brønsted sites is more
active than Na-MOR, and activity can be further increased by
tuning the nSi/nAl while keeping alternate Cu and Brønsted
sites distribution. Despite these observations, many studies
demonstrated that Cu also promotes the •OH radicals’
generation. For instance, Sun et al. investigated the role of
Cu0, Cu+, and Cu2+ dominant species supported on silica
(Cu@SiO2-R200) for the H2O2 to •OH radicals’ generation,
which demonstrates that Cu+ species were the most active.253

In situ DRIFT using CO as a probe molecule and XANES
were used to confirm the presence of Cu+ species, while DFT
calculations suggest that adsorption energy of H2O2 on Cu2O

(Cu+) was higher compared to Cu and CuO. Another study
also demonstrates the accelerated generation of •OH radicals
on Cu/ZSM-5 catalyst in Fenton-type reactions due to Cu+/
Cu2+ catalytic cycle.254 From these speculations, it can be
anticipated that Cu species help in •OH radical generation
while at the same time stabilizing the CH4 oxidation
intermediates cooperatively with support to avoid over
oxidation of the products. Yu et al. synthesized the Cu−Fe/
ZSM-5 catalyst by varying the amount of Cu (0.1−3 wt %) to
probe the role of Cu species on the product selectivity and the
optimal concentration of Cu species require to maintain
product selectivity (Figure 11a).255 The Cu−Fe(2/0.1)/ZSM-
5 catalyst demonstrated a maximum methanol yield of 215.6
mol/molFe with an associated TOR of 431 h−1. When Fe
species were deposited on trace Fe free silicalite-1, the reaction
was still catalyzed, while Cu/silicalite-1 does not show any
activity substantiating Fe was the main catalytic species. UV−
vis spectra of Cu−Fe(2/0.1)/ZSM-5 showed two peaks for
Cu2+ (203 nm) and Fe3+/Cu+ (269 nm), while no peak for
oligomeric Fe/Cu species was observed in 300−450 nm
spectral range suggesting monomeric distribution (Figure
11b). The STEM mapping and UV−vis also demonstrate a
nominal clustering of Cu in the form of CuO as evident from
explicitly small absorption band around 600 nm. Quantitative
determination of Fe species in 0.1Fe/ZSM-5 and Cu−Fe(2/
0.1)/ZSM-5 using 57Fe Mössbauer spectroscopy displayed a
doublet with IS = 0.36 and QS = 0.69−0.70 mm/s ascribed to
the dominant monomeric Fe3+ species in an octahedral
coordination, while another doublet with IS = 0.34−0.38 and
QS = 1.47−1.55 mm/s originated from oligomeric FexOy
species (Figure 11c). Interestingly, the population of isolated
Fe3+ species for Cu−Fe(2/0.1)/ZSM-5 was increased to 71%
compared to 66% for 0.1Fe/ZSM-5. The pre-edge feature at
8977 eV in Cu K-edge XANES spectrum of Cu−Fe(2/0.1)/
ZSM-5 with intensive white line feature at 8996 eV suggests
the presence of Cu2+ species coordinated to H2O/OH ligands
(Figure 11d), while EXAFS spectra suggest four coordination
with a Cu−O distance of 1.95 Å. Fe K-edge XANES spectra
Cu−Fe(2/0.1)/ZSM-5 validate the presence of Fe3+ species.
The presence of two Fe−O shells in EXAFS with a Fe−O
distance of 1.89 and 2.05 Å with a coordination number 2 and
4 were corroborated to Fe−O−Al and Fe−OH/H2O,
respectively, evidencing the presence of monomeric Fe
complex [(HO)2−Fe(III)−(H2O)2]

+. The CH4 oxidation in
the presence of 0.1Fe/ZSM-5 catalysts mainly produces
HCOOH with a CH3OOH intermediate, while under identical
conditions, CH3OH was the main product for Cu−Fe(2/0.1)/
ZSM-5 suggesting two reaction pathways catalyzed by •OOH
and •OH species. Control experiments using CH3OOH as a
reactant and 0.1Fe/ZSM-5 and Cu−Fe(2/0.1)/ZSM-5 cata-
lysts produce only formic acid (Figure 11e). No trace of
methanol was observed, demonstrating CH3OH was not
produced from CH3OOH oxidation. Furthermore, EPR
spectra of Cu−Fe(2/0.1)/ZSM-5 displayed an increase •OH
signals intensity compared to 0.1Fe/ZSM-5, indicating that Cu
were the main species facilitating the •OH formation.
Interestingly, after the addition of CH4 in the H2O2 and
Cu−Fe(2/0.1)/ZSM-5 catalysts systems, the •OH signals
intensity were significantly decreased with increased CH3OH
yield (Figure 11f). However, no EPR signals corresponding to
•CH3 radicals were detected, demonstrating •CH3 species
were immediately captured by •OH radicals to generate
CH3OH. DFT calculation to evaluate the mechanism of
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reaction demonstrates that H2O2 replace coordinated water
from hydrated [(HO)2−Fe(III)−(H2O)2]

+ complex followed
by transfer of H+ to the adjacent − OH ligand (Figure 11g,h).
The resulting Fe−OOH bond was cleaved by adjacent
Brønsted acid sites to form hypervalent Fe(V)O species.
In the subsequent steps, the homolytic CH3−H bond cleavage
and integration of •CH3 radical and a Fe coordinated −OH
ligand take place producing CH3OH. It is worthy to note that
the introduction of Cu species in Cu−Fe(2/0.1)/ZSM-5
significantly reduced the energy barrier of the H2O2
dissociation to generate •OH radicals (0.08 eV) compared
to Cu−Fe(2/0.1)/ZSM-5, providing populated concentration
of •OH to react immediately with •CH3 radicals.
5.2. Noble Metal SACs on Micro/Mesoporous Silica

(ZSM-5). Currently, methane to methanol formation technol-
ogy relies on the conversion of methane to the syn-gas mixture
by SMR followed by conversion to methanol (FT process).
The overall thermodynamic efficiency of these reactions is just
65% and required a high operating temperature (800−1000
°C) consuming almost 25% of the natural gas feed.256 Direct
methane conversion (DMC) can solve such issues, where C−
H bond activation using benign oxidants and catalysts can be
achieved at low temperature (and even room temperature).
The earliest patent by Dowden and Walker at Imperial
Chemical utilized Fe2O3(MoO3)3 catalysts that can afford an
869 g kg−1 h−1 of methanol,257 after that several catalysts such
as V2O5/SiO2, Fe-ZSM5, etc., were introduced.258,259

Compared to gas-phase oxidation, liquid-phase oxidation of
methane is more appealing due to less complicated reactor
design, less operating cost/easy handling and better catalysts
dispersion which can achieve the higher catalytic activity.
Initial studies on C−H bond activation of methane at room
temperature, using H2SO4 and HgSO4

260 followed by using
bipyrimidyl PtII complex261 to form CH4OSO3H paved the
way to develop more efficient catalysts. Though aqueous phase
oxidation of methane to methanol was reported long back in

1969 on H2PtCl4 catalyst,262 the report by Neumann on
aqueous phase oxidation of methane to methanol under mild
aerobic conditions (50−60 °C, 0.1−0.2 MPa of O2) using
bipyrimidinylplatium-polyoxometalate (H5PV2Mo10O40) fu-
eled the DMC research.263 Later, aqueous phase oxidation of
methane to methanol was matured by the pioneering work of
Hutchings, where he developed numbers of Cu/Fe supported
ZSM catalysts. He demonstrated that like MMO, these
supported catalysts possess a μ-oxo dimeric form that facilitates
the C−H bond scissoring.246 Numerous heterogeneous
supported systems with noble and non-noble metal, metal−
organic framework (MOF), and polyoxometalate have been
developed for DMC using O2/H2O2 oxidant. Sorokin et al.
demonstrated the homogeneous iron phthalocyanine dimer (μ-
nitrido form) can afford a TON of 209 in the presence of
H2O2 oxidant.264 Even after such advancements, the DMC
faces the dilemma of high selectivity and poor recyclability in
homogeneous catalysts while easy recycling and poor catalytic
activity/selectivity of supported catalysts. Noble metal-based
catalysts are still at the top in terms of conversion rate.265 For
instance, Hutchings’s prior work on TiO2-supported Au−Pd
nanocluster catalysts demonstrated excellent activity improve-
ment for the direct conversion of methane to methanol using
H2O2 as an oxidant.266 However, in most of the bulk
nanoparticles-based supported catalysts, almost 80% of atoms
remain unexposed in bulk medium requiring high loading. For
example, the loading of Au−Pd as high as 1−5% was required
to maintain a significant oxidation rate, while the methanol
selectivity remains below 50%. Noble metal-based SACs due to
innate activity, high numbers of exposed catalytic sites, less
proneness for deactivation, and heterogenized form with high
selectivity like in homogeneous counterparts demonstrated the
potential to materialize the DMC technology.267,268 Tao’s
group demonstrated atomically dispersed Pd SA (Pd1O4 single
sites) stapled on the internal surface of ZSM-5 silica
micropores facilitates the oxidation of methane (Figure

Figure 12. (a) Yields of products of transformation of CH4 catalyzed by 0.01, 0.10, and 2.0 wt % Pd/ZSM-5 for methane partial oxidation at
50 °C. Catalytic performance of (b) 0.01 wt % Pd/ZSM-5 at 50, 70, and 95 °C and (c) 0.01 wt % Pd/ZSM-5 loaded with 2 wt % CuO at 50,
70, and 95 °C. The plotted yields of products formed on 28 mg 0.01 wt %Pd/ZSM-5 or 0.01 wt %Pd/ZSM-5 loaded with 2.0 wt %CuO are
the values after subtraction of the yields of the products formed on 28 mg ZSM-5 (without Pd sites) under the same catalytic conditions.
Reprinted with permission from ref 269. Copyright 2016 Wiley VCH.
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12).269 The singly dispersed Pd1O4/ZSM-5 was prepared using
IWI method by injecting Pd(NO3)2 solution in evacuated
ZSM-5 powder. As the concentration of Pd precursor and
method of dispersion was extremely important, a series of
samples with a Pd loading of 0.01, 0.04, and 2 wt % were
prepared for comparison. The absence of any agglomerated
particles in TEM images and absence of signals corresponding
to Pd−O in XPS/XRD spectra suggest the monatomic
distribution of Pd at low concentrations. Furthermore,
EXAFS spectra of 0.01 wt % Pd did not show any peak due
to low concentration, while 0.04 wt % Pd loading on ZSM-5
displayed a sharp peak for monatomic Pd−O species. No
metal-to-metal interaction peak (Pd−Pd bonds 2.58 Å in
metallic Pd) or Pd−O−Pd (in bulk PdO) peak was observed
which further verifies the presence of isolated Pd centers. The
determined coordination number of 4.12 ± 0.49 ensures
absence of any bent mono(μ-oxo)dipalladium structure
corroborating singly dispersed Pd1O4 coordinated species in
ZSM-5. The methane catalytic oxidation experiments using
0.01 wt % Pd/ZSM-5 at 50 °C afford 111.91 μmol total yield
of formic acid, methyl peroxide, methanol, and CO2, while the
product yield for identical concentration of Pd deposited on
SiO2 and Al2O3 nanoparticles was significantly lower.
Furthermore, the catalytic activity of 0.01 wt % Pd/ZSM-5,
0.04 wt % Pd/ZSM-5 and 2 wt % Pd/ZSM-5 was found to be
almost similar (Figure 12a). These observations suggest that
only SA Pd distinctively coordinated in ZSM-5 cavities were
able to activate C−H bond, while Pd atoms decorated outside
the cavity were completely inactive for DMC. Though,
enhanced reaction temperature (95 °C) promotes the
conversion rate, the formic acid remains a dominate product

due to the overoxidation of methanol by excess H2O2 (Figure
12b). To prevent the oxidation of the formed methanol, CuO
was used to dissociate excess H2O2 that shifted the selectivity
toward methanol formation. Under optimized reaction
conditions, using 2 wt % CuO and 0.01 wt % Pd/ZSM-5,
the methanol selectivities of 78.48, 85.46, and 86.35% were
obtained at 50, 70, and 95 °C, respectively (Figure 12c). The
maximum TOF value for 0.01 wt % Pd/ZSM-5 at 95 °C was
calculated to be 2.33 CH3OH molecules on a Pd1O4 site per
second.
Methane can not only oxidize to the same carbon number

oxygenates but can also produce high carbon number
chemicals, using suitable coupling agents. The self-coupling
of methane to ethane and other higher hydrocarbons has been
reported at a higher temperature.270,271 Direct conversion of
methane to acetic acid has attracted significant attention due to
the wide use of CH3COOH as commodity chemicals such as
vinyl acetate, acetate esters (ethylene-vinyl acetate, ethyl
acetate, etc.).272 Global CH3COOH production was 9.07
million tons in 2020 and is expected to increase up to 11.85
million tons by 2026.273 Direct acetic acid production from
methane oxidation can suppress energetics and the cost of
currently used multistep conversion methane to syngas (CO
and H2) followed by methanol and acetic acid formation via
carbonylation with CO (CH4 → CO/H2 → CH3OH + CO →
2CH3COOH). Usually, methane activation to acetic acid can
also be promoted by coupling with CO and O2 by the
following reaction: 2CH4 + 2CO + O2 → 2CH3COOH.
However, some reports demonstrated that CO species
originated via the oxidation of CH3OH can also produce
acetic acid.274 For example, Periana et al. reported concen-

Figure 13. Catalytic performance of supported Rh catalysts in the conversion of CH4 to oxygenates. (a−c) Product yields and acetic acid
selectivity for 0.5 wt % Rh-ZSM-5 with varying PO2 and reaction time (a); 0.5 wt % Rh-ZSM-5 at 2 bar O2 with varying reaction time (b);
and 0.5 wt % Rh-ZSM-5 and optimized 0.5 wt % Rh-ZSM-5 at 2 bar O2 and 3 h reaction time (c). (d) Product yields and methanol selectivity
for 0.5 wt % Rh-Na-ZSM-5 with and without Cu2+ and on 0.6 wt % rhodium/titanium dioxide, at 2 bar O2 and varying reaction time.
Reaction conditions: 20 mg catalyst, 0.5−4 bar O2, 5 bar CO, 20 bar CH4, 20 mL of water, 0.5−6 h reaction time, 150 °C reaction
temperature. (e) CO-DRIFTS spectra of 1.0 wt % Rh-ZSM-5, 0.5 wt % Rh-ZSM-5 and 0.5 wt % Rh-ZSM-5washed; an additional washing step
was applied to the latter sample before the hydrogen reduction step to remove Rh species from the external surface of the zeolite. (f) CO-
DRIFTS spectra of 0.5 wt % Rh-ZSM-5 (bottom trace) and 0.5 wt % Rh-ZSM-5 calcined in the air (top trace). Reprinted with permission
from ref 284. Copyright 2020 Springer Nature.
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trated H2SO4 and Pd salts promote methane activation to form
acetic acid and methanol (82 mM and 38 mM respectively)
with a 90% acetic acid selectivity without any external CO/
CO2.

275 Other cheaper calcium, vanadium-based catalysts have
also been used for the carbonylation/carboxylation (CO/CO2)
of methane using O2/H2O2, but the requirement of harsh acids
such as CF3COOH (TFA), K2S2O8, high pressure, and poor
product yield remains a challenge to meets large scale
production.276−279 Initial studies demonstrated Rh-based
catalysts are highly active for methane carbonylation to
CH3COOH due to the stabilization of Rh-carbonyl species
formed via CO insertion.280 However, homogeneous system
and bulk-supported nanoparticulate suffers from the drawbacks
of recycling and the requirement of high metal loading. MOFs
with more exposed catalytic centers displayed enhanced
performance for CH4 to CH3COOH conversion.281 ZSM-5
supported transition metals with a fine distribution of the metal
centers have also been investigated for CH4 oxidation. For
example, copper-exchanged mordenite (Cu-MOR) can pro-
mote oxidation carbonylation of methoxy species.282,283

Detailed mechanism studies using isotopically labeled 13CH4,
13CO, and 18O2 followed by CP MAS NMR displayed that
carbonylation reaction predominantly takes place in the 8MR
pockets of MOR. Interestingly, studies suggest that CuII−O−

CuII sites were active for the oxidation of methane to methoxy
species; however, carbonylation takes place on acid sites
located in the 8MR pockets.206 Reducing the size of metal
counterpart to atomic regime followed by decoration in
hierarchical nanoporous supports can minimize the usage of
expensive metal while ameliorating the catalytic activity due to
the tuning of coordination environment. Flytzani-Stephano-
poulos displayed that isolated Rh atoms embellished on
nanoporous ZSM-5 can promote DMC to acetic acid and
methanol with an optimized yield of 22000 and 230 μmol
g−1cat and 60−100% selectivity (Figure 13).284 The catalyst
was prepared by deposition of Rh in NH4-ZSM-5 nanopores
by IWI followed by annealing in 5% H2 at 550 °C. The
developed materials were washed several times to remove any
additional nanoparticles. The atomically distributed entities
and absence of any metal−metal clustering were confirmed by
using EXAFS. The presence of two vibration peaks at 2116 and
2049 cm−1 in DRIFTS due to the symmetrical and
asymmetrical stretching of dicarbonyl CO bonded to isolated
mononuclear RhI(CO)2 further validates the presence of SA
Rh species (Figure 13e,f). The annealing of materials under H2
and washing step after the synthesis of the catalyst were
essential as unwashed samples displayed atop CO binding
peaks at 2082 cm−1. The catalytic performance evaluation
using water suspended catalysts in pressurized CH4, CO, and

Figure 14. (a) r-space of Rh K-edge of experimental and calculated data of the k2-weighted Rh K-edge EXAFS spectra of used 0.10 wt %Rh/
ZSM-5. (b) r-space of Rh K-edge of experimental and calculated data of the k2-weighted Rh K-edge EXAFS spectra of Rh2O3 NPs supported
on Al2O3. (c) Coordination number and bond length on average of the used 0.10 wt %Rh/ZSM-5. (d) Catalytic performance of 0.10 wt %
Rh/ZSM-5. Yields of methanol, formic acid, and acetic acid in the chemical transformation of CH4 at 150 °C in aqueous solutions at
different pressures of CO (e) 50 bar CH4, 8 bar O2, and different pressure of CO at 150 °C for 1.5 h. Isotope studies for elucidating whether
acetic acid could be formed through coupling methanol with CO. (f) Two potential pathways α and β for production of acetic acid. In
pathway α, CH3OH is not an intermediate compound for formation of CH3COOH, and in pathway β, CH3OH is an intermediate compound
for formation of CH3COOH. (g) Potential catalytic products formed from 0.10 wt %Rh/ZSM-5 in the mixture of 13CH3OH and H2O in
solution under a mixture of CH4, CO, and O2 if the transformation of CH4, CO, and O2 follows pathway α, β, or both α and β. (h) NMR
spectra of the products formed from 28 mg of 0.10 wt %Rh/ZSM-5 after reaction in 10 bar CH4, 5 bar CO, and 4 bar O2 at 150 °C for 1 h;
there was no isotope-labeled methanol, 13CH3OH added to the rector before this catalysis test. (i) NMR spectra of the products formed from
28 mg of 0.10 wt %Rh/ZSM-5 after reaction in 10 bar CH4, 5 bar CO, and 4 bar O2 at 150 °C for 1 h; notably, 1.0 mmol 13CH3OH was
added to H2O before this catalysis test. Reprinted with permission under a Creative Commons CC-BY License from ref 285. Copyright 2018
Springer Nature.
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O2 was performed at different temperatures. The ideal
temperature at which the reaction start was 110 °C and the
reaction yield reached optimum at 150 °C. Further, temper-
ature increments reduce the product yield due to the
overoxidation of reaction products to CO2. High O2 pressure
(4 bar) was detrimental for the reaction, and high yield was
afforded at 2 bar O2 pressure and 6 h reaction (Figure 13a,b).
Optimized particle-free catalysts demonstrated excellent
selectivity for the acetic acid product at 0.5 bar pressure and
3 h reaction time (Figure 13c). To know the trajectory of the
reaction, isotopic labeling experiments using 13CO demon-
strate insertion of CO in Rh−CH3 to from Rh−COCH3
species. However, acidic H-ZSM-5 support was essential to
produce acetic acid and Na-ZSM-5 and TiO2 decorated Rh
SACs could not produce any acetic acid (Figure 13d).
SACs not only enhance the activity and selectivity but can

also activate specific reactions due to the undercoordinated
metal environment and ensemble effect of support. For
example, Tang et al. demonstrated that Rh1O5 supported on
ZSM-5 can promote methane oxidation to CH3COOH and
CH3OH, while Rh metal particles supported on ZSM-5 were
almost inactive for DMC.285 To achieve this goal, they
synthesized isolated Rh1O5 single sites coordinated in the inner
pore of ZSM-5 by following a similar IWI method as reported
for Pd1O4 using Brønsted acid sites containing H-ZSM-5.285

The absence of any XPS signal in 0.10 wt %Rh/ZSM-5
catalysts and the presence of Rh in ICP-AES analysis evidenced
that Rh was decorated inside the pores. EXAFS r-space
spectrum of Rh K-edge demonstrated the coordination of Rh
atom was 5.23 ± 0.52 in 0.10 wt %Rh/ZSM-5 (Figure 14a).
The absence of Rh−Rh peak in 0.10 wt %Rh/ZSM-5 excludes
the possibility of any clustering, while overlapped first shell
with Rh2O3 nanoparticles and absence of second Rh2O3 shell
peak at 2.60 Å illustrate lack of any metal oxide (Rh−O−Rh)
nanoclusters (Figure 14a,b). After peak fitting, the small peak

(α) at about 2.7 Å and β peak at 3.3 Å were assigned to Rh−
O−Al and Rh−O−Si, respectively. The EXAFS results suggest
each Rh atom was bonded with at least five oxygen atoms
(Figure 14c). The catalytic reaction at 150 °C, using a mixture
of CH4, CO, and O2 with 0.10 wt %Rh/ZSM-5 catalysts
followed by product identification using NMR gave peaks at δ
= 2.08, 8.28, and 3.33 ppm for acetic acid, formic acid, and
methanol, respectively. Enhancing the Rh concentration to
0.50 wt % in 0.5 wt %Rh/ZSM-5 does not enhance the
catalytic performance, substantiating the extra Rh outside the
pores was not active for the CH4 oxidation and does not
contribute to the reaction. Control experiments using Rh
deposited on SiO2 and Al2O3 and Rh3+ only cannot even
achieve yield in micromole decades regime. The maximum
activity using 0.10 wt %Rh/ZSM-5 was found to be 0.10
CH3COOH molecules on a Rh1O5 site per second with an
associated selectivity of ∼70% (Figure 14d). To evaluate the
role of O2 and CO in the transformation of CH4 to
CH3COOH, the reaction was performed by varying the
pressure of O2 and CO. As the O2 and CO pressure was raised,
an enhancement in the product conversion was observed.
However, a further increase in pressure drops the product
conversion due to coverage of all Rh sites with O2 and CO
(Figure 14e). These observations suggest that O2 and CO2
play a crucial role in methane transformation. Isotopic labeling
experiments using 13CO and unlabeled CH4 gave
CH3

13COOH or H13COOH as predominant products
verifying carboxylic carbon of the products came from CO.
Similarly, when 13CH4 was used as a reactant, the NMR signals
corresponding to 13CH3COOH and 13CH3OH were much
higher than contrast experiments, validating methyl groups
were originated from CH4 oxidation. The CH3COOH might
be produced either by direct coupling of CH4 with CO
(pathway α) or the oxidation of CH4 to CH3OH followed by
carbonylation (pathway β) (Figure 14f,g). To verify which

Figure 15. (a) Minimum-energy paths and reaction schematic for the formation of acetic acid from CH4, CO, and O2 on Rh1O5/ZSM-5. The
formation of acetic acid is illustrated in a catalytic cycle starting with the singly dispersed Rh1O5 site. Reprinted with permission under a
Creative Commons CC-BY License from ref 285. Copyright 2018 Springer Nature. (b) Products oxygenate (bottom) and CO2 (top)
formation rates over Rh-ZSM-5 using gaseous O2 or H2O2 as an oxidant with/without CO. In the bar graph (bottom), the left bar with light-
blue dots, the middle bar with blue stripes, and the right bar with filled red indicate methanol, formic acid, and acetic acid, respectively. (c)
Changes in total oxygenate amounts with reaction time over Rh-ZSM-5 with different Si/Al ratios of 12 (light-red circles), 20 (red circles),
45 (brown circles), and pure silica (black circles), and the C1/C2 ratios (top). (d) C−H activation with the help of surface O species over
bare or CO-coordinated Rh and subsequent oxygenate formation. Reprinted with permission from ref 287. Copyright 2022 Elsevier.
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route was followed, 13CH3OH was used as a reactant which
does not produce any 13CH3COOH or CH3

13COOH,
demonstrating β-pathway was highly improbable and CH4
activation proceeds through direct carbonylation of methane
(Figure 14h,i). DFT calculations were run on the optimized
structure by considering the EXAFS results in which three
coordination sites of Rh were bonded with oxygen atoms of
the substrate and two coordination sites were bound with an
O2 molecule (Figure 15a c1). The Rh atom binds to the ZSM-
5 network by replacing one Al site and preferred ten
membered ring channels. Isotopic labeling experiments
demonstrate, C−H bond scissoring and CO insertion to
form CH3COOH. The reaction of Rh1O5 followed by C−H
bond activation results in a transient state with methyl and
hydroxyl adsorbed on the Rh atom (c2−c4). In the subsequent
step, CO can insert into the Rh−O bond of Rh−O−H,
forming a COOH which can react with CH3 to form weakly
bonded CH3COOH (c7−c8). After desorption of
CH3COOH, the formed RhO can further activate C−H
activation of the second CH4 forming Rh coordinated CH3 and
OH (c9−c12). Again, CO insertion followed by CH3COOH
desorption and O2 activation regenerates the penta-coordi-
nated catalytic centers.
The CO-assisted CH4 transformation over Cu and Rh-based

catalysts were investigated before and most of the reports
isolate CH3COOH as a dominating product in the absence of
O2/H2O. The mechanistic detail of methane carbonylation
over zeolite support with metals has been proposed which
suggests that alcohol formed during the reaction adsorbs on
Brønsted acid sites and generates methoxy species which
reacting with CO form an acylium cation which finally gets
quenched by water to form acetic acid. Initial evidence of such
a mechanism comes from the study of Blasco where they used
in operando IR spectroscopy and in situ MAS NMR
spectroscopy to study the mechanism of CH3OH carbon-
ylation over H-mordenite.286 Other studies on Cu-exchanged
zeolites demonstrate a Koch-type carbonylation mechanism
where methoxy group formed on Cu sites migrated to
Brønsted acid sites of zeolite followed by CO insertion and
hydrolysis of the acyl group yield CH3COOH. Narsimhan et
al. showed CH4 oxidation on Cu-exchanged zeolite and MOR
zeolite which demonstrated that the Bronsted acid site in the
8MR pocket facilitates migration of methoxy group from
oxidation site to carbonylation site.206 Other transition and
noble metal-based catalysts have also been reported to yield
CH3COOH from carbonylation of CH4. For example, Moteki
et al. screened Fe, Co, Ni, Cu, Ru, Rh, Pd, Ir, and Pt modified
ZSM-5 catalysts for oxidative carbonylation of CH4, of which
Rh demonstrated the highest activity (Figure 15b−d).287 They
performed a series of experiments using CH3OH, HCOOH,
CH3COOH, and CH3CHO as a reactant in the presence of
CO and O2 to identify the course of the reaction. The CH3OH
can be oxidized to HCOOH, while CO2 was a major product.
Similarly, by using HCOOH, CO2 was observed as the sole
product demonstrating overoxidation. Considering the possi-
bility of CH3CHO formation, it was also used as a reactant that
yielded CH3COOH within a short time which was quite stable
and does not form CO2. Based on these observations, it can be
speculated that two reaction pathways exist leading to the
formation of different oxidation products. In another study,
they also investigated the importance of O2 in CO-assisted
CH4 conversion (Figure 15b). First, they introduced CO and
O2 mixture in a reactor followed by heating and removal of gas.

In the second step, the CH4 and CO were introduced and
made to react together. In this case, stochiometric CH3OH and
CH3COOH were observed as the main products. No product
was observed if only CH4 and CO were only used. These
observations suggest that RhO species were formed from
CO and O2 in the initial step by following the reaction CO +
O2 + Rh-zeolite → CO2 + ORh-zeolite. The use of H2O2 as
an oxidant with CO resulted in a comparable product as with
CO and O2, suggesting O2 is a crucial oxidant during the
reaction and H2O2 was not formed in situ via WGS reaction.
When the ratio of Si/Al was reduced to 12 and 20, the C2
product ratio was decreased suggesting acidic sites (Al sites)
facilitating C2 formation (Figure 15c). Similarly, removal of the
acidic site by titration reduces the C2 product yield but does
not completely hinder C2 products substantiating another
route for C2 product formation that exists via Rh sites. Based
on these observations, a reaction mechanism was proposed in
which CO and O2 form MO species and CH4 can bind to
this via CH3−M−OH formation (Figure 15d). This
intermediate can directly react with H2O to form CH3OH or
combine with CO to facilitate carbonylation yield CH3COOH
end product. Though, the presence of mono and diatomic
species is believed to improve the CO-assisted CH3COOH
production. However, a recent report by Qi et al.
demonstrated that Au nanoparticles supported on ZSM-5
can selectively convert CH4 to CH3OH and CH3COOH.

288

Interestingly, no other coreductant was needed, and only
oxygen can promote the reaction between 120 and 240 °C
suggesting an alternative route. These results created ambiguity
about the real active centers and oxidants and should be
further explored.
Apart from the above-mentioned noble metal catalysts, a

combination of noble metal and non-noble metal can galvanize
the performance of CH4OR catalysts. The additive effect of
CuO species on the catalytic performance of Pd/ZSM-5
catalysts has been already discussed in the previous sections.269

However, the combination of two noble metals in the presence
of Cu species in the same catalyst system is not clear. To
elucidate the effect of each component, Li et al. investigated a
trimetallic IrCuPd-ZSM-5 SACs system for the CH4OR.

289

The 1.39 wt % Ir1Cu1Pd0.1-ZSM-5 catalyst was prepared by
sequential WI approach, with an atomic ratio of Ir: Cu: Pd is
1:1:0.1. The reaction was carried out by using CO and O2 as a
source of in situ H2O2 production confirmed by titrimetric
analysis with TiOSO4. The activity of 1.0 wt % Ir-ZSM-5 (340
μmol gcat

−1) was dramatically increased by adding Pd, reaching
a C1 oxygenates yield of 2954 μmol gcat

−1 for 1.06 wt %
Ir1Pd0.1-ZSM-5. However, formic acid remains a dominating
product with a 14% selectivity for CH3OH due to the
overoxidation of CH4. Interestingly, trimetallic 1.33 wt %
Ir1Cu1Pd0.1-ZSM-5 SACs can reach an 80% selectivity with a
∼1200 μmol gcat

−1, or ∼23.4 molCH3OH molIr
−1. The in situ

DRIFT spectra in the presence of CO and CH4 depict the
formation of Ir(CO)(O) structure on SA sites during the
reaction, while atop Ir2 > CO signals remain unchanged
suggesting the direct participation of SA species in CH4
activation.
Based on the above discussions, it can be concluded that

transition metal-based Cu-zeolite catalysts are highly selective
for the CH3OH generation; however, their performance
remains poor in terms of product yield. Despite many
dedicated studies, the role of mono and dimeric sites remains
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elusive, and the presence of unsymmetric sites further raise a
concern about the exact reaction mechanism. On the other
hand, Fe-based catalysts with a hypervalent Fe(IV)O
intermediate state were found highly active but remain highly
unselective. Integrating Cu species in Fe-based catalysts to
control oxidation rate and regulating the cavity size to prevent
radical rebound are found encouraging. Noble metal
(especially Rh) on ZSM-5 delivers a higher yield and, in
some instances, can generate in situ H2O2 from H2 and O2 thus
excluding the need for external oxidants. Further, the
possibility of direct production of C2 product (CH3COOH)
using CO as an oxidant widens the scope of zeolites-based
catalysts.

6. THE ROLE OF SUPPORT: METAL SUPPORT
INTERACTION

Support plays a vital role in the stabilization of SAs via
coordination and also governs the reactivity/selectivity of

SACs. The stabilization of a metal center on support via strong
metal−support interaction (SMSI) depends highly on the
availability of coordination ligand on support and effective
orbital overlap between the metal and ligand.290 The SMSI
provides specific reactivity and prevents high-temperature
sintering of catalysts. For example, 0.5% Fe©SiO2 with an
atomic distribution of iron species stays active up to 1293 K
during the nonoxidative dehydrogenation of methane to
aromatics.291 Various approaches for the stabilization of
SACs are to bind with a surface functional group, confinement
in defects/vacancies, the substitution of support atom by a
galvanic process, etc. In defect-rich materials, SA can occupy
various defective sites such as steps, corners, and vacancies. Liu
et al. investigated the stability of Au SA on various possible
sites of CeO2 and concluded that the stability of SAs decrease
in the following order: vacancy > steps > oxygen vacancy >
perfect (defect-free) surface.42 However, it is not universal, and
various other factors such as surface reducibility, nature of
ligand and surrounding environment of the support are equally

Figure 16. (a) Chemicals structure of NiFeIr SAC. The conventional in-layer substitution of Ni4+ by Ir4+ (NiFeIr) is compared to a more
preferred single IrO6 octahedron bonded to NiFe layer in SAC configuration (NiFeIr SAC). Reprinted with permission under a Creative
Commons CC-BY-NC-ND 4.0 License from ref 298. Copyright 2021 PNAS. (b) Experimental and DFT simulated CO oxidation paths in
MvK type reaction that leads to the formation and replenishment of oxygen vacancies proposed for Pt1/FeOx,

46 Au1/FeOx,
299 Pt1/

CeO2,
300−302 Pt1/TiO2,

303 and Au1/CeO2.
304 Reprinted with permission from ref 305. Copyright 2019 Springer Nature. (c and d)

Comparison of the reaction pathways between pure and Pt/Cu SAA surfaces. The comparison shows that Pt/Cu(111) SAAs have
intermediate C−H scission barriers but beneficial Cu-like reaction energies, such that the SAA can perform C−H activation without carbon
deposition. Optimized configurations from DFT for the most stable adsorptions of CxHy species on the Pt/Cu(111) SAA surface. Reprinted
with permission from ref 157. Copyright 2018 Springer Nature. (e) Chemical structure and PDOS and charge density differences analyses of
Fe−NxCy (x = 2−4). Calculated charge density differences of OFeO on Fe−NxCy SAs/N−C catalysts. (f) The coordination effect of SA
Fe−NxCy catalytic sites on benzene oxidation. Reprinted with permission under a Creative Commons CC-BY License from ref 312.
Copyright 2019 Springer Nature. (g) DFT-calculated on-site magnetic moments of Fe atoms interacting with neighboring sites with different
dsite values (h) The dsite-dependent ΔG*OH obtained by DFT calculations. Inset: volcano plot of calculated overpotentials for the ORR against
ΔG*OH. Reprinted with permission from ref 172. Copyright 2021 Springer Nature. (i) Schematics of the compositional dependence of the
CuxRuy photocatalyst with respect to coke resistance: pure Cu, low Ru loading and high Ru loading (left to right) (j) Schematics of enhanced
selectivity and stability in photocatalysis via the DIET mechanism. Reprinted with permission from ref 322. Copyright 2020 Springer
Nature.
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important. Practically, the synthesis of SA on defect-rich sites
usually creates a mixture of SA sites distributed in various
defects states. Due to different coordination environments,
these SA sites can provide alternative reaction paths which
compromise the selectivity and/or activity.292 Thus, control-
ling the coordination environment of SA sites on the support is
very essential.293,294 The electronic interaction between SAs
and support via electronic charge transfer/redistribution can
shift the d-band electronic density and concomitantly the
Fermi level, availing more electronic states for effective
interaction to ameliorate a particular reaction (ensemble
effect).295,296 Studies demonstrated that merely changing the
support can lead to an entirely different reaction product from
using the same metal and reactant.71 Such an intriguing
phenomenon is evolved due to different coordination
interactions between the SA and support. The EXAFS and
XANES analyses usually reveal the presence of under
coordinated SAs on support which demonstrate the charge
transfer between metal and support. These under-coordinated
sites also avail coordination of specific reactants. Li et al.
demonstrated that Pt SA bonded with Co3O4 displayed
enhanced performance for H2 evolution compared to Pt
supported on CeO2 and ZrO2.

297 The increased white line
intensity in XANES and higher frequency of M-CO vibration
in DRIFT displayed decreased 5d state electrons. The
decreased 5d state suggests SMSI originated due to more
electronic charge transfer from Pt to Co3O4 support stabilizing
Pt4+ centers. The incorporation of SA on a specific site
significantly influences the chemical charge and coordination
patterns and concomitantly governs the stability and chemical
reactivity. Zheng et al. found that Ir SA stabilization on
NiFeOOH layered structure (NiFe) can accommodate two
positions: (1) a conventional in-layer substitutional doping of
Ir4+ replacing Ni4+ (NiFeIr) and (2) single IrO6 octahedron
bonded directly to the NiFe layer (atop) (Figure 16a).298 The
second configuration was found to be 28 kJ/mol more stable
than the conventional model and displayed excellent perform-
ance for the OER. Interestingly, XAS evaluated +5.3 as the
oxidation state of Ir in NiFeIr due to three OH in the
coordination sphere compared to +4 for conventional three O
bonded NiFeIr. The enhanced OER performance was
attributed to the high oxidation state, multiple oxygen bonds
at the NiFe layer, and effective interaction with the nearby
solvent. Indeed, the specific activity of SA species supported on
zeolite-based catalysts is because of the specific coordination of
SAs with Al atoms, thus, changing the Si/Al ratio widely
influences the nature of catalytic centers.
Easily reducible metal oxides such as TiO2 and CeO2 along

with moderately reducible oxides such as CoOx, MnO, NiO,
CuO, and ZnO are ideal support to pin the SAs centers.119 The
generated defect states under a reducing environment not only
provide coordination sites for SA but can also serve as reaction
centers to synergistically catalyze a specific reaction. For
instance, numerous SACs fabricated on a reducible surface
such as Pt1/FeOx,

46 Au1/FeOx,
299 Pt1/CeO2,

300−302 Pt1/
TiO2,

303 and Au1/CeO2
304 have shown specific reactivity for

the CO oxidation due to the involvement of oxygen vacancies.
The detailed mechanism supports the Mars van Krevelen
(MvK) type mechanism where support lattice oxygen can also
generate CO2.

305 In general vacancies in the vicinity of isolated
metal center adsorb O2 molecule and form Ov-SA bonded O−
O species in which CO insertion talks place to forming (O*−
O−C*O) intermediate. The release of CO leaves the metal

center and the lattice oxygen to further react with another CO
and finally produce CO2 and surface vacancies (Figure 16b).
The MvK type mechanism has also been reported for
nonoxidative coupling of CH4 to alkene and aromatics on
iron supported silica catalysts (Fe©SiO2).

306 Since, SiO2 has
less reducibility, usually carbon substituted SiO2 is believed to
promote the reaction. In gas-phase •CH3 radical generation
followed by coupling and dehydrogenation was proposed to
produce unsaturated alkene/aromatics.291 Further theoretical
investigation reveals that C−H activation proceeds via a quasi-
MvK mechanism via the formation of metal adsorbed •CH3
and C−H species followed by •CH3 migration to an adjacent
carbon. Finally, ethylene is formed by abstraction of lattice
carbon leaving a C vacancy which is regenerated by abstraction
of C from another CH4 molecule with the liberation of H2.
The classical example of metal−support interaction is
presented by Fu et al. where Pt SA stabilized on reduced
TiO2 can promote selective hydrodeoxygenation-reduction of
furfuryl alcohol to 2-methylfuran.307 The selective reduction of
the C−O bond in unsaturated aldehyde/alcohol is challenging
because nanoparticulate metal catalysts also reduced the CC
bond-forming saturated alkanes. Previous studies indicated that
O vacancies in oxide support can cleave the C−O bond via the
reverse MvK mechanism and O abstraction can fill vacant O
state. The resulting product is repelled by the oxide surface
thus preventing ring chemistry. The vacancies can be
replenished by simultaneous reduction with H2 to generate
H2O; however, there should be an equilibrium between O
vacancies filling and replenishing. The addition of noble metal
on oxides supports is found to decrease the reduction
temperature and can replenish vacancies at a lower temper-
ature. However, unselective reduction remains a challenge,
whereas SA centers on the other hand can direct selective
hydrogenation. Considering these points, it was postulated that
integration of SAs on the reducible surface can induce C−O
scissoring and replenishing of vacancies at a lower temperature
while maintaining selectivity for reduction. To validate the
hypothesis, 0.04% Pt decorated on (101) TiO2 was synthesized
which can perfom selective reduction of furfuryl alcohol to 2-
methylfuran at 160 °C, under H2.
Nevertheless, the nondefect stabilization of SA species on

the inorganic crystal is also not uncommon. The demon-
stration of high-temperature promoted evaporation of PtO2
species from bulk nanoparticles followed by deposition in the
atomic state on defect-free FeOx substrate due to strong CMSI
opens the door for nondefect stabilization of SAs.119 For
example, Liu et al. stabilized Ru SA on MgAl1.2Fe0.8O4 support
by anti-Ostwald ripening RuO2 powders at high temper-
ature.308 In recent years, SAAs containing isolated metal SA on
another metal have shown intrigued properties in the
electrocatalysis field which are believed to be due to the
generation of modulated electronic structure by orbital mixing
and Fermi level adjustment.143 The strong MSI facilitates
synergistic stabilization of intermediate species (*O2, H*, etc.)
on support and SA species that ameliorate the catalytic
properties. Besides electrocatalysis, SAA has also been
investigated for thermo/photocatalytic applications. Marcin-
kowski et al. showed that Pt/Cu SAAs can activate C−H
bonds to carry out complete oxidation without coking.157

Figure 16c,d displays the C−H activation/dissociation of *H
from intermediate species and associated transition states
which demonstrated the participation of both Pt SA and Cu
C−H bond scissoring. The calculated energy of the

ACS Nano www.acsnano.org Review

https://doi.org/10.1021/acsnano.2c02464
ACS Nano XXXX, XXX, XXX−XXX

Z

www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c02464?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


intermediates and transition state demonstrate that Pt(111)
has a low-energy barrier, however leads to coke deposition due
to the exothermic reaction coordinate. On the other hand, the
Pt/Cu(111) SAA provides intermediate energy barrier heights
compared to the two pure metals.
Compared to inorganic crystals, controlling the coordination

pattern in carbon-based M-Nx-C catalysts is relatively easy.309

The type of nitrogen that coordinates with the metal center
also regulates the charge distribution on the latter which
conversely affects the catalytic activity/selectivity. For example,
MN4 catalysts in which metal is coordinated to pyridinic Ns
have a more stable configuration than pyrrolic, thus displaying
better performance in ORR.126 Similarly, the numbers of N
atoms directly coordinated to the metal center are crucial to
attaining a specific coordination environment. Depending
upon the nature of the reaction, under N-coordinated M-Nx-
C (x < 4) can either boost or hinder the reaction. For example,
under N-coordinated, Ni-N3-C

310 and W-N2-C2
311 can boost

the CO2RR and NRR reactions. On the other hand, under N-
coordinated M-Nx-Cx catalysts were found to be less active for
oxidation reactions. Pan et al. compared various Fe-NxCy (Fe-
N4, Fe-N3C1, and FeN2C2) catalysts for oxidation of benzene
to phenol and found that Fe−N4 species were most active
while Fe-N2C2 was least active (Figure 16e,f).312 Since, the
formation of hypervalent FeO and OFeO is essential
for oxidation, the energy profile and coordination geometry of
these systems were calculated. The Fe-N2C2 shows a low-
energy intermediate (MS5′) with a −2.36 eV energy decrease
relative to the normal OFeO species resulting in the
deactivation of Fe−N2C2 by the generation of the OFeO
species. The energy barrier for mono FeO species formation
was found to be higher than OFeO, and oxidation was
expected to proceed via dioxo Fe state. Apart from the nature
of bonding, the distance between isolated atomic centers is also
important. He et al. demonstrated that density and distance
between isolated metal centers can be regulated by using
metalloporphyrin and tetraphenylporphyrin (TPP) and cata-
lysts can afford regioselective hydrogenation of terminal
alkynes.121 However, how the distance between these atoms
in graphene scaffold influence the reactivity remains elusive.
To understand, the impact of atomic distance in electro-
catalytic ORR, Jin et al. prepared a series of Fe-N4-C catalysts
with an atomic spacing of 0.5, 0.7, 0.9, 1.2, 1.9, 2.6, 3.2, 4.6,
5.2, and 7.8 nm (Figure 16g,h).172 ORR results displayed that
the intersite distance (dsite) between Fe centers with <1.2 nm
increased the ORR reaching a maximum at 0.7 nm and then
decreasing to 0.5 nm. These findings raise the question if there
is any communication between two atoms at a short distance.
To know the answer, Mössbauer spectroscopy was used which
demonstrates decreasing the intersite distance from 1.9 and 0.5
nm increases the population of high-spin Fe(III)-N4 (highly
active species for the ORR) from 56% and 63%. Further, DFT
calculations illustrated on-site magnetic moment were weak
above 1.6 nm and drastically decreased after that and were
consistent with the experimental findings (Figure 16g). The
density of state calculation also reveals that as two Fe centers
approach closer, the dz2 and adsorbate pz orbital overlap,
effectively allowing a higher degree of filling for the eg electron
which was also evident from increased free energy (ΔG*OH)
when the intersite distance was less than 1.6 nm (Figure 16h).
Besides electronic and coordination interaction, the support

can alleviate the performance due to photocatalytic charge
generation. Many examples of photoactive SACs supported on

light-responsive materials have been demonstrated for CH4OR
and various other applications which will be discussed further
in the following sections.313 The photogenerated charge in the
support can interact with the metal center, and the extent of
interaction depends upon coordination, redox behavior, and
affinity to the adsorbate. In contrast to the conventional
photocatalytic system, plasmonic photocatalysis which includes
interband electronic excitation of metal above the Fermi level
and generation of hot electrons and holes to drive photo-
catalytic reaction has gained momentum due to longer
wavelength operability.314,315 Despite significant research,
these catalysts have not reached their potential due to the
less populated concentration of charge carriers.316 Alloying bi/
trimetallic systems are envisaged to troubleshoot this problem;
however, carriers’ annihilation at interface/second metal
reduces quantum efficiency.317−319 SAA on the other hand
can overcome this barrier due to synergistic electronic
structure manipulation and extraction of charge by point
metal centers reducing bulk recombination.320,321 Regardless
of the high promise, a handful of reports are available in this
direction which should be explored in the future. In a
benchmark report, Zhou et al. synthesized a Cu−single atom
and Ru surface alloy (CuxRuy) plasmonic photocatalysts by
varying the concentration of Ru (Figure 16i,j).322 Interestingly,
compared to other plasmonic photocatalysts, surface plasmons
of earth-abundant Cu323 were utilized to activate the C−H
bond of CH4. When used for CH4 photoreforming using CO2,
the Cu19.9Ru0.2 catalysts can reach a conversion rate of ∼275
μmol CH4 g−1 s−1 almost ∼5 times higher than thermal
reforming of CH4 at 1000 K. Mechanism evaluation with
experimental findings and quantum mechanical studies
displayed that O and H can diffuse freely on Cu(111) surface
with barriers of 0.33 and 0.14 eV preventing RWGS, while,
higher Cads (2 eV) confine adsorbed C to Ru site minimizing
coking (Figure 16i). The SA Ru can capture electrons from
plasmon excited Cu(111) and bind with CH4 and CO2 which
upon C−H and C−O bond scissoring form adsorbed Cads and
Oads species. The mobile Oads can react with Ru adsorbed C
forming CO (Figure 16j).
Since the high activity and selectivity in SACs are due to

cooperative interaction between support and SAs sites, it is
imperative to choose appropriate supporting material.297,324

The SAs sites coordinate with support materials followed by
coordination via the charge transfer process which stabilizes
isolated atoms. The bond strength, coordination number, free
coordination/undercoordinated sites after stabilizations, and
nature of nearby active sites, etc., are factors that govern the
activity and selectivity.305,325 Experimental studies for CH4OR
demonstrate the significant role of support in substrate
activation to stabilization of intermediate state.326 For example,
Pd and Rh SAs supported on SiO2 were inactive for C−H
bond activation, while ZSM-5 supported SAs demonstrate
significant activity due to Al/Si coordination and Lewis acid
sites. Similarly, Rh SA stabilized on ZrO2 can divert the
product selectivity toward methanol compared to acetic acid/
formic acid in ZSM-5 supported SACs.285 Theoretical study
using DFT is a vital tool that can be implemented to predict
the nature of catalytic sites, the interaction of substrate to these
sites and neighboring acidic/basic sites. Harrath et al.
theoretically investigated CH4 activation on ZrO2 supported
Rh1, Pd1, Ir1, and Pt1 SACs using H2O2 as an oxidant.327 The
H2O2 adsorption on Rh1/ZrO2 and Pd1/ZrO2 proceeds via
homolytic dissociation of H2O2 followed by adsorption of O2
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on the surface, while Ir1/ZrO2 and Pt1/ZrO2 can just afford
molecular adsorption (Figure 17a,d). The O2 formed by
dissociative adsorption in Pd1/ZrO2 desorbs spontaneously
due to entropic contribution while Rh1/ZrO2 displayed a
robust binding. These findings suggest that Rh1/ZrO2 can
initiate selective C−H bond activation due to the adsorption of
H2O2. The formed O2Rh/ZrO2-2H can cleave the C−H bond
by proton abstraction with an associated energy barrier of 1.23
eV to generate •CH3 radical leaving hydrogenated HOO-Rh
sites (Figure 17e). In the next step, •CH3 radical reacts with
the HOO-Rh site to produce CH3OH (0.30) as a major
product compared to CH3OOH (0.67 eV). The nonradical
pathway involving *CH3 radical to form CH3OH or CH3OOH
on the HOO-Rh site was highly unfavorable due to the large
energy barrier of 2.66 or 2.16 eV. Once the first produced

CH3OH is desorbed, the second CH4 activation on ORh/
ZrO2-2H site requires only 0.60 eV activation energy for the
generation of •CH3 radical and finally producing CH3OH with
a barrier of 0.39 eV. Interestingly, the Rh site is reoxidized to
the ORh site by H2O2, instead of the O2Rh sites excluding the
probability of formation of CH3OOH. The hydrogenation of
surface support produces ZrO2-2H with surrounding hydroxyl
groups which block the formation of the O2M sites. Finally, a
different combination of metal centers was investigated which
demonstrates that Fe1 sites can block the *OCH3 formation,
thus will be the most active catalysts.

6.1. SACs Supported on CeO2. SA binds with support
materials followed by charge redistribution between support
and SAs and few undercoordinated sites remain available for
the reaction providing exceptional activity/selectivity to SACs.

Figure 17. Preferred H2O2 adsorption configurations on (a) Rh1/ZrO2, (b) Pd1/ZrO2, (c) Ir1/ZrO2, and (d) Pt1/ZrO2. Reaction network for
conversion of methane on the Rh1/ZrO2 SAC. Reprinted with permission from ref 327. Copyright 2019 American Chemical Society.

Figure 18. (a) AC-HAADF/STEM image in temperature color of the SAs Rh-CeO2 NWs. The isolated Rh atoms are marked with black
circles and the intensity profile recorded from the line in the panel. (b) The yield and selectivity of oxygenates from Rh/CeO2-com, Rh/
CeO2 NWs, and SAs Rh-CeO2 NWs. Reaction conditions: PCH4

: 0.5 MPa, H2O2: 20 mL (1 M), T: 50 °C, reaction time: 1 h, and catalyst
weight: 10 mg. In situ CH4-DRIFTS measurements on (c) SAs Rh-CeO2 NWs and (d) Rh/CeO2 NWs. (e) The real spatial contour plots for
bonding and antibonding orbitals near EF for SAs Rh-CeO2 NWs and Rh/CeO2 NWs. (f) The PDOS of SAs Rh-CeO2 NWs surface. (g) The
PDOS of Rh/CeO2 NWs surface. (h) The PDOS of CH4 adsorption on SAs Rh-CeO2 NWs surface. (i) The PDOS of CH4 adsorption on Rh/
CeO2 NWs surface. (j) Energy comparison of [O] desorption from CeO2 on SAs Rh-CeO2 NWs and Rh/CeO2 NWs. (k) The reaction energy
comparison of generating radicals. (l) Reaction paths and energy profile of DMC over SAs Rh-CeO2 NWs. (m) Reaction paths and energy
profile of DMC over the Rh/CeO2 NWs. Reprinted with permission under a Creative Commons CC-BY License from ref 331. Copyright
2020 Springer Nature.
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Using appropriate supporting materials is of utmost
importance to optimize the catalytic performance. The
coordination environment and the electronic state of SAs
can be significantly altered on different supporting materials.
The resulting configuration provides opportunities for tuning
SA sites to drive specific reactions. Sometimes, varying the
support can influence the activation energy and reaction
coordinates resulting in different product distribution and
activity. For instance, in the previous examples when Rh was
supported on Si and Al sites of ZSM-5 via O bridging (Rh−
O−Si and Rh−O−Al), acetic acid and formic acid were
dominant products. However, Kwon et al. demonstrated when
Rh SA was supported on ZrO2, methanol was the dominant
product.328 EXAFS spectra of Rh/ZrO2 SAC demonstrate CN
of Rh was 4.9 in contrast to 5.23 ± 0.52 for ZSM bounded Rh
atom. Further, XANES spectra show increased white line
intensity due to a more oxidic state. Unfortunately, the product
selectivity remains poor (∼70%) due to the differential
decomposition of methyl hydroperoxide and H2O2. CeO2 is
a better alternative supporting material because it can generate

a defect-rich state by the reduction in the H2 environment.
Sadly, the reduction of CeO2 support at elevated temperature
also promotes agglomeration and results in the deactivation of
active centers in an oxidative environment.329 Interestingly,
Nei et al. demonstrated that steam-treated (hydrothermally
aged) Pt/CeO2 catalysts can maintain atomic distribution of Pt
even at high temperature (750 °C) which was attributed to
redistribution of oxygen vacancies from the CeO2 bulk to the
CeO2(111) surface and formation of stable Olattice[H] in the
vicinity of Pt center.301 Kye et al. demonstrated the synthesis
of SA Pt supported on TiO2 (1 wt % Pt/CeO2) by WI method
which can promote CH4 oxidation using CO as an oxidant at
300 °C yielding CH3OH as the main product.330 However,
high reaction temperature and less activity/selectivity remain
challenging. To overcome the drawbacks of low catalytic
performance and selectivity of Rh-based SACs in DMC, Bai et
al. decorated Rh SA centers on the CeO2 nanowires support
using an in situ hydrothermal deposition approach.331 The
atomically dispersed Rh species were discerned via aberration-
corrected high-angle annular dark-field scanning transmission

Figure 19. Typical structures of SrBO3(100) and Pt1−SrBO3(100): (a) SrBO3(100) A-termination; (b) SrBO3(100) B-termination; (c) Pt1
on SrBO3(100) A-termination; (d) Pt1 on SrBO3(100) B-termination. Color code: O, red; Sr, green; B, gray; Pt, blue. Charge density
difference plots of Pt1−SrTiO3(100): (e) A-termination and (f) B-termination. Blue denotes depletion of electron density, while yellow
represents accumulation. Color code: O, red; Sr, green; Ti, gray. Pt1 is at the center of the charge transfer. The iso-surface value is equal to
0.0038 e Å−3. (g) Optimized geometry of CH4 adsorption on Pt1−SrBO3(100) A-termination. Color code: O, red; Sr, green; Pt, blue; C,
black; H, white; B, varies. Key bond distances are also given for the C−H bond being activated: Pt−C (left), Pt−H (lower right), and C−H
(upper right). Reprinted with permission from ref 334. Copyright 2020 Royal Society of Chemistry.
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electron microscopy (AC-HAADF/STEM) (Figure 18a). The
Rh 3d5/2 XPS peak shifting toward high energy value and
increased concentration of Ce3+ species suggest electron
transfer from Rh to CeO2 support and strong synergistic
interaction. The presence of an atomic state without any
metal−metal or metal oxide clustering was ensured by EXAFS
and XANES spectra. DRIFTS spectra using CO as a probe
(CO-DRIFT) at 50 °C displayed a broad absorption peak due
to low CO coverage and the presence of partially oxidized
states (Figure 18c,d). As the temperature was raised at 150 °C,
signature geminal dicarbonyl absorption peak (at 2101 and
2030 cm−1) for SA centers appeared, while Rh-CeO2 NWs (Rh
NPs) displayed CO bridge adsorption only attainable for the
nanoparticles. When used for the CH4OR using H2O2 as an
oxidant, the SA Rh-CeO2 NWs can afford a yield of 940.3 and
291.4 mmol gRh

−1 h−1, for CH3OH and CH3OOH,
respectively, which was a magnitude higher than control Rh-
CeO2 NWs and Rh/CeO2-com (Figure 18b). The maximum
selectivity and yield of total oxygenates reached up to 93.9%
and 1231.7 mmol gRh

−1 h−1 at 50 °C. Optimization studies
suggest, 50 °C and 1 M H2O2 concentrations were ideal while
changing CH4 pressure does not influence much the
oxygenates product yield. EPR spectra of reaction product
using DMPO trap agent demonstrate the presence of •OH,
•OOH and •CH3 peaks. The in situ DRIFTS of SAs Rh-CeO2
NWs catalysts depict the signals of C−H stretch, *OCH3,
*OH, *OH2, and *OOH, while for the Rh-CeO2 NWs
catalysts, only strong signals for CO3

2− and *CO2
δ‑ were

observed at 1589 and 1293 cm−1. CH4 temperature-
programmed surface reaction (TPSR) spectra of CeO2 does
not give any peak due to its inactivity to activate CH4, while
SAs Rh-CeO2 NWs displayed a clear peak for CH4, CO, CO2,
and H2O validating the direct role of Rh sites in the activation
of methane molecule. DFT calculated real spatial orbital
distribution of SAs Rh-CeO2 NWs displayed the concentrated
electron-rich features of SA Rh compared to Rh nanoclusters
suggesting Rh SA possesses superior reaction priority (Figure
18e). Projected density of states (PDOS) of SAs Rh@CeO2
displayed coupling between Rh-4d and Ce-4d, while strong
coupling was observed in broad Rh-4d bands and O-2p and
Ce-4f band of CeO2 (Figure 18f−i). The relatively small
distance between Rh-4d and O-2p bands on Rh/CeO2 NWs
and a strong coupling between CH4 and local O atoms lead to
the overbinding effect that increases energy barriers for the
consecutive dehydrogenation of CH4. The energy profile also
verifies the flexible coordination of the O atom with a minimal
energy barrier of 0.16 eV compared to 4.06 eV for the Rh/
CeO2 NWs. The energetics of •OH and •OOH radicals
generation were favorable for the SAs Rh@CeO2 catalysts
(Figure 18j,k). The downhill reaction coordinates for the
formation of CH3OH and CH3OOH and spontaneous
adsorption and C−H bond activation demonstrate a high
electronic activity and feasibility of the process. Interestingly,
HCOOH formation using SAs Rh@CeO2 NWs imposed a 1
eV additional energy barrier which suppresses overoxidation of
CH3OOH (Figure 18l,m).
6.2. SACs Supported on Perovskite Oxides. Most of

the SACs investigated for the CH4 activation are SAs stabilized
on metal oxides such as FeOx, Al2O3, TiO2, and CeO2 or
graphene support. However, new support materials with
tunable chemical and electronic environments can open the
path to developing new SACs with more exciting properties.
Perovskite oxide with a general formula ABO3 might provide

several A and B site combinations to manipulate SACs
properties.73,332 Indeed, perovskite oxides with various facets
and terminations have been widely explored in catalysis to
understand the structure−activity selectivity relationships.333

Wan et al. studied the Pt1 SA site on Sr-based perovskite
(SrBO3) by varying the B sites (Ti, V, Cr, Mn, Fe, Co, Ni, Cu)
to understand the mechanism of CH4 activation on various
multimetallic planes and termination.334 The SrBO3 with the
most stable 100 facets can have two terminations: (1) A-
termination exposes the SrO layer and (b) B-termination
exposes the BO2 layer. DFT calculations suggest that Pt1 on A-
termination sites settles on top of a surface oxygen atom, while,
on B-termination, it prefers to occupy a hollow site and
coordinates with four O (Figure 19a−d). The Pt1 adsorption
on SrBO3 by varying B sites shows that adsorption energies
remain unchanged for A-termination sites and increase for B-
termination sites in the order Ti < V < Cr < Mn < Fe < Co <
Ni < Cu reaching maximum for SrCuO3 (−9.22 eV). The O-
vacancy formation energy was decreased from Ti to Cu
suggesting a more reducible surface and more active surface to
strongly interact with Pt atoms. Interestingly, the Bader charge
distribution on Pt1 seated on A-termination was negative with
a minimum value for Cu, while B-termination lead to a positive
charge on the Pt atom. The calculation of surface charge
density by using SrTiO3 (100) as a model displays that Pt1
situated at A-termination sites can extract charge from
underneath O atoms as seen in Figure 19e. With Pt atom in
B-termination sites, the charge from Pt is transferred to Ti
atoms (Figure 19f). The observed effect was explainable due to
the polar surface of SrTiO3 with positively charged SrO A-
termination (+0.31 V) and negatively charged TiO2 B-
termination (−0.31 eV). The CH4 adsorption on Pt1−SrBO3
(100) B-termination was found to be physisorption while
chemisorption was mainly favored at A-termination (Figure
19g). The optimized geometry of the adsorbed CH4 exhibits
that dissociative adsorption followed for early transition metals,
i.e., SrTiO3, SrVO3, and SrCrO3, while Cu, Mn, etc., displayed
bonding with two C−H with bond elongation. The PDOS of
Pt1 on SrTiO3(100) A-termination sites show that empty 6s
and 6p states (especially pz) were just above the Fermi level
and can work as an electron acceptor to weaken the C−H
bond. However, due to the filled pz state sp states were the
prime acceptor. The absence of empty sp states was
responsible for the weak CH4 physisorption of CH3 on B-
termination sites. Based on these observations, the authors
concluded that Pt1 on SrVO3(100) was the most promising to
achieve both chemisorption and activation as Pt1 has almost
equal stability on the A and B terminations on these sites.

6.3. SACs Supported on ZrO2. Numerous noble and non-
noble metal-based catalysts have been investigated for the
oxidation of methane to oxygenates.335 Due to similarity with
bioenzymes MMO, the variable oxidation state 3d metals and
their oxides are proven to be efficient catalysts. For example, Fe
and Cu deposited on zeolites are found to promote the C−H
bond activation of methane.64,336 Apart from that, noble metal-
based catalysts especially Au/Pd-based alloy system has been
widely investigated. For example, Ab Rahim et al. found that
Au/Pd alloy can promote C−H bond activation by using H2
and O2 as in situ sources of H2O2 at 90 °C and pressurize
conditions. However, initial CH3OH selectivity remains only
19% with a maximum TOF of 25 h−1 for oxygenates.266 Later,
Au/Pd nanoparticle alloys supported on various supports such
as TiO2, CeO2, etc. have been employed for in situ H2O2
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generated methane oxidation.337 In such systems high pressure,
extreme danger of explosive H2 + O2 mixture, and relatively
low generation rate of H2O2 from H2 and O2 which can easily
diffuse away from the active sites are the main challenges.
Interestingly, theoretical investigations demonstrated that IrO2
located at the top of the volcano curve can cleave the C−H
bond at 150 K.338 To validate the hypothesis, Yang et al.
developed IrO2/CuO catalysts in which electrophilic Ir4+ of
IrO2 facilitates C−H bond cleavage while CuO stabilizes the
−CH3 on oxygen sites to produce methanol in the end.339 The
limited selectivity for the methanol and the required high
proportion of noble metals are another challenge to use such
catalysts for methane oxidation. Contrarily, SACs require a
much low concentration of metal to promote reaction and also
improve the selectivity of products. Initial DFT calculations
suggest that Pt clusters or under coordinated Rh can stabilize
CH3 to prohibit successive dehydrogenation. Kwon et al.
synthesized Rh SACs supported on zirconia (ZrO2) by WI
method. EXAFS spectra of 0.3% Rh loaded ZrO2 catalyst
demonstrate a peak of Rh−O at 1.5 Å corresponded to 4.9 CN
with neighboring oxygens (Figure 20a). As the concentration
of Rh was increased, the Rh−Rh peak at 2.4 Å became
prominent demonstrating that 0.3% Rh was optimum for the
decoration of SACs. The absence of any particle in HAADF-
TEM images and high white line intensity in the XANES
spectra suggests the individual identity of Rh atoms with a
more oxidic state, respectively. CO adsorption followed by
DRIFT measurement demonstrates that 5 wt % Rh/SiO2 show
two peaks centered at 2047 and 1850 cm−1 for linear and
bridged bonded CO. In the atomically distributed 0.3 wt %
Rh/ZrO2 sample, IR peaks for the linear CO disappeared while
new peaks at 2087 and 2017 cm−1 for the symmetrical and
asymmetrical stretch of geminal dicarbonyl (CO-Rh-CO) were

observed (Figure 20b). Additionally, from the symmetric and
asymmetric IR peaks area, the angle between two carbonyls
was estimated to be ∼90°, 100°, and 120° for 0.3 wt % Rh/
ZrO2, RhCl3 + ZrO2, and 5 wt % Rh/SiO2 samples indicating
the dominance of isolated Rh species in 0.3 wt % Rh/ZrO2
sample. The Rh 3d5/2 XPS peak at 309.4 eV for 0.3 wt % Rh/
ZrO2 suggests the oxidation state of Rh in between +3 and +4,
which was further confirmed by the DFT model where Rh
substitute Zr site on hydroxylated ZrO2(101) surface
demonstrated +3.7 oxidation state. The calculated relative
energies of CHx intermediates on the RhZr-Hyd model
displayed that adsorbed CH3 intermediate (CH3*) has the
lowest energy and further dehydrogenation products CH2 are
not preferred due to high energy (Figure 20c). DRIFTS
spectra of adsorbed methane on 0.3 wt % Rh/ZrO2 show two
IR bands due to the C−H stretch of a methoxy group
(CH3O−) and methyl groups verifying the DFT observation
(Figure 20d). In contrast to metallic Rh, nanoparticles
supported SiO2 (5 wt % Rh/SiO2) which afford overoxidized
CO2, atomically distributed 0.3 wt % Rh/ZrO2 displayed
dominant production of methanol and stability of the product
distribution even after five catalytic cycles (Figure 20e,f).
Further, compared to other metals such as Pd, Pt, and Ir, the
Rh SACs displayed the highest activity, while among the
various supporting materials such as CeO2, TiO2, SiO2, and
ZrO2, the highest performance was observed for the ZrO2
support. Lastly, when CH4 and O2 were reacted at 260 °C,
ethane was produced, while no product was observed for the 5
wt % Rh/ZrO2 suggesting Rh SAC can facilitate C−H bond
activation.

6.3.1. Effect of ZrO2 Surface Hydroxyl Groups on CH4OR.
Despite the Rh/ZrO2 catalyst has demonstrated the enhanced
performance of CH4OR, the use of excessive H2O2 makes the

Figure 20. (a) Rh K edge k3-weighted FT-EXAFS spectra of the 0.3 wt % Rh/ZrO2, 2 wt % Rh/ZrO2, 5 wt % Rh/SiO2, and Rh foil. Dots,
experimental data; lines, fitted results. (b) DRIFT spectra of CO molecules adsorbed on bare ZrO2 support, 0.3 wt % Rh/ZrO2, 2 wt % Rh/
ZrO2, and 5.0 wt % Rh/SiO2 samples. (c) Energy diagram of CH4 activation on the RhZr-Hyd (4.3 OH/nm2) model with optimized
geometries of the intermediates. Inset figures: red balls indicate oxygen, cyan indicate zirconium, turquoise indicate rhodium, white indicate
hydrogen, and gray indicate carbon. (d) DRIFT spectra of CH4 adsorbed on bare ZrO2, 0.3 wt % Rh/ZrO2, 2 wt % Rh/ZrO2, and 5 wt % Rh/
SiO2. The CH4 adsorption was performed at 70 °C. (e) Direct methane oxidation results using H2O2 as an oxidant on the 0.3 wt % Rh/ZrO2,
2 wt % Rh/ZrO2, and 5 wt % Rh/SiO2 catalysts. (f) Recyclability test results were performed with the 0.3 wt % Rh/ZrO2 catalyst. Reaction
condition: 30 bar of 95% CH4/He, 70 °C, 1 h, 0.5 M H2O2, and catalyst 30 mg. Reprinted with permission from ref 328. Copyright 2017
American Chemical Society.
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process costly due to the high market price of H2O2 compared
to CH3OH. The previous report on CH4 oxidation using Fe
supported TiO2 displayed a minimum amount of H2O2 was
required under light conditions.340 Based on DFT, Harrath et
al. displayed that H2O2 dissociatively adsorbed on the Rh1/
ZrO2 catalyst forming O2−Rh sites.327 Hydrogenation of
catalysts can suppress the overoxidation of CH3OH to
CH3OOH and CO2 due to the formation of hydrogenated
oxide support (ZrO2−2H), blocking the formation of
neighboring O2−Rh sites. These findings demonstrate that
surface hydroxyl groups play an important role in suppressing
the overoxidation of the product and can be tuned to get
optimum products using minimum H2O2. To further explore
the role of surface −OH groups on supporting materials, Kim
et al. introduced the hydroxyl group in Rh1/ZrO2 catalysts by
hydrothermal treatment at 300 °C for 10, 15, and 20 h (Figure
21).341 The presence of two germinal peaks in CO-DRIFT
spectra of Rh1/ZrO2 demonstrate SA identity was preserved
after long hydrothermal treatment. Further, the peak area of
the germinal peak corresponded to 90° angle binding in Rh1/
ZrO2 verifying the presence of most of the Rh atoms in a SA
state. TEM, XANES, EXAFS and XPS also validate SA Rh3+

species decorate of ZrO2 support. The CH4 DRIFT spectra of
fresh Rh1/ZrO2 catalysts show three peaks at 2852 and 2955
(νC−H of −OCH3) and 2921 cm−1 (νC−H of −CH3) due to
CH4 cleavage and the intensity of the signal was significantly
enhanced after the hydrothermal treatment suggesting −OH
groups helping in CH4 oxidation. Additionally, three DRIFT
peaks for the terminal, tribridged, and surface-bound hydroxyl
groups were used to monitor the chemical nature of surface
bounded −OH groups. The tribridged hydroxyl group (OHTri)
originated from hydrogen-bonded to lattice oxygen while OH
connects with a Zr atom to produce form a terminal hydroxyl
group (OHTer) (Figure 21a). Compared to tribridged OHTri

and terminal OHTer groups which are stable up to 550−750
°C, the surface-bound −OH can be easily removed by the
heating catalyst between 100 and 200 °C. The DRIFT spectra
after heating the samples at 300 °C demonstrate the increased
peak intensity of tribridged OHTri and terminal OHTer groups
for hydrothermally treated samples (Figures 21b,c). The
methane oxidation experiments demonstrate optimal yield for
samples hydrothermally treated at 300 °C for 10h. Further,
increasing the reaction time reduces the product yield which
was due to the phase transition from tetragonal to monoclinic.
The total oxygenates yield using hydrothermally treated Rh1/
ZrO2_10 samples reach up to 21.7 mol molRh

−1 compared to
fresh Rh1/ZrO2 RZ (7.7 mol molRh

−1) with 120 mM of H2O2
and gaseous O2 (Figure 21d). When H2O2 concentration was
increased, the oxygenate yield was increased initially and
reached a maximum followed by a drop. The concentration of
H2O2 required to achieve maximum oxygenates decreased as
hydrothermal treatment time was increased however oxygen-
ates yield was relatively low compared to the 10 h sample. The
DRIFT measurement using various concentration of H2O2
suggest as the H2O2 concentration was increased to 240 mM
the terminal hydroxyl groups we removed while the tribridged
hydroxyl group is slightly damaged (Figure 21e). Further
recycling run after the reaction displayed significantly
decreased catalytic activity which was resumed after hydro-
thermal treatment demonstrating −OH groups improve the
catalytic performance.

6.4. SACs Supported on TiO2 (Nonphotocatalytic
CH4OR). Numerous synthetic metal complexes based on iron,
Mn, Cr, etc. have been reported for the C−H activation in the
presence of oxygen or hydrogen peroxide. To imitate the
functional activity of heme, Fe containing nanoclusters and
SACs has been developed due to a similar coordination
environment. Despite the significant progress, the Fe sites are

Figure 21. (a) The schemes of the terminal and tribridged hydroxyl groups. DRIFT spectra were obtained during dehydration at 300 °C for
(b) RZ, (c) RZH_10. Evacuation time increased from 0 to 60 min as the color gets deeper. (d) Direct methane oxidation on RZ, RZH_10,
RZH_15, and RZH_20 with different concentrations of H2O2. The reaction was performed at 30 bar of 95% CH4/He, 2 bar of O2 and 90 °C
for 30 min using the catalyst 30 mg in 10 mL aqueous solution. (a) DRIFT spectra show the presence of surface hydroxyl groups without
CH4. (e) DRIFT spectra show the absence of surface hydroxyl groups after the reaction with CH4. For all the reactions, RZH_10 was used.
(f) Recycling test results. The productivity of CH4 oxygenates was shown for fresh RZH_10 (fresh), the catalyst obtained after the first
reaction (reuse), and the catalyst obtained after the second reaction followed by further hydrothermal treatment at 300 °C for 10 h
(regenerated). Reprinted with permission from ref 341. Copyright 2020 Royal Society of Chemistry.
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vulnerable to deactivation during the redox cycle in the
presence of strong oxidants. The deactivation and agglomer-
ation can be minimized by adopting appropriate support
materials stabilizing SAs via effective coordination. Oxide-
based supports such as TiO2, CeO2, and ZrO2 with easy
reducibility are suitable candidates for the decoration of SAs as
vacant sites can efficiently accommodate SAs. TiO2 is a widely
explored supporting and photoactive material for SA
decoration. The better reducibility, formation of plenty of
defect sites, possibility of controlling structural and exposed
planes and large redox potential for photocatalytic activation of
organics makes it an ideal candidate for various reactions
including CH4OR. TiO2-based SACs have been used for both
nonphotocatalytic and photocatalytic transformation of CH4 to
oxygenates. This section deals with the nonphotocatalytic
TiO2-based SACs for CH4OR. A detailed description of the
photocatalytic application is given in Section 8.1.
Despite, noble metal-based Rh1/ZrO2 SACs having

demonstrated methane activation potential, the use of
expensive/unselective H2O2 oxidant and side product for-
mation is undesirable. On the other hand, AuPd/zeolite
catalysts displayed in situ generations of H2O2 from O2 and H2

which can be used to promote CH4 activation.342 The
introduction of additional CO in the reaction system can
reduce H2O to H2 and can generate H2O2, thus excluding the
use of an explosive H2O2 mixture. Considering these facts, Gu
et al. synthesize Rh/TiO2 SACs by deposition precipitation
method which can promote selective oxidation of CH4 to

CH3OH using CO and O2 as oxidants.
343 The HAADF-STEM

images show the atomic distribution for 0.2 wt % Rh loading
while clustering was observed for higher (0.5 and 1.0 wt %)
concentrations. CO-DRIFTS and XAS (XANES and EXAFS)
also validate the isolated Rh sites dispersed on TiO2. The Cu
cations were used to maintain the low valence state of Rh in
the reaction. Under optimized conditions, the methanol yield
for the 0.2 Rh/TiO2 reached up to 53 mol molRh

−1 while an
unusual selectivity of 99% was achieved. The yield of products
was increased by increasing temperatures reaching a maximum
at 150 °C. Further, the yield of the product was increased by
increasing the CH4 (24 bar) and CO (5 bar) pressures while
O2 pressure higher than 2 bar has negligible influence on the
activity. To validate that H2O2 was produced in situ from the
reaction of CO and H2O in a water gas shift reaction,
colorimetric detection of H2O2 was done using TiOSO4

reagent as per the following equation: TiOSO4 + H2O2 +
H2SO4 → H2[Ti(O2)(SO4)2] + H2O. The evolved H2 from
the reaction of water and CO was also measured which reacts
with O2 to form H2O2 as confirmed by EPR. The control
experiment using only Rh/TiO2, Cu/TiO2 and CuCl2 yielded
negligible H2O2 demonstrating that the presence of Cu2+

cation was crucial for the transformation of CH4 to CH3OH.
To probe the role of Cu in maintaining the low oxidations state
of Rh catalysts EXAFS spectra of Rh/TiO2 catalyst after the
reaction was measured which displayed a reduced state. On the
other hand, Cu2O was also observed in EXAFS with Rh/TiO2

while in the presence of O2 and Rh/TiO2, no Cu2O was

Figure 22. (a) 13C NMR and 13C DEPT-135 of oxygenated products in liquid phase with 1 wt % Cr/TiO2 catalyst by using 13CH4 as the
reactant gas. (b) Catalytic performance of the 1 wt % Cr/TiO2 catalysts for CH4 oxidation with different reaction times. (c) EPR experiments
with oxygenated products in the liquid phase with different catalysts. (d) Catalytic performance with CH4 (3 MPa) and CH3OH (ca. 15.8
μmol) as reactants over 1 wt % Cr/TiO2. (e) HAADF-STEM image of 1 wt % Cr/TiO2. The red circles show single Cr atoms in the matrix of
TiO2. (f) H2-TPR results of catalysts. Reprinted with permission from ref 344. Copyright 2020 Wiley VCH.
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observed suggesting that Cu was reduced with in situ
generated H2 and then can act as a scavenger for Rh/TiO2
reduction.
Even though the noble metal-based SAC displayed better

performance, the relatively high cost put forth obstacles to its
implementation. Another robust option is variable valency
non-noble metals such as chromium, vanadium, etc. Shen et al.
developed isolated chromium atom SACs supported on
titanium dioxide nanoparticles (Cr1/TiO2) demonstrating an
excellent methane conversion to yield C1 products such as
CH3OH, CH3OOH, HOCH2OOH, and HCOOH. After 20 h,
an overall yield of C1 product was found to be 57.9 mol
molCr

−1 with a C1 product selectivity of 93% using H2O2 as an
oxidant at 50 °C and 3 MPa CH4 pressure. Under identical
conditions bulk Cr2O3 afforded only 2.6 μmol C1 oxygenated
products after 1h, while SACs supported on other supports
overperformed with a relatively higher product yield reaching
the highest for Cr1/TiO2 (43.9%).

13C NMR, 13C DEPT-135
(distortionless enhancement by polarization transfer) spectra
of products obtained by using isotopically labeled 13CH4
demonstrate the presence of CH3OH, HOCH2OOH,
CH3OOH, and HCOOH (Figure 22a). Interestingly, the
maximum C1 product yield was achieved in 20 h and
thereafter the total product yield starts to diminish (Figure
22b). The EPR measurement using 1 wt % Cr/TiO2 shows
•CH3 and •OH radicals generated through the C−H bond
cleavage that can further react with Ti−OOH to produce
CH3OOH (Figure 22c). The •CH3 and •OH also produce
CH3OH which oxidizes to HOCH2OOH and HCOOH after
some time and is confirmed by using CH3OH as reactant
giving HOCH2OOH and HCOOH as end-product (Figure

22d). The presence of lonely Cr species was confirmed by AC-
HAADF-STEM that shows bright spots corresponding to Cr
atoms (Figure 22e). The HRXPS spectra of Cr1TiO2 gave two
Cr 2p3/2 peaks at 586.4 and 588.4 eV suggesting chromium was
present in CrIII and CrVI mixed-valence states. Two reduction
peaks at relatively low temperatures ca. 245 and 305 °C
compared to bulk Cr2O3 in H2-temperature-programmed
reduction (H2-TPR) validates the presence of CrVI and CrIII,
respectively (Figure 22f). After use, the catalysts lose
significant activity and the CrVI peak almost disappeared
which upon calcination re-emerged followed by regaining
catalytic performance suggesting high-valent CrVI were the
main bond cleavage catalytic centers.
It is evident from the above-mentioned discussion that an

effective metal−support interaction which includes electronic
charge redistribution, modulation of coordination/oxidation
state and cooperative interaction with vicinal vacancies is the
most important criteria to develop optimized SACs.
Reducible/defect-rich surfaces allow better accommodation
of the metal center and adsorption of the CH4 substrate which
can provide a low barrier reaction pathway to improve the
catalytic activity. Alternatively, surface hydroxyl groups rich
surface can not only reduce the H2O2 consumption but also
suppress overoxidation of CH4, thus producing the most
desirable CH3OH. The use of H2O2 can be excluded by noble
metal Rh/TiO2-based SACs which can directly use CO and O2
as an oxidant to produce CH3OH in the presence of a Cu
cocatalyst. Variable transition metals that revert to an initial
state in the catalytic cycle can further improve CH4OR
performance.

Figure 23. (a) 13C NMR spectra obtained from N2, CH4, and
13CH4 as reaction gas. (b) Catalytic performance of graphite, graphene, FeN4/

GN, and other metal-N4/GN for CH4 oxidation. Reaction conditions: 50 mg catalyst, 5 mL H2O, 5 mL H2O2 (30%), and 2 MPa reaction gas
in a stainless-steel autoclave containing a Teflon liner vessel (working volume, 50 mL) at 25 °C for 10 h. In operando characterizations for
the evolution of liquid products over FeN4/GN-2.7 (c) A scheme of the designed in operando TOF-MS. (d) The increase in the rate of the
products at 0−600 min, corresponds to the relative intensity increment. Investigation of the reaction mechanism over FeN4/GN (e)
Transformation process of a FeN4 center in H2O2 solution. The inset was the atomic structure model for each step. (f) Reaction pathway of
methane conversion to CH3OH, CH3OOH, HOCH2OOH, and HCOOH (the energy of reaction initiation was set as 0 eV) and reactants
(black), intermediates (blue), products (green and red), and the activation energy of each step (unit, eV). Reprinted with permission from
ref 349. Copyright 2018 Elsevier.
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7. SACS SUPPORTED ON 2D MATERIALS
7.1. MN4 Graphenic SACs. The selective oxidation of methane in

natural systems is promoted by Fe and Cu oxoclusters (Fe−O−Fe/
Cu−O−Cu) containing MMO enzyme and two equivalents of
reducing coenzymes. It is interesting to observe that nature adopted
widely available transition metals for methane oxidation. Inspired by
nature, several Cu/Fe supported on the high surface area support
have been investigated. To date most active and selective methane
oxidation catalysts reported are Cu/Fe supported on the ZSM-5
competing with MMO in the activity.345,346 Unfortunately, the rate of
oxidation for both natural enzymes and artificial catalysts is far below
for commercial deployment. Additionally, the requirement of
expensive H2O2 or N2O terminal oxidants gravitates the commercial
viability. Nevertheless, these nature-inspired protocols enlighten the
way to find cheap and active methane oxidation catalysts.347 Iron is
the fourth most abundant element on the earth and is ideal to deploy
on large-scale applications. The particle size plays a decisive role in
catalytic activity. As the metal particle size is reduced to the nanoscale
regime, the discretization of energy levels increases exponentially
resulting in the separation of the HOMO and LUMO gap which

influences energy distribution and concomitantly the catalytic
properties. Further, the reduction of metal particle size to atomic
level drastically increases the surface energy making them unstable in
the isolated form. Therefore, supporting SA centers on the high
surface area support such as porous carbon, silica, etc. is widely
adopted for the fabrication of SAs catalysts. Recently, two-dimen-
sional supports are gaining popularity for the fabrication of SACs due
to their innate advantage of high surface area, effective interaction and
synergistic effect.86 Among the 2D family, graphene is an ideal choice
to support lonely atoms due to its intriguing physicochemical
properties and M-N4 coordination stabilization which is not possible
in other 2D systems. Numerous, cost-effective, and selective M−N4
catalysts with Fe, Co, Ni, Zn, Mo, etc. as metal centers have been
successfully developed and employed for various applications
including thermal catalysis, biomass conversion, photocatalysis,
electrocatalysts, fuel cell and energy storage applications.348 Among
the various elements, iron coordinated to nitrogen in N-graphene has
displayed improved performance for various catalytic reactions. The
remarkable activity of Fe−N4 graphenic catalyst arises from the
coordinatively unsaturated (CUS) iron sites which provide coordina-
tion sites for reactant molecules and also activate oxygen molecules

Figure 24. (a) Top and side views of optimized geometric structures of the oxidation processes of FeN4 center to O−FeN4−O structure by
H2O2 on perfect FeN4 catalyst. The free energy profiles of the oxidation processes of FeN4 centers to O−FeN4−O structures in H2O2
solution on (b) FeN4 catalysts with various vacancies and (c) various doped FeN4 catalysts. (d) The optimized geometric structures of
methane conversion to C1 oxygenates on oxidized FeN4−V5r (the active center is O−FeN4−O) along a radical pathway. The complete free
energy profiles of methane conversion to C1 oxygenates on (e) perfect oxidized FeN4, (f) oxidized FeN4−V6r, (g) oxidized FeN4−V5r, and
(h) oxidized P−O/FeN4. Reprinted with permission from ref 356. Copyright 2021 American Chemical Society.
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via the formation of hypervalent FeO intermediate. Structurally,
Fe−N4 graphenic sites mimics catalytic sites found in the porphyrinic
assembly of cytochrome P-450, nitrogenase, and MMO. Indeed, CUS
iron has displayed higher catalytic activity compared to precious
metals in many oxidative transformations. For example, Deng et al.
synthesized Fe−N4 graphenic (FeN4/GN) structure via high energy
ball milling of iron phthalocyanine (FePc) and graphene nanosheets
(GNs) and first time undeniably prove the existence of Fe−N4 entity
using HAADF, EELS, and low-temperature STM.158 The FeN4/GN
was found to actuate selective oxidation of benzene to phenol
(another challenging Caromatic-H activation reaction) even at low
temperatures (0 °C). DFT and XANES studies reveal that Fe centers
were sequentially oxidized to FeO/OFeO moieties which can
bind to C6H6 and form C6H5OH via the proton transfer step. Cui et
al. investigated a series of M-N4 graphene-based catalysts (MFe,
Mn, Co, Ni, and Cu) for methane oxidation under mild conditions
(Figure 23).349 The O−FeN4−O intermediate was an active center
for the methane catalysis promoting the oxidation of methane via a
radical pathway to produce CH3OH, CH3OOH, HOCH2OOH, and
HCOOH at room temperature (25 °C). The FeN4/GN catalysts were
prepared by adopting ball milling protocol using iron phthalocyanine
and graphene and characterized with HAADF-STEM, XANES, and
Fourier-transformed extended X-ray absorption fine structure (FT-
EXAFS) confirming SA entities on graphene framework. The catalytic
conversion of methane over FeN4 catalysts was carried out in an
autoclave using H2O2 as an oxidant. The produced products were
analyzed by 1H NMR, 13C NMR, 13C DEPT-135 (distortionless
enhancement by polarization transfer), 2D 1H−13C heteronuclear
multiple-quantum correlation, and TOF-MS demonstrating the
presence of CH3OH, CH3OOH, HOCH2OOH, and HCOOH.
Under optimized conditions, a TOF of 0.47 h−1 was achieved. To
validate the origin of products from the CH4 oxidation instead of
catalyst degradation, the reaction was also carried out under N2,
12CH4, and isotopically labeled 13CH4, and products were analyzed by
13C NMR. Control experiments using 13CH4 followed by 13C
measurement demonstrate the products originated from the oxidation
of CH4 (Figure 23a). Additionally, among various metal centers such
as Ni, Cu, Co, Mn, etc., only Fe demonstrated the catalytic activity
(Figure 23b). The XAFS measurement after the reaction suggests the
catalysts were still in a single atomic state. To investigate the reaction
mechanism, in-operando TOF-MS with capillary to extract the
product in real-time was used (Figure 23c). The product analysis
demonstrates that initially CH3OH and CH3OOH were produced
reaching a maximum at 300 min and after that HOCH2OOH was
observed due to over oxidation of CH3OH (Figure 23d). To validate
that HOCH2OOH was produced from the CH3OH oxidation, a
reaction using isotopically labeled 13CH3OH was carried out which
produces HO13CH2OOH as a dominant product. DFT calculation
reveals that H2O2 adsorption follows by absorption of O on Fe sites
produces active O−FeN4−O sites (Figure 23e). The concerted
mechanism like in P450 which promotes hydroxylation on O−FeN4−
SH site was excluded due to the 1.91 eV energy barrier. A radical
mechanism was followed in which C−H bond cleavage requires 0.79
eV to generate •CH3 radicals. In the subsequent steps, •CH3 radicals
combined with hydroxyl and hydroperoxide radical to produce
CH3OH and CH3OOH (Figure 23f).
7.2. Defects/Doping in MN4 Graphene for Enhanced CH4OR.

Despite the exceptional capability of FeN4/GN to activate the
CH4OR reaction compared to other elements on graphenic network
which were almost inactive, the rate of oxygenates formation remains
low.349 After a 10 h reaction, only a tiny fraction of ca. 0.34% CH4 was
oxidized which renders the question, how to further improve the
performance? Numerous studies suggest the introduction of defect
state and heteroatom doping can significantly influence the charge
distribution and concomitantly influence the nature of catalytic
sites.350−352 Defect-rich graphenic materials have been successfully
employed for the ORR, OER, HER, CO2RR, and N2RR, etc.

353−355

To explore if defect states and heteroatom doping can further enhance
the catalytic performance of FeN4/GN, Tan et al. performed DFT
studies on various models and found that C vacancies (FeN4−V6r and

FeN4−V5r) and P dopant (P−O/FeN4) adjacent to FeN4 centers can
significantly improve the catalytic activities of FeN4 catalysts.

356 To
simulate the vacancies rich model, C atoms adjacent to FeN4 were
removed from five and six-membered rings (FeN4−V6r and FeN4−
V5r). N atom removal is also considered to create N vacancies
(FeN4−VN). Additionally, heteroatoms such as B, S and P were
introduced directly next to the N atom. The formation of O−FeN4−
O via H2O2 is the primary step that works as a catalytic center to
further activate methane. The total energy decreases for FeN4−V6r,
FeN4−V5r, and FeN4−VN adsorbs two O atoms were found to be
2.47, 2.40, and 3.87 eV, respectively suggesting O−FeN4−O can be
produced on both defect-free and defect-rich scaffold (Figure 24a−c).
Based on the Gf and ΔGa of the rate-determining C−H bond
activation step, the methane activation rates for FeN4−V6r and FeN4−
V5r were calculated to be 1.7 × 104 and 2.4 × 103 times higher than
that of perfect FeN4. The CH4 activation on FeN4−V6r and FeN4−V5r
models demonstrate C−H bond scissoring occurs at lower energy
with an activation energy of 0.52 and 0.57 eV while FeN4 requires
significant high energy (0.77 eV) (Figure 24d,g). In the next free
radical pathway, the energy barriers were below 0.3 eV suggesting the
facile formation of oxygenates in subsequent steps. Among doped
catalysts, P doped FeN4 catalyst demonstrated optimum performance
with a methane activation rate of 5.3 × 103 magnitudes higher
compared to perfect FeN4. The activation energy for the first C−H
bond activation of methane using P−O/FeN4 was also significantly
low (0.55 eV) than FeN4 (Figure 24h). These findings suggest
graphene-based FeN4 catalysts can be improved by introducing
defects in the C6 ring system.

7.3. MN4 SACs Utilizing N2O as an Oxidant for CH4OR.
Conventionally, O2 and H2O2 are foreseen as inexpensive oxidant
chemicals for methane oxidation. However, generating active oxygen
species from oxygen itself is a big challenge due to high activation
energy while H2O2 promotes nonstoichiometric oxidation products
sacrificing the product’s selectivity. Nitrous oxide (N2O), a green-
house gas 300 times more powerful than CO2, can work as a terminal
oxidant supplying oxygen and producing N2 byproduct.

357,358 Besides
the greenhouse effect, N2O is also responsible for depleting the ozone
layer in the stratosphere where it reacts with O2 to produce NOx (NO
+ NO2) which are actual intermediates. Both anthropogenic and
natural activities contribute to the N2O is accumulation in the
environment. Among natural sources, seafloor with oxygen-depleted
zones (oxygen minimum/dead zones) accounts for 25% of N2O
emissions. While modern agricultural practices of using an excess of
nitrogenous fertilizers account for over two-thirds of global N2O
emissions.359−361 Some anaerobic bacteria can couple the oxidation of
methane to denitrification process via the reduction of NO3

− and
NO2

− through nitric oxide (NO) and/or N2O which inspired the
scientific community to use nitrogen oxides as an oxidant for
CH4OR.

362 Using N2O as a terminal oxidant for methane oxidation
can sequester two greenhouse gases producing value-added
chemicals.363 Arinaga et al. compiled various examples of alternative
oxidant such as O2, CO2, N2O, and S2 which can be used for
CH4OR.

364 First-row transition metal oxide cations (MO+) such as
FeO+ are found to promote oxidation of methane to methanol;
however, the conversion and product selectivity remains poor to scale
up.365−367 Though CoO+ has displayed a higher selectivity, reaction
efficiency remains impoverished.366,368 Many examples of metal (Cu,
Fe) hosted zeolites using N2O as oxidant has been reported in the
lasted year.369 Ipek et al. demonstrated Cu-SSZ-13 as a representative
of CuCHA zeolite can produce CH3OH with a rate of 13 μmol
CH3OH gzeolite

−1 at 200 °C which was almost 1.5 times higher than
the yield in O2 (9.0 μmol CH3OH gzeolite

−1). They also investigated
Cu-MOR under identical conditions which demonstrated a much
lower yield attributed to smaller cavity size. Recently, Zhao et al.
demonstrated that mono and polymeric iron sites incorporated in
ferrierite (FER) zeolite via liquid IE and SSIE methods can catalyzed
CH3−H oxidation using N2O as a terminal oxidant at 300−360 °C.370
H2-TPR followed by N2O adsorption demonstrated the shift in
desorption peak along with the emergence of a new peak around 220
°C demonstrating the presence of monatomic oxygen stabilized on
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Fe2+ species. Based on UV−vis, FTIR and TPD they concluded that
monatomic species were dominant in the samples prepared by the wet
ion-exchange method. N2O TPD exhibited that single Fe site
adsorption and decomposition of N2O was prevailing thus giving a
higher performance of Fe-FER-IE sample. Based on DFT calculation,
Fellah et al. demonstrated that the Co-exchanged ZSM-5 cluster
demonstrates a lower energy barrier for CH4 to CH3OH conversion
compared to Fe-ZSM-5 (49 kcal/mol vs 53 kcal/mol).371 Pinning a
SA cobalt center on graphene can improve the conversion efficiency
of methane oxidation due to the stabilization of the Co center and
available specific surface area. Yuan et al. demonstrated that SA Co
embedded in single vacancy graphene can uptake O from N2O to
form CoO, imitating metal oxide cation to promote oxidation of
methane to methanol (Figure 25a).372 DFT calculations suggest that
the decomposition of N2O on the Co/Gr surface is highly exothermic
(1.54 eV) and require merely 0.1 eV energy input. While desorption
of formed N2 is also thermodynamically favored (0.1 eV) ensuring
replenishing of catalysts surface. The oxidation of methane on
resulting CoO/Gr catalysts can proceed via two routes: (1) radical
and (2) nonradical route (Figure 25b,c). The reaction proceeds via
adsorption of CH4 on Co−O/Gr and formation of C−H···O
intermediate (IN1) which proceeds to transition state TS1−2 and
IN2/In2n in which H−O distances are shortened, and C−H distance
is elongated. The elementary steps are exothermic by 0.29 eV, while
the rate-limiting steps impose a low-energy barrier of 0.70 eV
demonstrating that both radical and nonradical pathways can proceed
to obtain methanol under mild conditions. The radical pathway is
slightly more favorable due to the small energy barrier of the second
elementary step (0.18 eV) than the nonradical pathway (0.56 eV).
Further, the carbene formation through proton transfer to Co−OH
(IN4 for short) followed by H2O elimination is highly unfavorable
due to associated energy-intensive high potential energy. Considering
the Arrhenius empirical equation k = A exp(−Ea/RT), the calculated
rate of methanol production through the radical pathway was found
6.5 × 1015 times faster than the carbene pathway.
Compared to bulk 3D crystals, M-N4−C catalysts provide higher

surface area, metal loading, facile synthesis/robust binding with four
nitrogens. The access to the metal center from both side of MN4
planes to form mono (MO) and dioxo (OMO) centers allow
efficient CH4 oxidation, while the N-rich surface facilitates improved

adsorption of the substrate. Fe−N4 demonstrated the highest CH4OR
performance compared to other MN4 metal centers due to the facile
formation of hypervalent oxo-state. In contrast to conventional H2O2,
N2O might be a better oxidant for CH4OR and Co−N4 might be the
best option because of low energy intermediate transition states. The
performance of M-N4 catalysts can be further ameliorated by vicinal
doping and vacancies which stabilize CH4 oxidation intermediate
species.

8. PHOTOACTIVE SACS FOR CH4OR

8.1. Metal Oxides Supported SACs. Apart from the high
dissociation energy of the C−H bond (439.3 kJ mol−1) for
methane activation, controlling the overoxidation of methane
remains a challenging task and a significant carbon loss as CO
and CO2. Conventional thermal catalysis usually produces a
mixture of various oxygenates and required strong oxidants
which further deteriorate the selectivity. Direct selective
oxidation of CH4 using O2 under ambient conditions is a
dream reaction. The fundamental challenge lies in overcoming
the energy barrier of unyielding reaction between spin
prohibited singlet CH4 and triplet O2.

153 Photocatalysis offers
an efficient approach to drive thermodynamically nonsponta-
neous reactions under mild conditions.373,374 Several oxides,
sulfides, and carbonaceous semiconductors such as KNbO3,
Cu2O, Bi2WO6, CdS, BiVO4, g-C3N4, CeO2, etc., either in
pristine form or cocatalysts have been investigated for the
photocatalytic methane oxidation in aerobic conditions;
however, the quantum efficiency of mentioned systems
remains too low.373,375−380 Interestingly, zinc-based photo-
catalysts demonstrated a high affinity for CH4 activation.

381 An
early report by Li et al. on Zn-modified zeolite for the C−H
activation of methane to ethane suggested that Zn+ formed by
in situ reductions with photogenerated electrons are key
species activating the C−H bond.382 Later, ZnO-based
photocatalysts decorated with plasmonic or low bandgap
cocatalysts were also investigated. Gas-phase photooxidation in

Figure 25. (a) Methane conversion catalyzed by Co/Gr, with N2O as the oxidant (Gr is omitted for clarity). (b) The potential energy profiles
(eV) for methane oxidation on CoO/Gr. (c) The species in the reaction process of methane oxidation on CoO/Gr. Reprinted with
permission from ref 372. Copyright 2018 Royal Society of Chemistry.
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the presence of oxygen usually affords CO2/CO with negligible
industrial relevance.381 For example, 0.1 wt % Ag decorated
ZnO can oxidize methane with 8% quantum efficiency at <400
nm producing futile CO2 end-product.383 Similarly,
H3PW12O40 heteropolyacids (HPW)-TiO2 (P25) nanocompo-
site displayed CO as the main product with a quantum
efficiency of 7.1% at 362 nm.384 The mechanism evaluation
suggests that superoxide radicals were the key species resulting
in uncontrolled oxidation. Contrarily, when noble metals (Pd,
Pt, Au, Ag) decorated ZnO was used as a photocatalyst under
aqueous conditions and 0.1 MPa O2 pressure liquids
oxygenates such as CH3OOH, CH3OH, and HCHO were
the main products reaching a total liquid products selectivity of
∼95%.385 The photogenerated hole assisted cleavage of C−H
bond producing •CH3 radical followed by reaction with mild
•OOH radicals oxidant to produce liquid oxygenates. Even
though the liquid oxygenates are economically feasible, in most
of the reactions CH3OOH remains a dominant product.
Selective oxidation of CH4 to methanol/formaldehyde is
desirable to commercialize the process. Size reduction of
catalysts in quantum size scale was found to enhance the
catalytic selectivity. For example, BiVO4 quantum-size nano-
particles were able to achieve selectivity of 96.6% and 86.7%
for methanol and formaldehyde under the 300−600 nm
wavelength spectrum.386 Indeed, most of the product
originated at a lower wavelength in this catalyst. Paradoxically,
size reduction and concomitant enhancement in product
selectivity come at the cost of compromised visible absorption
resulting in poor reaction kinetics.
Among various semiconductor photocatalysts, TiO2 is the

most investigated photocatalytic material. The wide bandgap
of TiO2 (3.2 eV anatase) provides enough redox potential to
drive oxidation/reduction reactions including photo/photo-
electrochemical CO2 reduction, water oxidation, organo-
catalysis, etc.387 However, a major fraction of visible light
remains unharvested and generated charge also get recom-
bined resulting into poor efficiency. Various approaches such
as metal doping, facet engineering, mixed-phase trans-
formation, metal complexes anchoring, and nanohybrid
formation with graphene/quantum dots and other macro-
molecular sensitizers were found to improve the photocatalytic
performance.388−390 For example, Su-Il In’s research group
reported reduced blue-titania sensitized with bimetallic Cu−Pt
nanoparticles which can promote the reduction of CO2 to C1−2
products (3.0 mmol g−1 methane and 0.15 mmol g−1 ethane)
under AM1.5 irradiation reaching the Joule (sunlight) to Joule
(fuel) photoconversion efficiency of 1%.391 Another strategy to
improve the photocatalytic performance of wide band gap
catalysts is the decoration of nanoparticulate noble metal
which can extend visible absorption and charge separation due
to surface plasmon resonance (SPR) and electron capturing
ability due to low work function. The nanosized plasmonic
materials such as Au, Cu, Ag and TiN, etc. generate hot charge
carriers (energetic electrons and holes) which can actuate
several energy-demanding photoredox reactions. For instance,
Vahidzadeh et al. reported that AuNPs embedded in a thin film
of amorphous TiO2 can inject hole holes in TiO2 film which
promotes PEC water oxidation.392 Decoration of plasmonic
nanoparticles on TiO2 can not only improve the photocatalytic
performance but can also control the product selectivity under
different light irradiation. Zeng et al. found that periodically
modulated TiO2 nanotubes (PMTiNTs) photonic crystal
modified with AuNPs demonstrates CH4 as the main product

under solar simulated light while formaldehyde was a
dominating product when the catalyst was irradiated with
solar simulated/and or UV and 550 nm light.393 The unusual
control of product selectivity was attributed to the establish-
ment of the interband Z-scheme electron transfer mechanism.
Even after these efforts, the performance of these catalysts
remains far from real-world applications. Another approach to
improve the visible light absorption, catalytic activity and even
specificity of TiO2-based materials is defect engineering. The
first report by Chen et al.394 on the synthesis of low bandgap
black TiO2 (∼1.0 eV) with plenty of defects introduced by
hydrogenation, geared the research in this direction.395−397

The creation of point defects such as oxygen vacancies
introduce subenergy gaps leading to an alternate path of
excitation and relaxation.398 Naldoni et al. reported a one-step
reduction/crystallization synthesis of black TiO2 exhibiting a
bandgap of only 1.85 eV.399 The structural characterizations
reveal low-pressure hydrogenation favors Ti3+ and O vacancies
compared to interstitial Ti ions under harsh conditions. After
that several reports focused on various strategies of defect
creation including chemical route and controlling nature of
defects, photophysical characterization and photo/catalytic
applications has emerged.400401 In a recent study, Fornasiero
group reported synthesis of O defect rich brookite TiO2
nanorods via hydrogenation at 700 °C.402 The thermal
treatment under H2 transforms anisotropic structure to
irregular isotropic structure without distorting the crystal
structure however oxygen vacancy point defects were
introduced which were confirmed by UV−vis, Raman. When
tested for the alcohol oxidation, the reduced brookite TiO2
samples can reach a CH3OH photooxidation rate of 99 mmol
h−1 m−2 compared to pristine TiO2 (27 mmol h−1 m−2). The
Pt photodeposited samples displayed the similar pattern for
alcohol oxidation regardless of nonhomogeneous size distri-
bution suggesting the key role of vacancies to promote
reactions. The hydrogen evolution rate for platinized brookite
samples was almost 18 times than pristine anisotropic sample.
Interestingly, substrate specific activity was observed for the
reduced brookite TiO2 and methanol oxidation was predom-
inant over ethanol and isopropanol. Detailed analysis of the
sample with in situ PL demonstrate introduction of midgap
state along with reduced lifetime of excited state implying
enhance photoactivity. Synchrotron-based photoemission spec-
troscopy followed by DFT calculation suggest the specific
activity for the methanol arised due to bound states between
oxygen vacancies and large electron polarons.
The presence of defects on the surface of TiO2 provides an

opportunity to stabilize SACs which can form bonding with
neighboring Ti atoms. Pan et al. demonstrated the defects
confined growth on ultrasmall noble metal clusters on TiO2
and speculated electrons transfer from vacancies to metal ion
promoting stabilization of metal.403 In another report Wan et
al. demonstrated the formation of Au SACs on defect-rich
TiO2 nanosheets.117 Detailed characterization including
EXAFS, XANES, and EPR reveals that the Ti−Au−Ti bond
was formed. Further, DFT studies suggest due to the reduced
energy barrier for Ti−Au−Ti structure, the competitive
adsorption can be avoided resulting in improved catalytic
properties. Apart from reduction, various synthetic conditions
can also introduce defects state in TiO2. For example, Zhou et
al. showed that anodic growth of TiO2 nanotubes poses a
considerable strain on tube walls ensuing the formation of the
high density of Ti3+-Ov surface defects.

404 Taking advantage of
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defect-rich surface they pinned Ir SA sites by a simple
impregnation approach. The resulting 0.58% IrSA TiO2
catalyst displayed a turnover frequency of 4 × 106 h−1.
Interestingly, after the illumination, the SAs tend to
agglomerate and the calculated SAs density was found to be
378134 SAs per μm2 before and 18656 SAs per μm2 after
illumination. Despite the clustering of Ir centers, the catalytic
activity remains almost stable that can be ascribed to the high
activity of the SA site compared to the negligible performance
of the nanoparticles. Compared to noble metal centers, the
earth-abundant transition metals such as Cu, Fe and Ni, etc.
are desirable candidates for fabricating SACs because of their
low cost, high coordination number, variable valency and facile
formation of MO species. Like metallozymes where metal
center’s coordination environment with surrounding ligands
has a significant impact on the activity/specificity, the catalytic
performance of SACs is also governed by local atomic
configuration on the supporting materials. The decoration of
SAs on reducible oxide supports such as TiO2, and CeO2
affords the random distribution of SAs on various coordination

sites that influence the degree of charge transfer between the
interfaces. Due to the heterogeneity of these coordination sites,
the investigation of the effect of these sites on activity remains
ambiguous. To understand the role of the metal coordination
environment on TiO2 support, Lee et al. achieved site-specific
stabilization of Cu SA in a Ti vacancy (Cu1/TiO2) which
excludes coexistence of any other atomic configuration or
subnanometric cluster which enabled investigation of the
photocatalytic CO2 reduction on a TiO2 surface with atomic
precision.405 The study reveals that the CO2 reduction activity
was significantly boosted due to the formation of O vacancy in
the vicinity of Cu atoms in Ti vacancies. Previously the same
group also reported site-specific SA Cu/TiO2 catalysts which
can undergo a specific color change cycle under visible light
irradiation during hydrogen evolution attributed to charge
transfer from TiO2 to the d band of isolated Cu atom.165

Further, the presence of multiple adjacent Cu SAs facilitates
CO2-mediated cooperative charge relaxation and delocaliza-
tion. The metal d-state in the MO6 octahedron of TiO2
generates eg and t2g states which overlap with oxygen’s p

Figure 26. Enhanced surface reducibility of a SAC by electronic metal−support interfacial hybridization. (a) Schematic alignments of the d
orbital splitting of a metal atom in a coordinate complex (left), the energy levels of the support material (middle) and their metal−support
hybrid states based on ligand field theory (middle). (b) DFT optimized structure of Cu2/TiO2−x. Reprinted with permission from ref 405.
Copyright 2022 Royal Society of Chemistry. (c) STEM image and (d) fitting details for iron K-edge EXAFS spectra of 0.33 metalwt % FeOx/
TiO2. (e) Three runs of CH4 conversion by 0.33 metalwt % FeOx/TiO2 under light irradiation operated at room temperature and atmospheric
pressure. (f) CH4 conversion amounts and product yields from a series of control experiments. Chemical and physical characterization of the
TiO2-based photocatalysts. (g) PL spectra of anatase TiO2 and 0.33 metalwt % FeOx/TiO2. (h) Fe 2p XPS spectra of 0.33 metalwt % FeOx/TiO2
in the dark and under Xe lamp irradiation. Reprinted with permission from ref 340. Copyright 2018 Springer Nature.
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orbitals (pσ and pπ) leaving nonbonded p states. The
introduction of a Cu atom in a Ti vacancy leads to partial
oxidation of an oxide anion (O2−) which stabilizes the metal−
support interface. The resulting configuration introduces
midgap states above the Fermi level in Cu1/TiO2 making its
surface vulnerable to reduction (Figure 26a). The surface
reducibility of TiO2 promotes the creation of O vacancies near
Cu sites as demonstrated by −0.75 eV downhill energy for
Cu1/TiO2 compared to pristine TiO2 (+4.41 eV). The O
vacancy containing Cu1/TiO2 can be represented as Cu1/
TiO2−x where surface charge is balanced by protons. The
photoexcited electrons are localized to the dx2−y2 state of the
Cu atom creating Cu+ state which energetically favors
reduction of CO2. The CO2 adsorbs on O vacancies near Cu
followed by the formation of Cu−C state by Cu−O4 square
planar structure distortion. In the subsequent steps proton and
electron transfer promotes the removal of O leading to M-CO

which finally reduce to CH4 in subsequent steps. To validate
the obtained theoretical findings, the site-uniform Cu SAs
containing TiO2 hollow nanosphere were synthesized by
template confined thermodynamic redistribution of SAs. The
EELS spectra of pristine TiO2 displayed Ti L2 and L3 edges
with characteristics splitting due to eg and t2g energy gap which
diminishes in Cu1/TiO2 suggesting the introduction of midgap
state disturbed octahedral crystal field splitting. Further, the
EELS spectrum at different sites displayed both two peak and
two doublets splitting features respectively suggesting the
coexistence of Ti3+ and Ti4+ states. The incorporation of Cu in
the Ti vacant site was also confirmed by EXAFS which
demonstrates a slightly undercoordinated (4.6−4.8) state
compared to pristine TiO2. The CO2 to CH4 formation rate
of Cu1/TiO2 was found to be 416.9 ppm g−1 h−1 which was
significantly higher than TiO2, other M1/TiO2 and CuO
nanoparticles decorated TiO2 catalysts. To know the effect of

Figure 27. (a) HAADF-STEM image of Au1/BP nanosheets with color-coded intensity. (b) EXAFS spectrum of Au1/BP nanosheets, Au foil
and Au2O3. The inset image shows a structural model of Au1/BP nanosheets. (c) Comparison of methanol yields under different solvents
and reactants at 90 °C for 2 h. (d) Mass activities and TOF numbers in 20 mL of water under 33 bar (CH4:O2 = 10:1) at different
temperatures under different light powers with an irradiation area of 3.14 cm2. In situ DRIFTS spectra of Au1/BP nanosheets purged by 1
bar of different gases at 90 °C (e) in the dark and (f) under light irradiation. In situ ESR spectra of BP and Au1/BP nanosheets under
different conditions (g) in the presence of TEMP and (h) in the presence of DMPO. (i) Schematic illustration of oxygen activation on BP
nanosheets. (j) Reaction path for partial oxidation of methane over Au1/BP nanosheets under light irradiation. The inset images show the
side views of the configurations. Reprinted with permission under a Creative Commons CC-BY License from ref 413. Copyright 2020
Springer Nature.

ACS Nano www.acsnano.org Review

https://doi.org/10.1021/acsnano.2c02464
ACS Nano XXXX, XXX, XXX−XXX

AN

https://pubs.acs.org/doi/10.1021/acsnano.2c02464?fig=fig27&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c02464?fig=fig27&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c02464?fig=fig27&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c02464?fig=fig27&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c02464?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


neighboring atom in synergistic cooperative relaxation, an
additional neighboring Cu atom was decorated (Cu2/TiO2−x)
which indicates that a Cu single site and the nearby O vacancy
offers an active binding pocket for bidentate binding of CO2
while neighboring Cu can stabilize the d electrons by a charge
delocalization through symmetrically matched d orbitals. This
resulted in the distortion of the Cu−O4 complex into a more
symmetrical square planar (D4h) structure that prevents charge
localization on Cu maintaining the strong basicity of a Cu
atom and binding pocket structure, required for chemical bond
formation between CO2 and Cu (Figure 26b).
Focusing on CH4 oxidation, the photocatalytic process

provides an advantage over thermal processes due to the
generation of hydroxyl and superoxide radicals which can
either directly attack CH4 or produce secondary radical
intermediate and H2O2. By controlling the nature of radical
and H2O2 it is possible to get 100% selectivity as demonstrated
in the following section. Despite, metal NPs decorated TiO2
photocatalysts have been explored for the CH4OR, there is
only one report using TiO2-based SACs photocatalysts and
more work is needed in this direction. Since Fe-based SACs
mimics natural enzymatic systems, anchoring Fe SA species on
TiO2 catalysts can provide significant achievement. Tang’s
group demonstrated that extremely nanosized Fe (FeOOH
and Fe2O3) species supported on TiO2 support were able to
photocatalyze the selective oxidation (90% selectivity) of
methane to methanol.340 The FeOx/TiO2 samples were
prepared by the WI method and used for the photocatalytic
oxidation of CH4. The STEM analysis reveals that optimized
samples 0.33 metalwt % FeOx/TiO2 displayed highly dispersed
iron species including clusters and SA species (Figure 26c).
XANES Fe K-edge spectra after fitting displayed that iron was
mostly present as FeOOH with a small fraction of Fe2O3
species. Furthermore, EXAFS shows a major peak correspond-
ing to the Fe−O shell with a minor Fe−Fe second-shell
contribution which verified that FeOOH and Fe2O3 atomic to
ultrasmall cluster form was present (Figure 26d). The samples
0.33 metalwt % FeOx/TiO2 displayed highest CH4OR perform-
ance (1.056 μmol gcat

−1 or 18 molCH3OH moleFe
−1) and 90%

selectivity while under identical conditions noble metal loaded
TiO2 (0.12 metalwt % Au/TiO2, 0.53 metalwt %PdOx/TiO2 and
0.69 metalwt %PtO/TiO2,) displayed significant drop in catalytic
activity (Figure 26e). To validate that the reaction was TiO2
photocatalyst driven, 0.41 metalwt %FeOx/SiO2 was used
which shows diminished product yield. The catalytic activity
remains constant even after three recycle suggesting the stable
nature of the catalyst (Figure 26f). The decreased PL intensity
of 0.33 metalwt % FeOx/TiO2 compared to pristine TiO2 and
shifted Fe 2p XPS peak toward lower binding energy
suggesting better charge separation due to the capture of
electrons via Fe species (Figure 26g,h).
8.2. Black Phosphorus Supported SACs. Decoration of

SAs on low bandgap materials can translate a larger fraction of
photogenerated charge carriers to drive a chemical reaction.
Compared to bulk 3D materials, 2D materials can accom-
modate a large population of SA sites while providing a large
surface area for substrate adsorption. BP, a 2D allotrope of
phosphorus with a significantly small bandgap (0.3 eV),
excellent carrier mobility, earth-abundant nature and p-type
conductivity has attracted wide attention to be used in
photocatalysis.406,407 Interestingly, BP can be exfoliated to
single layer to few layers sheets (called phosphorene) by

solvent-assisted exfoliation using solvents such as dimethylfor-
mamide, dimethyl sulfoxide, N-methyl 2-pyrrolidone, ionic
liquids, etc.408−410 Due to the confinement effect, the
theoretical band gap of single-layered BP sheets can be
extended up to ∼2.1 nm.411 The sp3 hybridized phosphorene
sheets have periodic out-of-plane P atoms which in the long-
range provide 2D structure to BP nanosheets. These P atoms
are easily oxidized under air/oxygen/water to form P−O and
PO dangling bonds. Similarly, P atoms can also coordinate
with other metallic centers making them suitable candidates for
the supporting SA centers.412 Luo et al. synthesized gold SA
decorated BP nanosheets (Au1/BP nanosheets) by injecting
HAuCl4 precursor in exfoliated BP suspension.413 The color
mapped HAADF-STEM image of 0.2 wt % Au1/BP nano-
sheets, displayed the atomic distribution of Au on the sheets
(Figure 27a). When Au loading was increased to 1%, the
nanoparticles with an average size of 6 nm were observed. The
Au L3-edge XANES spectra demonstrate the presence of Au in
a mediate state between metallic Au and Au2O3 while EXAFS
displayed a peak centered at 2.33 Å for double coordinated Au
bridged with 2P atoms (Figure 27b). DRIFTS of Au1/BP only
shows linear absorption of CO probe molecule suggesting the
presence of SA sites. Photocatalytic CH4 oxidation under 33
bar pressures (CH4:O2 = 10:1) Au1/BP nanosheets affords
22.7 μmol of methanol translated to methanol formation rate
of 113.5 μmol gcat

−1, with a TOF of 5.6 h−1. (Figures 27c,d).
The product formation rate was dependent on light intensity
while the activation energy (Ea) of Au1/BP nanosheets was
almost independent of light intensity. They demonstrated
significant stability and after 10 cycles about 205.2 μmol of
methanol was observed with TOF ∼ 7%. The control
experiments in the absence of O2/light, using acetonitrile
instead of water, using methanol as a reactant affords negligible
reaction product suggesting water and O2/light, were essential
for the oxidation of methane to methanol. The detailed
mechanism was evaluated using in situ DRIFTS. The DRIFTS
spectra in the presence of O2 demonstrated two peaks at 1246
and 911 cm−1 due to PO and P−O−P stretch. However, in
the presence of N2/H2O, no such peak was observed under
dark or light conditions. When both O2 and H2O were present
in the dark no significant difference was observed and only
peaks for PO and P−O−P were visible (Figure 27e).
Interestingly, under light illumination, a sharp band around
3350 cm−1 appeared demonstrating the generation of hydroxyl
groups (Figure 27f). Similarly, quasi-situ XPS displayed the
only presence of PO and P−O−P under dark while OH
peaks were observed after the illumination. Further, EPR
spectroscopy using DMPO and TEMP as trap agents suggest
the formation of 1O2, O2

−, •OH, and P−OH species
demonstrating the reaction was H2O/O2 driven (Figure
27g,h). Moreover, in situ DRIFTS in the presence of CH4
after the O2/H2O activation of BP surface demonstrated the
increased intensity of P−OH and CH3*, while the peak
intensity of CH4 and PO was significantly decreased,
suggesting CH4 generates CH3* species by following reactions.
(CH4 + PO → CH3* + P−OH). Temperature-programmed
surface reaction with mass spectroscopy (TSPR-MS) using
isotope 18O-labeled water (H2

18O) shows the absence of any
product without light. However, after illumination, CH3

18OH,
CH3

16OH, H2
18O, and H2

16O were observed, and no peak for
CO2 was observed. These observations suggest the reaction
was O2 and H2O driven and required light for the activation.
DFT studies confirm the formation of PO and P−O−P
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species on Au1/BP catalysts (Figure 27i). The surface adsorbed
triplet 3O2 after sequential electron and hole activation can
form singlet 1O2 which can react with H2O to form OH* and
HOO* and can be split into •OH radicals. The energy
calculation of generation of CH3OH by P−OH with CH3*
under dark conditions was calculated to be 2.18 eV, while
under light this difference was just 1.15 eV suggesting the
feasibility of reaction (Figure 27k). Further, theoretical results
suggest the improved selectivity originated from the stabiliza-
tion of CH3* radicals by Au atom preventing further
dehydrogenation by generating •OH radicals. Additionally,
the energy barrier for methanol oxidation by P−OH and PO
species is 1.31 and 1.82 eV which is significantly higher than
desorption energy, so, CH3OH is preferably desorbed in water
instead of further oxidation.
8.3. Carbon Nitride Supported SACs. Fabrication of

SACs is often challenged by the aggregation of SAs on the
supporting materials due to the large surface energies of single
atomic metal sites. The stabilization of a SA on inorganic
supports usually requires coordination sites present in the form
of defects and vacancies, thus the concentration of SAs on
inorganic supports is limited by the number of defects/
vacancies.414,415 The interaction of SAs with defects signifi-
cantly influences the electronic structure and reactivity of the
SACs.416 For an effective interaction between a SA and
support, the metal-oxide interaction should be stronger than
the metal−metal interaction. Easily reducible metal−semi-
conductor oxides such as TiO2, FeOx, Cu2O and CeO2 are
found to be suitable scaffolds for the fabrication of
SACs.305,324,417 Thermal/thermochemical treatment is the
most common approach for enriching a crystal surface with
defects/vacancies. For example, Cai et al. synthesized Pt SA on

oxygen vacancy-rich TiO2 using titanic acid nanotubes
displaying enhanced activity for photo/electrochemical H2
generation.418 Apart from vacancies/defects, the edge and
step defects have also been reported to anchor SAs on oxides
supports. Specific planes exposed surfaces such as {001} of
TiO2 have also been focused to improve the performance of
SA cocatalysts. For example, Wei et al. reported Pt/TiO2-001
catalysts prepared by deposition precipitation method display
1156 times higher activity for H2 generation than pristine
TiO2-001.

419 Such approaches usually afford a diluted metal
concentration and come at the cost of sacrificed surface
properties. Compared to bulk 3D crystals 2D materials are
interesting due to their high specific surface area to
accommodate large numbers of SA species. Numerous 2D
materials such as MXenes, WS2, MoS2, etc., have been
developed recently; however, controlling the chemical nature
of vacancies is a challenge.420−424 Though controlling the
coordination environment of SAs in N doped graphene/
carbon-based M-N4-C catalysts is relatively easy but requires
high-temperature synthesis and certain fractions get agglom-
erated on the carbonaceous scaffold which trade-off
selectivity.425,426 In recent years, graphitic CN (g-C3N4) with
excellent thermal, chemical and photophysical stability has
emerged as a potential photo/catalytic material for various
reactions.427−429 Due to the presence of plenty of secondary
nitrogen’s C2N: of heptazine units (C6N7) and uncondensed
NH/NH2 groups, CN can promote metal-free organic
transformation such as epoxidation, oxidation, three-compo-
nent coupling under alkali-free conditions. Distinct from
graphenic structure, CN possesses periodic in-plane cavities
formed by three heptazine units bridged together with tertiary
nitrogens. These cavities can accommodate SA centers and

Figure 28. (a) FT of the Cu K-edge EXAFS spectra of Cu-SAs/C3N4, Cu foil, Cu2O and CuO. (b) Cu K-edge XANES experimental spectra
for Cu-SAs/C3N4 (red) and the calculated spectra for the proposed Cu−N4 (black), Cu (orange-pink), N (blue), C (gray) and H (white). (c)
Catalytic results over C3N4 and M/C3N4 catalysts at 3 MPa. (d) Effect of methane partial pressure on the Cu-SAs/C3N4 catalyst. (e)
Recyclability tests over Cu-SAs/C3N4 and Cu-NPs/C3N4 catalysts. Reaction conditions: 5 h, 15 mL H2O, 5 mL 40 wt % H2O2, 3 MPa and
catalyst, 30 mg. (f) EPR experiments over Cu-SAs/C3N4 in the liquid phase. Reprinted with permission from ref 92. Copyright 2020 Royal
Society of Chemistry.
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these atoms are stabilized via coordination with inner facing
secondary nitrogens.430,431 Due to the already available N
coordination sites, the fabrication of SACs on CN support can
be realized under mild conditions via deposition/in situ
reduction approaches.432,433 Assuming the periodic coordina-
tion of C6N7 units each vacancy is composed of one heptazine,
thus, each C6N7 unit can accommodate one metal center
reaching maximum possible occupancy. Though it is an
idealized picture, as plenty of surfaces is not available in π−π
stacked sheets and uncondensed domains. The uncondensed
domains are detrimental for photocatalytic processes as
residual NH/NH2 behaves as trap centers and also reduces
the active area due to intersheets hydrogen bonding.
Improving the surface area, crystallinity and tuning the cavity
size of CN is an active area of research to improve the
performance.434 Numerous CN-based SACs have been
reported for various applications such as photo/catalytic
hydrogen evolution, CO2 reduction, N2 reduction reactions,
CO oxidation, and biomass conversion.435−438 Like copper-
containing MMO enzyme, anchoring Cu atom in CN scaffold
can promote efficient C−H activation of methane.439,440 Wu et
al. synthesized, copper SAs decorated CN catalysts Cu-SAs/
C3N4 in the form of a Cu−N4 moiety by using copper salts,
melamine, and cyanuric acid complex (Cu−melamine−
cyanuric complex) followed by thermal annealing at 550 °C
for 4 h under Ar atmosphere.92 The existence of isolated Cu
SA entities was evident from AC-HAADF images and further
supported by EXAFS demonstrating the absence of any Cu−
Cu interaction (Figure 28a). EXAFS fitting for the first shell
(Cu−N) suggests coordination number was 4. The Cu K-edge

XANES spectrum demonstrates that the oxidation state of Cu
was in between Cu2O and CuO references (Cuδ+, 1 < δ < 2)
suggesting partials charge transfer from Ns of CN to Cu2+.
Considering the Cu−N4 coordination, the XANES spectrum
obtained from the DFT model was coinciding with
experimental results validating the Cu−N4 structure (Figure
28b). When used as methane oxidation catalysts at room
temperature in the presence of H2O2 oxidant, the Cu-SAs/
C3N4 produce C1 oxygenates (CH3OOH, CH3OH and
HCOOH) with a TOF of 6.7 h−1, and the 95% C1 selectivity.
Compared to other SACs such as Fe and Co, the Cu-SAs/
C3N4 demonstrated the highest C1 products (153 μmol) after
5 h. Further, the activity of Cu-SAs/C3N4 was much higher
compared to Cu nanoparticle decorated CN (CuNP@C3N4)
(Figure 28c). Though, partial pressure does not have any
influence on product selectivity, enhancing pressure increases
product conversion (Figure 28d). The recycled catalysts
displayed almost identical activity to the fresh one and no
clustering/NP formation was observed after the reaction
(Figure 28e). EPR spectra of the reaction mixture using 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO) spin-trap agent dem-
onstrate the presence of •OH, •OOH and •CH3 radical
suggesting CH3−H bond activation takes place by generated
free radicals (Figure 28f).
Direct conversion of C1 methane to C2 products such as

ethanol is an even more challenging reaction due to the
involvement of C−H bond scissoring and C−C bond
formations.441,442 A handful of studies reported the direct
conversion of methane to ethanol at low temperatures.443,444

Wang et al. reported that cubic platinum (Pt) nanoparticles

Figure 29. (a) Cu 2p XPS spectrum of Cu-0.5/PCN. (b) ESR spectrum of Cu-0.5/PCN (d) Photocatalytic anaerobic H2O2 production over
PCN and Cu-0.5/PCN. (d) In situ IR spectra of methane adsorption on Cu-0.5/PCN. (e) Liquid products of methane conversion over PCN
and Cu-X/PCN. (f) The hypothetic mechanism for photocatalytic anaerobic methane conversion over Cu-0.5/PCN. Reprinted with
permission under a Creative Commons CC-BY License from ref 449. Copyright 2019 Springer Nature.
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capped with Cs2[closo-B12H12] can directly convert CH4 to
C2H5OH with a very high selectivity ca. 97%. Under optimized
conditions using H2O2 and O2 as an oxidant, the yield of
C2H5OH reached 148.41 mol kgcat

−1 h−1 at 50 °C.445 Based on
the presence of •CH3 and •C2H5 radical’s signal in EPR and
DFT modeling, the authors concluded that •CH3 radicals
combined to generate C2H6 which was attacked by •OH
radical to produce C2H5OH. In another study, Shen et al. used
MMO-inspired biomimetic CuFe2O4-carbon nanotube catalyst
to convert CH4 to C2H5OH with 82% selectivity at 150 °C.446

Electrocatalytic approach using Ni/NiO has also been applied
to reach maximum Faradaic efficiency of 89% and ethanol yield
of 25 μmol gNiO

−1 h−1 at 1.40 V vs RHE.447 Some high-
temperature reactions using Cu−Fe and Cu−Mn catalyst and
CO2 as a soft oxidant were also found to yield ethanol.448

However, the mentioned processes either required temper-
ature or electricity input and rely on expensive catalytic
systems with low product yield. Photocatalytic conversion of
CH4 to oxygenates might be a solution; however, uncontrolled
oxidation from generated •OH radicals leads to deep
mineralization reducing the overall carbon efficiency. Photo-
catalytic generation of H2O2 followed by the production of
•OH radicals in a Fenton-like process might be efficient, but
only surface-bound species are mild enough to maintain
selectivity. As previous studies on Cu-exchanged zeolites
demonstrate that Cu sites prevent overoxidation of oxygenates,
Cu-supported catalysts might enhance the product selectivity
in photocatalysis. Zhou et al. demonstrated the synthesis of a
pMMO type metalloenzyme catalyst by introducing Cu species
into the cavity of polymeric CN (Figure 29).449 The Cu-
modified PCN can in situ produce H2O2 and •OH radical and
generate C2H5OH as the main product with a yield of 106
μmol gcat

−1 h−1 under visible light. The Cu-X/PCN (where X
is wt % of Cu) were prepared by thermal condensation of urea
and CuCl2. The optimized Cu-0.5/PCN sample does not show
any sign of Cu nanoparticles in XRD and TEM substantiating
the fine distribution of Cu species in PCN. The XPS spectra of
Cu-0.5/PCN show two peak components assigned to CuI or
Cu0 species while CuII signals were obscured in the
background (Figure 29a). ESR spectra of Cu-0.5/PCN
displayed a CuII signature peak at g values 2.08 with nine
hyperfine coupling peaks with equal spacing probably due to
the partial delocalization of the unpaired electron spinning
over two Cu centers (Figure 29b). These observations suggest
a mixed-valence state of Cu in the catalysts. The band structure
calculated from the Mott−Schottky measurement exhibit VB
position for 0.5-Cu/PCN in between oxidation of H2O to
H2O2 and •OH substantiating the feasibility of two electrons
mediated H2O2 production rather than direct •OH produc-
tion. To validate that incorporation of Cu in PCN structure
can facilitate in situ generations of H2O2 from water followed
by localized generation of •OH radicals, the concentration of
H2O2 was measured (Figure 29c). Using PCN as a
photocatalyst, the H2O2 generation rate of 12.5 μmol gcat

−1

h−1 was achieved while 0.5Cu/PCN can afford only 0.7 μmol
gcat

−1 h−1 production rate demonstrating H2O2 was degraded
in the presence of Cu. The increased fluorescence intensity for
2-hydroxyterephthalic acid for 0.5Cu/PCN corroborates the
generated H2O2 was in situ transformed to •OH radicals.
Further, in situ FTIR on 0.5Cu/PCN after introducing
methane exhibited two peaks centered at 3015 and 1304
cm−1 due to CH4 adsorption (Figure 29d). Interestingly, the
peak intensities were gradually increased for the 0.5Cu/PCN

compared to PCN suggesting Cu benefits the adsorption of
methane. Similarly, CH4-TPD displayed a desorption peak
around 250 °C while no desorption was observed in this range
for PCN samples validating incorporation of Cu increase CH4
adsorption on the catalyst’s surface. The photocatalytic
experiment demonstrates that 0.5Cu/PCN was highly active
for the ethanol formation compared to pristine PCN and
activity diminish as Cu content increased in 1.0Cu/PCN
(Figure 29e). The XPS spectra of spent catalysts do not show
any change suggesting photogenerated electrons can reduce
the oxidized Cu species. The ethanol production was
significantly dropped after the introduction of O2 which was
assumed due to the scavenging of electrons by O2 to form
superoxide radicals which also oxidize the generated product.
Since the VB of Cu-0.5/PCN is not positive enough to oxidize
H2O into •OH, two-electron pathways of generation of H2O2
followed by decomposition to •OH radical was proposed. The
oxidized Cu2+ species get reduced back to CuI by photo-
generated electrons and maintain a mixed valence state. The
•CH3 radicals were generated by abstraction of a proton from
CH4 via •OH radicals. These methyl radicals can either react
with another •OH radical to produce CH3OH or might
recombine to form ethane. The ethane is attacked by •OH
radical to generate •C2H5 ethyl radicals which further react
with water to form ethanol. However, as expected, this
mechanism should lead to products with methanol as a
dominating product. Control experiments using methanol
reveal that more ethanol was produced using Cu-0.5/PCN if
methane was not present in the system. The previous studies
and current observations suggest a methane−methanol−
ethanol pathway in which H abstraction from intermediate
methanol by •OH generates *CH2OH and *CH3 groups. The
coupling of *CH2OH and *OCH3 groups and methoxy groups
on the adjacent C sites produce C2H5OH or ethyl radical
which finally form ethanol by combining with •OH radical
(Figure 29f).

+ • → * +CH OH OH CH OH H O3 2 2

+ • → * +CH OH OH OCH H O3 3 2

* + * → + *CH OH OCH C H OH O2 3 2 5

* + * → • + *CH OCH CH CH OH3 3 2 3

* + • + • →O H H H O2

* + • →OH H H O2

As mentioned in previous sections, enzymatic systems are
composed of mono and/or dimeric Cu/Fe species working
synergistically to excel in the CH4 oxidations. Like natural
systems, two atomic sites working cooperatively can be
decorated on an active support to amplify the catalytic
performance. Compared to SACs which solely rely on the
coordination environment of metal centers and metal−support
interaction, DSACs can achieve cooperative interaction
between two metal centers/support and also effectively
stabilize reaction intermediate on two sites. Further, due to
the presence of another metal in the first or second
coordination shell, the local geometry and charge density can
be modulated for the flexible adsorption configuration of
reaction intermediates to optimize a specific reaction.95,450

DSACs can be either homonuclear or heteronuclear and the
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metal centers in DSACs can be either connected directly with
M-M interaction or with a bridging nonmetal atom (as in
pMMO). Although the nonmetal bridged DSACs have less
intense M-M interaction, they ensure spatial distance to
improve better intermediate stabilization. For example, Yang et
al. demonstrated the synthesis of W1Mo1−NG DSACs in
which W and Mo centers were connected via bridging O atoms
and can achieve Pt-like activity/stability attributed to electron
delocalization in W-O-Mo-O-C configuration.451 Among the
reported DSACs, M1M2-Nx-C are most common due to easy
synthesis. However, their applications are mainly limited to
electrocatalysis.452−454 However, other options which can
provide better catalytic/photocatalytic properties should be
explored.
In recent years, g-C3N4 has emerged as an ideal supporting

material due to its physicochemical properties, availability of
numerous sites for coordination, precise control over

coordination and the possibility of getting higher loading in
C6N7 vacant sites. DSACs can be synthesized by using
sequential coprecipitation/deposition, using precursors with
two metal centers, MOFs and metal coordinated COF and
controlling the support site to ensure the vicinity of two SAs.
The most efficient strategy to synthesize DSACs is using a
precursor which already has an M-M or M-O-M arrangement
followed by the removal of ligand which leaves a naked pattern
of molecule coordinating with supporting materials. For
example, Tian et al. demonstrated the synthesis of Fe2/mpg-
C3N4 DSACs using bis(dicarbonylcyclopentadienyliron)
(Fe2O4C14H10) followed by the removal of organic ligand.455

The Fe2/mpg-C3N4 demonstrate almost 90% conversion of
stilbene to stilbene oxide while under identical conditions Fe1/
mpg-C3N4 was almost inactive.
In another example, Yang et al. demonstrated the synthesis

of copper diatomic species on defected g-C3N4 (Cu2@C3N4-

Figure 30. (a) Synthesis of the Cu2@C3N4. (b) HAADF-STEM images of Cu2@C3N4, insets showing line-scan intensity profiles of Cu dimers.
(c) k2-weighted EXAFS spectra at the Cu K-edge, with Cu foil, Cu2O, CuO, and Cu-TPP. (d) The simulated structure model of dicopper-oxo
center and geometric parameters of the dicopper-oxo center determined for Cu2@C3N4. (e) Yields and productivity of methyl oxygenates at
different reaction temperatures. (f) correlation between productivity of methyl oxygenates and gain factor for different catalysts. (g)
Simulated pathways for the reaction between CH4 with H2O2 on the Cu2@C3N4 catalysts, with the middle inset illustrating the electron
distribution of the CH4 molecule being activated on the bridging oxygen site. (h) EPR spectra recorded for various control experiments
using DMPO (i) In situ irradiation XPS spectra collected in the O 1s region. Reprinted with permission under a Creative Commons CC-BY
License from ref 96. Copyright 2022 Springer Nature.
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D) by a photodeposition process which can reach a space-time
yield (STY) of 4878 μmol gcat

−1 h−1 and TOF of 83 h−1 for
C1-oxygenates that was 300% higher than that of single atomic
catalysts.456 Interestingly, in contrast to the above-mentioned
examples, two Cu were not connected directly and has a 2.5 Å
spacing. XAS, XPS, and DFT analysis reveal that one Cu was
bonded to three Ns in the heptazine framework cavity while
another Cu occupied N vacancies and coordinates with two
carbons and one nitrogen. Experimental mechanism inves-
tigation using EPR demonstrates the presence of •OH, •OOH
and •CH3 radicals indicating that H2O2 and CH4 both are
activated on the surface of Cu2@C3N4-D. DFT calculation
exhibits that CH4OR on monatomic Cu1@C3N4-D proceeds
via the attack of H2O2 on Cu to form Cu−O adsorption of
CH4 on O atoms and finally C−H dissociation to CH3OH,
CH3OOH, OHCH2OOH. While in the case of Cu2@C3N4-D,
it can directly adsorb on the Cu site and dissociates into Cu-
CH3 and Cu−H (neighboring Cu) which finally reacts with
H2O2/H2O to form oxygenates.
In contrast to spaced dual Cu atom sites, Xie et al. reported

the synthesis of oxo dicopper sites (Cu−O−Cu) in a C3N4
scaffold mimicking natural pMMO structure (Figure 30).96 For
the synthesis of Cu2@C3N4 catalysts a “precursor-preselected”
approach was used where [Cu2(bpy)2(μ-ox)]Cl2 was immobi-
lized on C3N4 followed by the removal of ligands at 250 °C in
the air (Figure 30a). HAADF-STEM displayed dimeric copper
moieties with 2.8 (±0.2 Å) spacing which was less than
[Cu2(bpy)2(μ-ox)]Cl2 precursor suggesting the reorganization
of Cu centers on C3N4 after the removal of ligands (Figure
30b). The Cu K edge XANES spectrum of Cu2@C3N4
substantiates an oxidation state between +1 to +2 and no
spectral match with Cu2O and CuO overruled the presence of
Cu in a mixed-valence state. EXAFS validates that Cu was
connected with a bridging O and the bond length was
calculated to be 1.76 and 1.79 Å with a Cu−O−Cu angle of
99.6° (Figure 30c,d). Thermocatalytic oxidation of methane in
the presence of 0.2 mM of H2O2 and 0.1 MPa of CH4 yielded
0.14% oxygenates (dominantly CH3OOH) within 30 min at 30
°C. When the temperature was raised to 70 °C the oxygenates
yield was significantly improved reaching 0.37% (129.7 mmol
gCu

−1 h−1) (Figure 30e). To evaluate the catalyst’s stability, five
recycling studies were performed which demonstrated no
change in the product yield and the Cu−O−Cu structure
remains intact. The comparative studies using monomeric
Cu1@C3N4 afforded only 0.03% oxygenates yield while Cu-
ZSM5 (Si/Al-11.5, Cu/Al- 0.51) gave a relatively low
oxygenate yield (25.5 mmol gCu

−1 h−1) compared to Cu2@
C3N4 (74.4 mmol gCu

−1 h−1) (Figure 30f) These observations
suggest that specific coordination and collaborative effect of
C3N4 must be responsible for the enhanced performance. DFT
studies suggest that reaction initiates with the adsorption of
H2O2 on Cuα forming Cu-OOH and bridging O adsorbed H
species (Figure 30g). The adsorption of a second H2O2 on the
Cuβ site generates Cu−OH species while OH combines with
bridging O ligated H to form water, freeing O sites. In the
subsequent steps, CH4 adsorb on bridging O and undergoes
heterolytic cleavage to form O adsorbed H and −CH3 group.
The migration of the −CH3 group on Cuα or Cuβ sites
followed by a combination with OOH and OH species
generates CH3OOH and CH3OH. Interestingly, the calculated
energy barrier for *CH3 + *OH → *CH3OH was 0.72 eV
which was higher than *CH3 + *OOH → *CH3OOH (0.52

eV) thus favoring the formation of CH3OOH which was also
observed in experimental results.
Since the thermocatalytic process requires the use of external

H2O2 as an oxidant, the potential of Cu2@C3N4 for
photocatalytic in situ CH4 oxidation was also investigated. In
the photocatalytic process, O2 can generate •OH and •OOH
ROS which can substitute the role of H2O2 in thermal reaction.
Interestingly, using O2 as an oxidant and light as an energy
source, the CH4 conversion rate reached almost 13.1% after 6
h. Again, CH3OOH was a dominating product and total
oxygenates selectivity was 98.9%. Under optimized conditions
(PO2 = 0.5 MPa and PCH4 = 1 MPa) the methyl oxygenates
productivity of 1399.3 mmol gCu

−1 h−1 was obtained which is
the highest reported activity for any catalytic system under
benign conditions. The generation of ROS was further
validated by EPR which shows signature peaks for •OOH
radicals (Figure 30h). In situ XPS spectra for O 1s and Cu 2p
under light conditions exhibited a blue shift compared to light
while N 1s spectra were red-shifted suggesting C3N4 transfer
hole to Cu/O sites where CH4 is activated, and the generated
electrons reduced the O2 to H2O2 (Figure 30i). The in situ
generated H2O2 on C3N4 migrates to Cu oxo centers forming
*OOH or *OH species to form CH3OH and CH3OOH.
Compared to thermocatalytic processes, photocatalytic

processes can provide better catalytic selectivity due to
generation of mild oxidative species. Bulk 3D photocatalysts
with a wide bandgap are less selective because they generate
energetic •OH radicals directly from water oxidation leading
to random oxidation. 2D materials have been proven more
appealing due to their photophysical properties and high
surface area. Further, in situ generations of mild ROS which
react with CH4 and restricts deep mineralization thus
enhancing the selectivity. Au supported on black P with
almost complete visible absorption has demonstrated the
highest CH3OH selectivity as it generates mild •OH radical
from triplet O2 and water via P−OH intermediate. The
possibility of generation of higher alcohols in Cu SA integrated
C3N4 illustrates the feasibility of the photocatalytic process to
directly utilize CH4 for chemical productions. Multicentered
dicopper oxo DSACs due to cooperative catalysis, better
stabilization of reaction intermediates and tuning of coordina-
tion environment have emerged as a forefront candidate for
CH4OR. Indeed, to the present date, Cu2@C3N4 catalysts have
demonstrated the highest recorded CH4 conversion rate. Table
2 summarizes the catalytic performance of various SACs used
for the CH4OR.

9. CONCLUSIONS AND FUTURE PERSPECTIVES
The catalytic conversion of earth warming methane to
transportable liquid oxygenates can solve the issues of
depleting energy and staggering global temperature. The
fundamental challenge associated with CH4OR is cleaving
the first C−H bond which requires a significant amount of
energy due to low electron affinity and the absence of dipole
interaction in CH4. Transition-metal-based nanoparticulate
and homogeneous catalysts have demonstrated activity toward
C−H bond activation. However, the cleavage of the first C−H
bond leads to the formation of intermediate species which are
prone to deep oxidation and spontaneously oxidize to CO2.
The antagonistic requirement of controlling the overoxidation
to selectively form the methanol while sustaining the cogent
reaction rate necessitates the search for efficient and selective
catalysts. Methanotrophs using sMMO/pMMO metallozymes
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with bimetallic Cu/Fe μ-oxo centers and P450 with Fe
containing heme centers can activate C−H via the formation of
hypervalent metallic species (intermediate Q). Isolated SA
species coordinated on active supporting materials mimic
metallozymes to promote CH4OR. The afforded activity arises
due formation of hypervalent M(IV)O species which can
polarize the C−H bond and transfer the O atom. Further,
generated methyl and methyl hydroxyl radicals are stabilized
due to synergistic binding with SA sites and support followed
by transfer of radical to support site. Fe-based mono and
dimeric species in conjugation with Cu species as a methyl
radical stabilizer on ordered ZSM-5 have displayed encourag-
ing results to achieve selective oxidations of CH4 at ambient
temperature. Unfortunately, the reaction rate of Fe/Cu-based
SACs remains far from the practicability, and further
improvement is needed in the future. Noble metals including
Rh, Pd and Ru-based SACs tagged on diverse supports
including CeO2, ZrO2, and aluminosilicates boost confidence
due to elevated reaction rate and stability. SACs confined on
2D supports such as graphene (M-N4), transition-metal
dichalcogenides, MXenes, metal oxides, etc., due to populated
metal concentration, high specific surface area, and specific
metal-2D support interaction are emerging frontier that will
translate CH4 to oxygenates. Despite the potential of SACs to
exponentiate CH4OR, unlike natural metallozymes, most of the
SACs still required strong H2O2 oxidant and mild temperature.
A handful of noble metal SACs can generate in situ H2O2 in
perilous pressurized H2 and O2 conditions. For a sustainable
deployment of CH4 oxidation technology, the O2 should be
utilized as an oxidant, which is challenging due to the
requirement of triplet to a singlet state transition and
subsequent transfer to methane via C−H cleavage. Photo-
catalysis offers facile generation of singlet O2 and •OH radicals
which prevent uncontrolled oxidation to improve the
selectivity. The primitive challenges are improving visible
light absorption and nonannihilating charge separation. Newly
discovered low bandgap elemental/mixed stoichiometric and
C−N constituted 2D semiconductors are overcoming these
impediments. Indeed, the highest selectivity for CH4OR was
reported by Au decorated BP SACs which can be further
increased by doping/surface modification and decoration of
multiple atomic sites. Pursuing CH4OR with methyl radical
coupling and carbonylation/carboxylation will be interesting to
afford C2+ oxygenates omitting multistep synthesis. The Cu
containing C3N4 has displayed direct upconversion of CH4 to
C2H5OH at room temperature and visible light irradiation that
strengthens optimizm in the feasibility of the technology.
Undoubtedly, initial success on SAC-mediated CH4OR is
stimulating; however, the sluggish reaction rate, low metal
loading, the requirement of pressurized gas, use of expensive
H2O2 oxidants, and limited recyclability should be overcome in
near future. The viable solution will be screening appropriate
SACs with optimized metal−support interaction by employing
DFT (followed by actual performance evaluation) which can
facilitate CH4 adsorption, activation by molecular oxygen,
stabilization of intermediates, and facile desorption of the
intermediates. As per our observation, SACs/DSACs sup-
ported on photoactive 2D materials (BP and C3N4) have
proven most successful candidates due to higher quantum
efficiency and better control of ROS species to prevent deep
mineralization. Despite DSACs with cooperatively associated
metal centers have demonstrated record activity for CH4OR in
benign conditions, regulating the product distribution toward

desirable CH3OH is indispensably required. Furthermore,
controlling the spatial distribution, coordination environment
of SAs, and coupling two/or more metallic species for
synergistic catalysis will be key steps to garnering the economic
treasure from planet warming CH4 gas.
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