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Abstract

In the last a few decades, scientists were motivated by the goal of producing chemicals
from the widely available, tremendous amount of low-cost resource, methane (CHy). To
achieve this goal, a whole library of catalytic chemistries of transforming CH, to various
products is requested to develop. Worldwide scientists have made significant efforts to reach
this goal. These significant efforts have demonstrated the feasibility of oxidation of CH,4 to
value-added intermediate compounds including but not limited to CH;0OH, HCHO, HCOOH,
and CH3;COOH under mild conditions. Fundamental understandings of these chemical and
catalytic transformations of CH,4 under mild conditions have been achieved to some extent
although currently neither a catalyst nor a catalytic process could be used for chemical
production under mild conditions at a large scale. In academic community, over ten different
reactions were developed for converting CH4 to different types of oxygenates under mild
conditions in terms of a relative low activation or catalysis temperature. However, there is still
lack of molecule-level understanding of activation and catalysis processes performed in
extremely complex reaction environment under mild conditions. This review was launched for
discussing these achievements obtained so far and exploring any prospective in efficient
chemical production from CH,4 in the future. In this review, different oxidative activations of
CH, or catalytic transformations toward chemical production under mild conditions were
reviewed in parallel, by which the track of developing catalysts for a specific reaction was
identified and insights of designing these catalysts were deposited. As a whole this review
focuses on discussing profound insights gained through endeavours of scientists in this field.
It aims at presenting a relatively complete picture for activation and catalytic transformations
of CHy4 to value-added chemicals under mild conditions. In this review, suggestions of potential
explorations for production of chemicals from CH,4 under mild conditions are made. Challenges
being faced by the community in the efforts to achieve the goal are highlighted and possible

solutions to tackle them are briefly proposed.
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1. Introduction
1.1 Availability of worldwide methane and chemical transformation of methane at

high temperature versus low temperature

Methane has been used for production of numerous chemicals through thermal catalysis at
high temperature or relatively high temperature for decades (Figure 1). Unfortunately, these
practices exhibit significant disadvantages. One is the high cost of transportation of natural gas
in liquid due to its extremely low boiling point at -164°C. The other is heavy consumption of
energy in current high-temperature catalytic conversions of CH, in industries as these currently
conversion processes are mostly performed at high temperature.!- 2 For instance, both steam
and dry reformings of CH,4 are heavily endothermic and thus production of one mole of CO
through CH, reforming request a heat supply of at least 206-247 kJ.! In addition, short lives
of catalysts working at high temperature have largely increased the cost of CHs-based
production of value-added chemicals. To break these limits, transformation of CH, to valuable
chemicals under mild conditions have been explored in the last decades toward efficient
utilization of CH4 economically and environmentally friendly. Here a mild condition is defined
to an activation or a catalytic transformation of CH, at a temperature lower than 250°C. In
general, it covers biocatalysis at room temperature, homogeneous catalysis at near room
temperature and heterogenous catalysis mostly at a low temperature (<150°C) or sometimes at
a relatively low temperature (150-250°C).

The enormous advantage of transformation of CH,4 to value-added chemicals under mild
conditions has attracted significant efforts in the last decades. Scientists have made significant
progress in formation of high value chemicals from CH4under mild conditions. Feasibility of
transforming CH,4 to important intermediate compounds under mild conditions has been
demonstrated. Through these efforts numerous new catalysts have been developed although
neither an acceptable durability nor a reasonably high activity has been exhibited from these
catalysts. From fundamental science point of view, significant amount of knowledge on
noncatalytic oxidation and catalytic transformation have been obtained. Thus, it is the time to
review this vital topic, activation and catalytic transformation of CHy under mild conditions
from fundamental science point of view. In this review article, we will discuss the progresses
on this topic achieved recently, review the fundamental understanding of reaction mechanisms
in these transformations, deposit insights gained in developing new catalysts, present grand

challenges our community are still faced, and brief promising solutions to tackle them.
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1.2 Brief of catalytic transformation of CH,4 at high temperature

Figure 1 presents these catalytic routes for producing important intermediate
compounds in chemical industries by starting from CH, for production of valuable chemicals.
These high temperature transformations of CH,4 can be primarily categorized into direct and
indirect conversions. Through a direct conversion, CH, is transformed to important
intermediate compounds such as ethylene, benzene, toluene, xylene, and oxygenates. In terms
of an indirect conversion, CHy is first transformed to syngas, a mixture of CO and H,; then the
syngas is converted to several types of intermediate compounds or valuable chemicals
including alcohol, different hydrocarbons, alcohols, dimethyl ether, and oxygenates typically
through Fisher-Tropsch synthesis.3-2

Nonoxidative
coupling to ethylene
Direct Oxidative coupling to
conversion ethylene
Aromatization to
BTX
Partial oxidation to
Methane — oxygenates
Reforming or partial
Sonversen Oxidation with

H,0, CO,, O,
Syngas (CO+H,)

Liquid fuels

Lower olefins

Ethanol and
glycol

Dimethyl ether

Figure 1. Developed main production routes using CHy as the starting material to produce important
intermediate compounds or value-added chemicals through direct or indirect transformations at high
temperature.

Alternatively, these high temperature catalytical reactions of CH, presented in Figure
1 can be classified into oxidation and dehydrogenation. Through oxidative process, CH4 can
be transformed to alcohol, aldehyde, acid, ester and many other organic oxygenates. In general,
catalytic oxidations of CHy include steam reforming,?'->3 dry reforming!: 2636 and partial
oxidation3”#? to form syngas, oxidative coupling of CHy4 to form ethylene,***#” and even
complete oxidation to form CO, and H,0.%832 Notably, partial oxidation of CH,, oxidative
coupling of CH4, or oxidative dehydrogenation of C,Hg or C5Hg at high temperature involves
both catalysis reactions performed on surface of catalysts and radical-based reaction occurred
in gas phase at high temperature. Typically, these high-temperature radical-based steps are

more out of control; thus, there has been very limited understanding to these high-temperature
5
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radical reactions.*> 47 33. 5% Ingpiringly, characterisation methods of radicals formed at high
temperature were developed recently>® 35 and have been successfully used in fundamental
studies of high-temperature transformations of CH4.5% 35 As complete oxidation is always
more thermodynamically favourable compared to partial oxidation, oxidative coupling and
oxidative dehydrogenation, CO, and H,O are typically by-products of incomplete oxidation
occurred at high temperature.

Different from oxidative transformation, another category of high temperature catalysis
is dehydrogenation. Compared to the exothermic nature of incomplete oxidation of CH,4, C,H,
and C;Hg, direct dehydrogenation of CH4 to C and H, or C,Hg and C;Hg to unsaturated
hydrocarbons and H, is endothermic. With dehydrogenation paths, hydrogen, benzene, toluene,
xylene, ethylene, and even carbon can be produced. Unfortunately, these dehydrogenation
reactions are mostly performed at quite high temperatures. Coke formation is a prevailing
problem for these dehydrogenations performed at high temperature although complete
dissociation of CHy to carbon and H, on liquid-metal catalysts was demonstrated as a promising
route of efficient use of CHy at high temperature.>%->

Most productions of important intermediate compounds involve at least one of or many
of these high-temperature catalytic processes as listed in Figure 1. For instance, CH;OH and
CH;COOH are two of the most important intermediate compounds for chemical production.
As shown in Figure 2 the production chain of CH;0H suffers from high energy cost and ready
deactivation of catalysts in the production process.®0-%> The first step of this process is CHy
reforming at high temperature to produce syngas, mixture of CO and H,. Then, CH;OH can be
synthesized from CO and H; at a high temperature. Catalyst of the high temperature reforming
step are readily deactivated through formation of coke on the catalyst surface.

Although development of catalysts with long durability and high thermal stability
active for selective production of important intermediate compounds or valuable chemicals is
a significant field and even a dominate topic in heterogeneous catalysis, this review does not
cover the topic of high-temperature catalytic conversion of CHy listed in Figure 1. Excellent
review on this topic published by Bao et al on this topic can be found in literature.®*

H,0+0,

H,0 H,0

900 °C
15-30 bar
Ni/Al,O,

1000 °C
Ni/AlLO,

200-400 °C
50-350 bar
Cu-Zn catalyst

Page 6 of 95



Page 7 of 95

Chemical Society Reviews

Figure 2. Industrial high-temperature catalytic processes for synthesis of CH;OH by using CH, as raw
material. Reproduced from Ref. 199, copyright 2013, with permission from Springer Nature.

1.3 Limit to activation of CH, at low temperature

CH, is one of the most inert molecules due to its strong C-H bonds with a C-H
dissociation energy of 438.8 kJ/mol, high ionization energy of 1206.1 kJ/mol, low proton
affinity of 424.5 kJ/mol, and low acidity (pK,=48).%> %6 From electronic structure point of
view, the inertness of CH,4 results from the localized C-H bonds, which makes it lack of high-
energy occupied orbitals and low-energy unoccupied orbitals to couple with other molecules
or a catalytic site electronically. Direct dissociation of C-H of CH, is endothermic. A quite high
temperature is typically requested as demonstrated in preparation of carbon materials and
molecular hydrogen on high-temperature liquid catalysts as reported in literature.>°

Design of a catalyst with high activity for oxidation of CH4 to organic oxygenates under
mild conditions has been challenging although tremendous efforts have been made in the last
decades. Here a mild condition is defined in terms of temperature. It is in the temperature range
of 20-250°C. From surface science point of view, one reason for the existence of this challenge
is that active surface of a catalyst active for oxidation of CHy4 at low temperature can be readily
poisoned through oxidation of the active catalyst by O, or H,O since they are most commonly
available oxidant or impurity in reactant gas or/and solvent. For instance, even at a low
temperature O, and H,O can readily inactivate catalytic sites through immediate oxidation of
supported metal clusters by O, or H,0.7-%° From this point of view, support metal catalysts are
not advantageous for oxidative transformation of CH4 using O, or H,O under mild conditions
since they cannot remain their high surface energy state in environment containing O, or/and
H,0. Compared to nake metal clusters supported on oxide particles, encapsulation of active
sites in microporous environment could be a better choice for oxidative transformation of CHy
under a mild condition.! In fact, majority of catalysts reported in literature have catalytic sites
of metal atoms encapsulated in micropores of zeolites. Alternatively, preservation of nake
metal or oxide nanoclusters in inset gas or high vacuum is another approach to avoid poisoning
them by O, or/and H,O; preservation of active sites in high vacuum has been used in early
exploration how CHy4 could be activated at room temperature; this approach is reflected in
recent discovery of activation of CH, on iridium oxide at a temperature as low as 150 K.70-74
From this point of view, a balance between the high reactivity of a catalytic site and its resist

to potential poisonous molecules plays an important role in design of new catalysts active for
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CH, transformation under mild conditions..

1.4 Organization of this article

Both activation and catalytic transformation of CH, are covered in this review as both
of them chemically transform CH,4 to valuable-added chemicals. Here activation of CHy is
referred to a chemical reaction between CH,4 and oxidant; the oxidant could be oxygen atoms
in MO™ clusters in gas phase, oxygen atoms anchored in micropores of a zeolite, oxygen atoms
of a reactant in solute of aqueous solution such as H,SO,, or oxygen atoms of dissolved
molecules such as O, in solvent. In terms of catalytic transformation of CHy,, this review covers
biocatalysis, homogeneous catalysis and heterogeneous catalysis but focuses on heterogeneous
catalysis. Notably, there has been increasing effort in transformation of CH,; through
electrocatalysis and photocatalysis in the community of catalysis. Due to the limited space, this
review does not discuss any results of electrocatalysis and photocatalysis.

There have been a great number of catalysts designed for transformation of CHy to
value-added chemicals under mild conditions in literature. From reaction point of view,
scientists have studied many transformative chemical reactions including these reactions
adopted from other fields of chemistry for producing value-added chemicals from CH,4 under
mild conditions. Instead of arranging materials to be reviewed by different categories of
catalysts, this review was organized by discussing materials on the basis of different reactions
transforming CH,4 to value-added chemicals. We started by introducing biocatalysis in
converting CH; to CH30H on soluble CH; monooxygenase (sSMMO) and particulate CH,4
monooxygenase (pMMO), briefed molecular catalysis toward transforming CHy4 to chemicals
in solution, discussed oxidative activation of CH4 with MO* existing in inert gas or vacuum,
reviewed formation of CH3;0OH through oxidation of CH4 by active oxygen atoms bound to
metal atoms anchored in zeolites, and discussed catalytic production of oxygenates including
CH;0H, acetic acid, and aldehydes through catalytic oxidation of CH; with H,O,. In each
section reviewing a specific chemical reaction, its subsections were arranged according to
different catalysts or samples performing oxidative activation. One feature of this review is the
inclusion of comparison of different catalysts active for the same reaction and comparison of
the same catalyst for different reactions. Another feature is the offers of specific suggestions
on some topics provided to readers; these suggestions are shown in italic in the text.

Although significant efforts were made in the last decades, actually there has been lack

of a catalyst and a catalytic process which can be utilized for production of oxygenate under
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mild conditions at a large scale. The current status results from several challenges to be tackled.
At the end of this review, these challenges were presented and promising solutions for them

were discussed.

2. Feature and advantage in transformation of CH, under mild conditions

The current industrial processes of utilizing CH,4 are mainly catalytic transformations at
high temperature performed on supported metal or oxide catalysts.”> Disadvantage of these
transformations performed at high temperature is the formation of coke and rapid deactivation
of catalysts.??23:3! In addition, these transformations performed at high temperatures consume
significant amount of energy.! In terms of significant amount of heat input in the current high-
temperature catalytic process, it can be exemplified by at least 8.0x10'3 kJ heat needed for the
production of 6.5 million metric tons of CH;COOH in USA in 2017 based on the endothermic
nature of steaming reforming of CH,4 to produce CO (AH, = 206 kJ /mol) which is the reactant
to synthesize CH;0H (CO+2H,—CH;OH) and the following methanol carbonylation
(CH3;0H+CO—CH;COOH).

Chemical transformation of CH,4 under mild conditions is chemical conversion of CHy to
valuable chemicals at low temperature (<150°C) or relatively low temperature (150-250°C).
Thermodynamically, a transformation through partial, selective or even complete oxidations at
a temperature lower than 300°C is feasible. Thus, most transformations of CH4 under mild
conditions are oxidative reactions of CH4. Compared to the current high temperature processes
(>600°C), one important feature of the transformation of CH4 under mild conditions is the low
energy cost. Another feature of these transformations of CH4 under mild conditions is that
pressure of reactants such as CH, or O, is high, typically several to tens of bars. High pressure
is necessary since more molecules of reactants at a higher pressure can be dissolved in solvent
to access active sites of catalyst particles at solid (catalyst)-liquid (solvent) interface.

Such chemical transformations under mild conditions offer significant advantages. Low
temperature catalysis can save tremendous amount of energy compared to the current high-
temperature catalysis processes.! The footprint cost of catalysis processes performed under
mild conditions is compellingly lower in contrast to the facilities of currently high temperature
reactors and related maintenance needed for the current high temperature catalytic processes.
In addition, as low temperature oxidative catalysis is expected to prevent ideal products from
being further oxidized, a higher selectivity for forming an ideal product under mild conditions
of CHy transformation is highly promising in contrast to CH, transformation through high

9
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temperature catalytic processes. In addition, low-temperature catalysis can avoid deactivation

as coke could not form under mild condition.

3. Important experimental methods

3.1 Brief of characterization for exploring reaction mechanism at a molecular level

Identification of catalytic sites at atomic scale is vital for fundamental understanding of
mechanisms of catalytic reactions. Characterization is an essential component of catalysis
studies. To provide information on structure and chemistry of a catalyst, characterization is
typically performed under an ex-situ condition. An ex-situ characterization could be performed
through two routes. One is the characterization of an as-prepared catalyst or a used one at room
temperature in high vacuum; another route is the characterisation of an as-prepared catalyst or
a used one at room temperature in air. Compared to in-situ or operando characterization, an ex-
situ characterization does not request complicated instrumentation and sample preparation.
However, to reach a fundamental understanding of catalysis at a molecular level, relationship
between a measured catalytic performance and information obtained from an ex situ
characterization does not necessarily reflect the intrinsic correlation between the authentic
catalyst structure during catalysis and its corresponding function in terms of catalytic activity,
selectivity and durability.’6-82 A theoretical simulation based on this relationship may not
rationalize how a catalytic reaction is performed.

Characterisation of a catalyst during catalysis has always been a challenging task. It would
never be as simple as an advertisement of an equipment manufacturer that a turn-on key
machine of in situ/operando characterisation is ready and the only thing to do for a researcher
is to just push a button to collect data. In truth, there are numerous issues existing in
characterizations of oxidation and catalytic transformation of CH, under mild conditions. Lack
of appropriate methods and techniques to characterize catalysts under working conditions of
the catalyst or even semi-working conditions is still one major challenge in the community of
catalysis science.

Regarding to characterisations of catalysts of CH,4 transformations under mild conditions,
X-ray absorption (XAS), vibrational spectroscopy and nuclear magnetism resonance (NMR)
are three of these main techniques valuable in characterization of metal atoms anchored on a
solid catalyst surface or encapsulated in micropores of a solid catalyst distributed in liquid
environment under a gas phase at high pressure. Integration of isotope labelling methods into

mass spectrometry, vibrational spectroscopy, and NMR can largely assist the endeavour in

10
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achieving profound understanding of reaction mechanisms at a molecular level. Other than
these characterisation techniques, UV-vis spectroscopy and X-ray photoelectron spectroscopy
are important characterizations on the topic of CH, catalytic transformation. In addition,
computational study has play increasing role in fundamental understanding of catalysis at a

molecular level.

3.2 Quantitative analysis of products through NMR

In general, '"H NMR is the technique to identify the products such as methanol,
formaldehyde, formic acid, ethanol, acetic acid and other oxygenates. Here quantitative
analysis of methanol with NMR was used to demonstrate how NMR identify and quantify
products of CH, formed under mild conditions.?%? After a catalytic transformation of CH, under
a mild condition, the reactor contains both solid catalyst powder and solution of solvent and
products. The first step is to filtrate the mixture of catalyst and solution before a test solution
is prepared. The test solution can be a part of the original filtrate collected from the reactor
after a filtration. Alternatively, it can be a part of a diluted filtrate if the concentration of the
chemicals in the original filtrate is too high. For the purpose of calibrating the chemical shift
of these chemicals to be analysed, 3-(trimethylsilyl)-1-propanesulfonic acid sodium salt (DSS)
is used as a chemical shift standard. Its peak was set at 6 =0.0 ppm. A solution of 0.020 wt%
DSS was made by diluting DSS in D,O solvent. 0.10 mL of solution of 0.020 wt% DSS was
mixed with a test solution, typically 0.70 ml in an NMR tube for analysis. To measure the
concentration of a product such as methanol in test solution, a standard curve of the product
such as methanol needs to establish. The concentration range of the standard curve should cover
the concentration of all test solutions. To establish a standard curve of methanol, a series of
standard solutions with different concentrations of methanol but the same concentrations of
solvent and all other solutes were prepared. NMR spectra of these standard solutions are
collected by using the exactly same parameters of NMR measurements. For each standard
solution, the ratio of the area of methanol peak to DSS peak in the spectrum was calculated.
Ratios obtained from these standard solutions were plotted as a function of the known
concentration of methanol in these solutions. Fitting these data points in the plot gives a linear
equation. Thus, the concentration of a test solution can be readily measured by introducing the
ratio of the methanol NMR peak of the test solution to its DSS peak into this linear equation.
If the concentration of the test solution is beyond the range of the standard curve, another

standard curve needs to be established. If the test solution is taken from a solution obtained
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through dilution of the original filtrate, a dilution factor should be multiplied to calculate the
concentration of the original filtrate. Through multiplying the obtained concertation of the
original filtrate by its volume, the amount of methanol formed in the reactor in mol or mass in
gram is measured. Furthermore, reaction rate in terms of the amount or mass of methanol
produced per hour can be calculated under an assumption that this reaction is performed under
a kinetics-controlled regime. The amount in mol or mass of the CHy in gram introduced to the
batch reactor before the reaction can be evaluated with the ideal gas law. Thus, yield of
methanol through this transformation of CH4 under the mild condition can be evaluated through
dividing the amount of produced methanol by the amount of CH, introduced to the batch
reactor before a reaction. With the same method, yields of other products can be readily
calculated. Selectivity can be calculated through either dividing the amount in mol of produced
methanol by the amount of the converted CH, or dividing the amount (in mol) of carbon atoms
in the produced methanol by the total amount (in mol) of carbon atoms in all products. With

the same method, the selectivities of other products can be measured readily.?%?

3.3 XANES and EXAFS for revealing electronic state and coordination
environment of metal atoms

X-ray absorption spectroscopy, including X-ray absorption near edge structure (XANES)
spectroscopy and Extended X-Ray Absorption Fine Structure (EXAFS) spectroscopy, has
been used in studies of catalysis since the modern understanding of post edge absorption
oscillation was proposed by Sayers, Stern, and Lytle in 1970s’.3-%7 It uses X-ray with energy
typically higher than 7 keV to excite sample and then the transmitted X-ray or generated
fluorescent X-ray is collected after the catalyst absorbs certain amount of X-ray at a specific
energy window. The high energies of incident X-ray and collected X-ray make this
spectroscopy capable of studying catalyst particles in gas or liquid phase. Particularly, it is an
appropriate technique for identifying specific chemical and coordination environments of metal
atoms of catalytic sites of single-atom catalysts, catalyst of nanoparticles with a size smaller
than 3 nm, and catalysts of supported sub-nanometre clusters. Comprehensive review of using
XAS in catalysis studies can be found in literature .82 88-92

XANES is a technique identifying oxidation state of elements in a sample and even crystal
structure; EXAFS is a technique uncovering chemical and coordination environments of metal
atoms.”>% EXAFS often provides key information for building an appropriate structural model

before simulating reaction pathway of a catalytic reaction with computational studies. It is

12
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widely acknowledged that obtaining coordination number of atoms A around an atom M at
high temperatures is challenging due to temperature-depending Debye-Waller factor.?”%° Thus,
most in situ or operando characterization published in literature were performed through a
semi-in situ or semi-operando approach. In other words, most reported XAS studies termed in
situ or operando studies were performed in fact by collecting data at room temperature or a
relatively low temperature <200°C in a gas phase of reactants after catalysis was performed at
a high catalysis temperature. Thus, the catalyst was not catalysing a reaction when chemical
and structural information of the catalyst was being extracted with XAS in such a semi-in situ
or semi-operando approach. From this point of view, development of analytical method to
extract chemical and structural information of metal atoms from XAS data collected during
catalysis at catalysis temperature instead of a low temperature of data collection is needed for
uncovering catalyst structure during catalysis toward establishing a direct structure-catalysis
correlation. Notably, some valuable modifications of reaction cell have been made in
literature!%0-195 for collection of spectra for XANES and EXAFS while catalysis is performed
in liquid under a gas phase of high pressure. These modifications are valuable for characterizing

catalytic sites of catalysts during CH, transformation under mild conditions.

3.4 NMR for identifying adsorbate and catalytic sites

NMR is a technique extensively used in catalysis.!%-19%8 Other than its quantification of
products briefed in Section 3.2, it can characterize catalysts, adsorbates or intermediates on a
catalyst during catalysis in terms of operando approach other than routine characterizations of
a catalyst under an ex-situ condition. Significant efforts in instrumentation and development of
methodology were made in the last decades for characterizing a catalyst in a batch reactor
mode!%®-114 or a flowing reaction cell mode.!'>-122 Some applications of this technique were
well developed including the identification of Bronsted acid site with 'H MAS NMR by
adsorption of different probing molecules including deuterated pyridine and perfluorotributyl
amine, the observation of Lewis acidic site with 3P MAS NMR through adsorption of
trimethylphosphine oxide'?* 24 or trimethylphosphine,'?>1?7 and the differentiation of
Bronsted and Lewis acidic sites through 'H, 3'P, N, 3C MAS NMR by choosing appropriate
probing molecules.!?® Bao et al reviewed how solid-state NMR can be used in studies of
catalysts under in situ conditions .!%

As discussed in the next sections of this article, zeolite-based catalysts are the main players

of chemical transformations of CH, to value-added chemicals under mild conditions. MAS
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NMR has been widely used in tracking evolution of Bronsted acid sites of a zeolite along
change of pre-treatment or catalysis conditions such as temperature.'?® In situ MAS NMR can
be used to observe active sites. One example is the use of Mo MAS NMR in tracking the
chemical environment of Mo atoms in MoO;/ZSM-5 during aromatization of CHy4 213! and
even distinguishing different Mo species with ultrahigh field Mo NMR.!3% 133 Definitely,
NMR is an excellent technique in studying deactivation mechanism of catalysts.!34136 Another
type of important application is the investigation of reaction kinetics using 'H,!37 13C,!38 or
129Xe,134 providing important information for understanding catalytic mechanisms at a
molecular level. As represented in some of the following sections of this review, NMR has
been a vital approach in accomplishing fundamental understanding of catalytic transformation

of CH,4 at a molecular level.

3.5 Vibrational spectroscopy

Vibrational spectroscopy is the most widely used in situ/operando technique in the field
of catalysis. It mainly includes infrared and Raman spectroscopies. They can provide
significant information on adsorbates and catalytic sites on surface of a catalyst. As they are
photon-in and photon-out techniques, in situ and operando studies have been readily performed
by using different types of reaction cells developed a few decades ago.!3*14> Recently, a unique
cell was reported for studying catalyst particles in a liquid phase and adsorbates at a solid-
liquid interface.'® In situ/operando studies using transmission infrared spectroscopy can track
vibrational signatures of reactants and products, analyse composition and study kinetics during
catalysis. Its instrumentation is relatively straightforward.!#+ 143 It is an integration of an optical
path mainly including window for introduction and exit of infrared light with an assured sealing
of liquid at certain temperature, typically 200°C or lower in a high-pressure reaction cell.

Compared to transmission infrared spectroscopy, attenuated total reflection (ATR)
spectroscopy exhibit a great advantage.'3%- 143, 146-149 Tt can study adsorbates on a catalyst surface
during catalysis at a solid-liquid interface even while the liquid phase is below a high-pressure
gas phase in a high-pressure reactor. One function of this spectroscopy is analysis of adsorbates
on a catalyst surface while the signal of liquid containing reactant, products, by-products,
spectator is collected under a catalytic condition. Thus, it exhibits a significant potential in
exploration of mechanism of a reaction performed at solid-liquid interfaces while the liquid
phase is under a high-pressure gas phase. We have to acknowledged that it is challenging to

directly study a heterogeneous catalytic reaction occurring at the interface between dispersed
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catalyst particles in liquid and the liquid phase containing solvent, liquid reactants and
dissolved gaseous molecules by using the attenuated total reflection spectroscopy although the
applications of ATR spectroscopy to in situ or operando studies of catalysis have been
demonstrated in literature.!4> 139 143, 146-149 T ygse ATR spectroscopy to perform in situ or
operando studies of catalysis at a solid-liquid interface, catalyst particles are immobilized on
an internal reflection element (IRE) crystal, typically germanium or diamond. In the ATR
spectroscopy, it is assumed that the catalytic reaction performed at the interface of liquid phase
and the immobilized catalyst particles is similar to the catalytic reaction on catalyst particles
freely dispersed in the liquid. Reactors were built for fundamental understanding of catalysis
performed at solid-liquid interface in liquid phase under high-pressure gas phase. For instance,
Baiker et al built a high-pressure reactor with integrated view cell for in situ studies of catalysis
performed at solid-liquid interface in liquid under high-pressure gas phase.'* It can provide
valuable information on this type of catalysis at a temperature up to 200°C under a gas phase
up to 200 bars. It has been used for in situ studies of hydrogenation of ethyl pyruvate on
Pt/Al,O5 catalyst particles (heterogenous catalysis) and formylation of morpholine with CO,
and H, on a bidentate ruthenium complex (homogeneous catalysis).!4> More information on
how to use ATR spectroscopy to study of catalysis in liquid phase can be found from the
reviews.!13% 143, 146-149  Eyen some works relevant to the chemical transformation of CH, on
active sites anchored in microporous aluminosilicate were done. For instance, IR spectroscopy
and mapping were used to identify Si-O-B vibrational signature of boron in partially substituted
zeolite particles MFI through an ex-situ model.!>° Unfortunately, very limited studies have used
ATR spectroscopy to in-situ or operando studies of chemical transformation of CH, at solid-
liquid interface under the high-pressure reactants during catalysis. One reason could be the
difficulty in using the complicated instrument.!4> It is expected to see more in situ studies of
activation and catalytic transformation of CHy4 in high-pressure gas phase or liquid phase under
a high-pressure phase for providing insights of activation or catalytic transformation of CH,4
under these conditions.

Noteworthy emphasis is the significance of infrared and Raman spectroscopic imaging
techniques which have been used in in situ studies of catalysis.!>! For instance, IR microscopy
can track the evolution of a specific species such as CH; and CH, groups in MFI crystal along
the increase of probation temperature.!>> Weckhuysen et al early demonstrated that Coherent
anti-Stokes Raman scattering (CARS) can be used to track catalytic conversion of thiophene
on ZSM-5 particles, in which the H-C= stretching vibrational signature appeared at 3115 cm!

in Raman band was used to represent the reactant thiophene.!3* The intensity of this signature
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was taken as a measure of the local concentration of thiophene, by which 3-D concentration
profiles of concentration of reactant were successfully constructed for helping understanding

catalytic conversion of thiophene.

3.6 UV-vis spectroscopy

UV-vis spectroscopy is a photon-in photon-out technique which examines electronic
transitions of catalyst or reactants and products under reaction or catalytic conditions. It can
measure a catalyst in the presence of a fluid.!>* 155 In general, it can provide information on
oxidation states, band gaps of semiconducting support, particle size, dispersion of supported
oxide moieties through measuring electron transitions. UV-vis spectroscopy has been used in
characterisation of catalysts through ex situ or in situ model.

UV-vis spectroscopy has been used in investigations of catalysts under catalytic
conditions in terms of in-situ or operando UV-vis spectroscopy. For instance, heteropoly acids
containing Mo and V in the mixture of CH;0H and O, were investigated with UV-vis with a
setup containing a homemade quartz cell combined with an integrating sphere;!>* 155 this in
situ study revealed that the degree of reduction of V4*-O-Mo°" was a function of the O,/CH;OH
ratio. Another example is the in-situ study of ethane and O, system at 723 K on VO species
supported on ZrO,, Al,O3 and SiO,; the intensities of the d-d transitions of V4*/V3* (17,000
cm!) in VO, species supported on different oxides were tracked,; it is found that the degree of
reduction is influenced by support of VOy; it increases in the ordering of Si0,<Al,03<ZrO,. In
addition, several other catalytic reactions on supported VO, were studied with in situ UV-vis
spectroscopy.'?6-192 Other than the supported VO, this technique has been used in
identifications of catalysts under catalytic conditions of many different reactions including
CaCOs for ethene or propene oxidation at 473K,'3 MnO,* -exchanged layered double
hydroxides for decomposition of H,0,.!%4 Relevant to the topic of transformation of CHy4 by
aluminosilicate microporous catalysts under mild conditions, UV-vis spectroscopy was used in
identifying the state of iron in Fe@ZSM-5 under catalytic oxidation of NHj3; the in situ UV-vis
studies found that isolated Fe3" ions in ZSM-5 was reduced in the mixture of 0.1% NH; and
0.1% NO.'® More examples of UV-Vis studies of catalysts under reaction and catalytic
conditions were discussed in these published reviews.!06-168

Another important application of in situ UV-vis spectroscopy is acquisition of data of
catalysts and products for establishing a direct correlation between a catalyst structure and its
corresponding catalytic performance for understanding catalysis. Weckhuysen et al

investigated butane dehydrogenation on chromium supported on silica alumina by using a
16
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Harrick setup.'®-173 In these studies, the conversion of butane was measured under the same
condition on catalysts with different loadings of chromium, by which the correlation between
catalytic activity and the amount of reduced chromium was established and it is concluded that
Cr’* is the most active species for oxidation of butane.'®>-173 Similarly, this approach was used
for establishing correlation between catalytic performance and catalyst structure of chromium
supported on alumina for propane dehydrogenation,!66:167-174 or sulphated zirconia for n-butane
isomerization, WO3 supported on ZrO, for n-pentane isomerization.!”> More examples can be
found in the published review.!7¢

Though introduction of UV-vis with a fibre optical probe, UV-vis spectroscopical
imaging was realized.!””- 178 For instance, with time-resolved measurements, it has been used
in studies of kinetics of both redox of supported oxides VO, on TiO, and reduction of
WO,/ZrO, by H,.!'” 180 Temporarily, there has been lack of in situ studies using UV-vis
spectroscopy or spectroscopic imaging techniques for in situ or operando studies of chemical

transformation of CH, under mild conditions during catalysis.

3.7 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a routine analytical method for surface of a
materials. It can qualitatively identify elements in the surface region, quantitatively analyse
surface composition or atomic fraction of one element, characterize oxidation state or even
deduce electronic transfer between different atoms. As the mean free paths of photoelectrons
generated with soft X-ray (hv<1000 eV), Mg Ka or Al Ka are in the range of 0.5-2 nm, the
signal of XPS data is mainly contributed from the surface region with a depth of about 1.5-6
nm. In addition, as the contribution to the signal decays exponentially as a function of depth,
atoms at a region closer to the surface have much more contributions to the overall signal.
Thus, XPS is an analytic technique with high surface sensitivity.

Ambient pressure X-ray photoelectron spectroscopy (AP-XPS) is the XPS
spectroscopy specific for studying surface buried in gas phase. Its development can be tracked
back to 1970’s. The continuous development in the last decades has made it a highly value
analytic method for a sample in gas phase with a pressure in Torr pressure range, particularly
for a catalyst in a gas phase at Torr pressure or even higher. A catalyst can be remained in
either a static gaseous environment by filling gas to an existing chamber or a dynamic gaseous
environment by flowing gas through a reaction cell where a catalyst is placed in. In terms of

AP-XPS, X-ray source is isolated from either the reaction chamber through an aluminium foil
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transparent for X-ray or a reaction cell having a thin window transparent for X-ray. Different
from the electrostatic energy analyser of a vacuum XPS, an aperture has to be installed between
a reactive cell or reaction chamber of AP-XPS and an electrostatic energy analyser; in addition,
additional focusing lenses working at near ambient pressure have to be added at front of an
electrostatic energy analyser. AP-XPS has exhibit significant value in uncovering active
surface of a catalyst under a reaction condition and during catalysis. More information on the
instrumentation of AP-XPS and application of AP-XPS to fundamental studies of catalysis and
surface science can be found from literature.”® 181-134 For instance, AP-XPS using Al Ko has
been used to track surface of catalysts during activation of CHy4 by a catalyst in gas phase. For
active catalytic sites encapsulated in the microporous materials, however a hard X-ray source
is necessary for generating high-energy photoelectrons from the buried metal atoms in
micropores of catalyst particles. Hard X-ray AP-XPS instruments have been available in some
synchrotron centres. It has been applied to explore various materials '#° although no studies of
activation and catalytic transformation of CH4 to CH;0H with hard X-ray AP-XPS were
reported in literature. '8 It is expected a hard X-ray AP-XPS will be used in uncovering
chemical and electronic state of metal atoms anchored in micropores of zeolite catalysts during
transformation of CH,4 in gas phase under mild conditions.

The community of photoelectron spectroscopy has made efforts in tackling challenging
task in terms of using XPS to characterize surface of catalyst particles in liquid in the last few
years.'86-188  This challenging task has been feasible by remaining or even flowing a liquid
containing well dispersed catalyst particles through a graphite membrane;'%”- 188 in these
methods, a portion of photoelectrons generated from surface of catalyst particles can penetrate
the liquid layers between the catalyst particles and graphite membrane and then transmit the
graphene membrane to enter the vacuum environment where photoelectrons were collected by
a routine energy anlzyer.'3¢-188 Ag the catalytic transformation of CH, to CH;0H is typically
performed at a solid-liquid interface while the liquid phase is under a high-pressure gas phase
of CHy, it is extremely challenging if not impossible to use XPS to observe surface of catalyst

in liquid under a high-pressure gas during catalysis.

3.8 Incorporation of isotope labelling method into characterizations
Isotope labelling is a powerful approach in identification of products, stable
intermediates, catalytic sites through its incorporation with mass spectrometry, NMR and

vibrational spectroscopy. By replacing 1H with 7D, §2C with $3C, or §°0 with 420 for a specific
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atom of a reactant molecule or catalytic sites of a catalyst, whether these replaced atoms
participate into the catalytic reaction can be readily elucidated. For instance, integration of
isotope substitution into mass spectrometry can assist identification of active sites of a catalytic
reaction. Whether lattice oxygen atoms of surface of NiCo,0; catalyst directly participate into

complete oxidation of CH,4 can be elucidated by using an isotope labelled catalyst, NiCo,

;604_ xéSOx which can be prepared through annealing NiCo0,04 in é802.48 If surface lattice
oxygen participates into oxidation of CH4 (CH4+20,—CO,+2H,0), C é60 51;80 (m/e=46) and C

éSOZ (m/e=48) must be observed in spectra of mass spectrometry. Through tracking the

formation of products with mass spectrometry, whether surface lattice oxygen atoms of
NiCo,0; catalyst participates into the reaction was checked.*®

Integration of isotope labelling into NMR analysis can help to identify reaction
pathway. For instance, Rh;Os single atom site encapsulated in ZSM-5 can catalyse the coupling
of CHy4, CO and O, to form acetic acid.!®® One of the potential reaction paths is oxidation of
CH, by O, to form CH3;0H and then carboxylation of CH3;0H to generate acetic acid. In order
to elucidate whether this is a reaction path taken by this catalyst (Rh;Os@ZSM-5), an isotope
substituted methanol, CH3$80Hwas added into aqueous solution containing the catalyst
particles under the mixture of CH,4, CO and O,. If the reaction path taken by Rh;Os@ZSM-5
is the carboxylation of methanol, CH5C{°04%0H should be produced in this isotope
experiment. If no CH5C3°0480H could be observed in NMR, the path of CH;OH carboxylation
should be excluded.

Incorporation of isotope substitution into infrared spectroscopy can assist to identify
whether C-Y bond of X-C(R;)-Y is activated or dissociated. In this case, Y of X-C(R,)-Y can
be labelled by isotope of Y'. Then, the isotope-labelled X-C(R;)-Y" is used to replace X-C(R;)-
Y to perform the same catalytic reaction. If shift of vibrational peak of C-Y' could be observed
with IR or Raman spectroscopy, activation of C- Y’ would be confirmed. If no shift of C- Y’
vibrational peak could be observed, it shows that C-Y of X-C(R;)-Y cannot be activated.

Isotope labelling method plays a unique role in testing binding strength of molecules
on surface of a catalyst. For instance, binding strengths of CO on a single-atom catalyst
(Pt;/S10,) and a nanoparticle catalyst (Pt NP/Si0,) were investigated experimentally through
isotope-labelled IR experiments.!3° Pt;/SiO, and Pt NP/SiO, were exposed to '>CO gas to reach
equilibrium of chemisorption at 100°C. Then, the two Pt catalysts with chemisorbed 2CO at

100°C were exposed to 13CO gas phase to allow exchange between chemisorbed '?CO and free
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13CO of gas phase. The number of replaced '2CO molecules pre-chemisorbed on a catalyst can
be quantized with the intensity of 13CO chemisorbed on the catalyst since v(13C-O) of 3CO is
~ 50 cm! lower than that of 12CO. As the ratio of peak intensity of v(*C-O) to v(!2C-O) for
single-atom catalyst, Pt;/Si0, is obviously lower than the ratio for nanoparticle catalyst, Pt
NP/Si0,, it is concluded that the binding strength of CO on Pt,/Si0, is much stronger than Pt
NP/SiO,. This difference in binding of CO confirmed by isotope-labelling IR studies
rationalized the distinct difference in catalytic activity for CO oxidation on Pt;/SiO, and Pt
NP/SiO,. Thus, incorporations of isotope labelling into mass spectrometry, NMR, infrared
spectroscopy have largely strengthened the functions of these spectroscopies in fundamental

studies of oxidation and transformation of CH, under mild conditions.

3.9 Computational study for simulating reaction pathway

Computational study using density function theory (DFT) has become a significant
approach in fundamental understanding of catalytic reactions at a molecular level. It searches
transition states and optimizes structure of intermediates. Though systematic simulations, a
complete catalytic cycle comprising all elementary steps and a corresponding energy profile
can be proposed. These simulations can also offer an energy profile of all elementary steps
from reactants to products. Through this energy profile, the rate-determining step(s) can be
identified. If the active sites of the catalyst can be identified experimentally, a correlation
between the activation barrier of the transition state of the rate-determining step and its
corresponding chemical and coordination environments of a catalytic site can be established.
With this intrinsic correlation, the descriptor of this catalytic performance can be proposed.
Based on this descriptor, a new catalytic site offering a higher activity can be uncovered. Then,
such a new favorable catalytic site “proposed” through the integration of experimental and
computational studies is significantly valuable for experimentalists. Experimentalists can
design a synthetic route to prepare a catalyst consisting of such catalytic sites to test this
prediction. Thus, definitely theoretical simulation plays significant role in interpreting catalytic
performance of a tested catalyst and proposing a new catalyst for transformation of CH, under
mild conditions. Significant part of this review is devoted to the molecular understanding of

the CH,4 transformation under mild conditions based on computational studies.

4. Brief of catalytic conversion of CH4 by enzymes at ambient condition

In contrast to the currently high-temperature catalytic processes with low selectivity for
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ideal products and facile deactivation of catalysts, CH, monooxygenase (MMO) enzymes can
oxidize CH4 to CH;0H at room temperature at ambient pressure. Understanding of the efficient
biocatalysis of producing methanol from CH, is significant for designing artificial catalysts
mimicking this amazing biofunction of the Nature. In the Nature, methanotrophic bacteria can
oxidatively activate C-H of CH4 under an ambient condition since these bacteria contain
MMO.!'? Methanotrophs of such bacteria can metabolize CH, with MMO by oxidation of CH,4
to CH3;0H. Two types of MMOs were reported being active for this oxidation at room
temperature. They are in soluble and particulate forms and thus called sSMMO and pMMO,
respectively. sMMO is in bacterial cytoplasm in environment with low concertation of iron.
Catalytic activity of pMMO requires copper-based catalytic sites.

Methylococcus capsulatus (Bath) and methylosinus trichosporium OB3b belong to
sMMO. They were studied well in literature.!®!-197 sSMMO consists of three components
including reductase (MMOR), hydroxylase (MMOH), and regulatory protein (MMOB). It is
found that all the three components are necessary for aerobatic oxidation of CHy4.'%® Electron
transfer between CH4 and O, is performed between hydroxylase and reductase. Figure 3a
presents the main components of a SMMO enzyme system having a dimeric structure with
feature of an (afy), dimer architecture.!®® These studies!'?® suggested that the active sites of the
hydroxylase are responsible for reduction of O, and activation and oxidation of CH4. The
sMMO in Figure 3 has a dimeric structure consisting of two ofy-promoters. The feature of
each afy-promoter is its nearly complete o-helical secondary structure. Each a-subunit has a
four-helix bundle. The bundle is the di-iron active site in hydroxylase responsible for
hydroxylation. The di-iron site within hydroxylase is the catalytic site where O, is activated
and reduced and CHy is oxidized. Notably, MMOB in Figure 3a, a protein cofactor can tailor
the structure and activity of the di-iron site of MMOH in terms of activation of MMOH.
MMOR in Figure 3a is responsible for transferring electrons from electron donor
NADPH/NADH to MMOH.?% Obviously, MMOH, MMOR, MMOB are consolidated to form
a well-functioned enzyme to selectively transport four species including molecular CHy,
molecular O,, electrons, and protons to the catalytic centre, di-iron site. The hydroxylase-
regulatory protein controls the pathways of delivering CH, to the active site of SMMO. Figure

3b schematically presents the proposed mechanism of sMMO.
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The MMOH complex containing an active di-iron site consists of four glutamates
(E114, E144, E209 and E243) and two histidines (H147 and H246). As seen in the oxidation
form of MMOH (Figure 3c), two OH ligands bridge the two Fe atoms in an oxidation state and
the coordination sphere of Fe atoms contains solvent H,O molecules. The confirmed structure
of di-iron site bridging two OH groups has driven significant efforts in designing catalysts
containing a di-p-oxo structure which were discussed in sections 9 and 13 of this article. The
di-p-oxo structure encapsulated in zeolite was found to be reactive in oxidative activation of
C-H of CH4 to form CH;0H at a temperature of 50-100°C in aqueous solution. Upon electrons
are transferred to oxidation form of MMOH, it is changed to reduction form (Figure 3d); in the
reduction form of MMOH, the bridging OH groups depart and one oxygen atom of E243 likely
coordinate with two Fe atoms, by which the distance between the two Fe atoms increase and
thus an open coordination shell in reduction form is formed for being ready accessed by O,.
Activation of molecular O, by the reduction form of MMOH results in breakage of O-O bond
and also the restructuring of the di-iron site, by which the restructured di-iron site is ready for
activation of C-H of CHy4 to form CH;0OH. More details of oxidation of CH4 to CH;0H by
sMMO can be found in literature.?%0-202

CH,
0,

2H,0

CH,0H

2H,0
CH;0H

E209

MMOH MMOH (4

Figure 3. Representation of mechanism of catalytic oxidation of CH, to CH;0H by sMMO. (a)
Structure of sMMO enzyme obtained from methylococus capsulatus (Bath).>"’ It consists of three
components including (1) a hydroxylase [MMOH (PDB reference IMTY)]. (2) an oxidoreducase
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[MMOR consisting of FAD domain (PDB reference 1TVC) and [2Fe2S]-Fd domain (PDB reference
1J0Q4)], and (3) a regulatory protein [MMOB (PDB reference 1CKV)]. Reproduced from Ref. 200
with permission from the Royal Society of Chemistry. (b) Schematic showing mechanism of oxidation
of CH, ' A, B, and C in the schematic are three components of a soluble CH,monooxygenase of
methylococcus capsuhtus which was reported in literature.?’3-2” Reproduced from Ref. 198, copyright
1985, with permission from Elsevier. (c) Oxidation form of di-iron site with coordination different
from the oxidation form in (c).’"? (d) Reduction form of di-iron structure.’’> Reproduced from Ref-
202, copyright 2011, with permission from ACS.

In contrast to SMMO, less understanding was achieved for pMMO.2%8-210 pMMO is an
integral membrane protein with the function of transformation of CH4 to methanol in
methanotrophic bacteria. Although Nature does have more pMMO than sSMMO, it is more
difficult to purify pMMO than sMMO. The difficulty in purification of pMMO results from
the instable lipid bilayer and easy loss of metal cofactors. Rosenzweig et al reported the crystal
structure of pMMO.2!! Compared to sSMMO, the transformation of light alkanes on pMMO is
highly regiospecific and stereoslective.?!?214 For synthesis of biomimic catalyst with function
similar to pMMO of the Nature, significant effort in identifying structure of the active site of
pMMO was made in the last two decades.?*

Figure 4 presents the architecture of pMMO. pMMO consists of pmoA, pmoB, pmoC
in a trimer (03f3y3) of afy monomers. Each monomer has three copper ions and one zinc ion.
The three units including pmoA, pmoB, pmoC in Figure 4 are shown in yellow, green, and
pink, respectively. How Cu atoms and their ligands coordinate the oxy-transfer chemistry was
a crucial question extensively explored a decade ago.?%%-215-218 It was suggested that a tri-copper
structure located in pmoB subunit should be the catalyst site. Recently, Martinho et al indicated
that a nonheme di-iron center is also active for this transformation although Fe/Cu atomic ratio
is only 1:80.21% 220 Ag later studies suggested that all 14-15 Cu atoms in a purified pMMO
participate into elementary step of CH, oxidation, the early proposal of the direct participation

of di-iron centre into hydroxylation of CHy is implausible.?%
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Figure 4. Representation of architecture of pMMO. PmoA, PmoB, and PmoC are shown in pink, yellow
and green, respectively.?"” ?!! Reproduced from Ref. 211, copyright 2008, with permission from ACS.

Chan et al divided the 14-15 Cu atoms in pMMO into two groups since 6 of them are
oxidized by O, and the other 9 Cu atoms remain reduced.??! The group of the 6 Cu atoms and
their surroundings were assessed as catalytic clusters as they are active in activation of both O,
and hydroxylation. The 6 Cu atoms related to the catalytic sites are two trinuclear copper
clusters.?!8: 221, 222 The existence of Cus clusters was supported by studies using electron
paramagnetic resonance (EPR).??? In the proposed mechanism,?!8 221- 222 one Cus-cluster is
responsible for both activation of O, and hydroxylation of CH,4 but the other Cus-cluster only
plays a role in activation of O,. As shown in Figure 4, PmoA and PmoC are transmembrane
primarily. Based on the reported enzyme crystal structure,?!! the N- and C-terminal subdomains
in PmoB are surrounding by cytosol and are buried at water-membrane interface. Remarkably,
there is a cavity comprising a hydrophilic cluster in the transmembrane domain at site D.
Notably, early study did not consider this hydrophilic cluster of residues as a site to bind metal
atom.?!! Chan et al suggested that site D should bind to metal ions as electrostatic energy of
the cavity of hydrophilic residues could be exceptionally high.?!7 Studies of Chan et al using
redox potentiometry provided unambiguous evidence for the existence of Cu!'! Cu' Cu'! in
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pMMO (Figure 5).2'7 The existence of Cu'Cu'Cu!' in pMMO was further confirmed by the
fact that the EPR observed from pMMO is the same as the tricopper complexes synthesized by
Chan et al?!” Surprisingly, the synthesized [Cu!Cu!Cu'(L)]" complex can couple with
molecular O, to form an intermediate beneficial to addition of oxygen atoms to C-C bond at
room temperature.?!” In addition, Chan et al found that [Cu'Cu!Cu!(L)]" complex can accelerate
the transfer of atomic oxygen to C-H bond of CHj;. These obviations strengthened the
hypothesis that the Cu; cluster of pMMO is responsible for oxygen activation.

Computational study was performed for modelling the trinuclear Cu'Cu'Cu' cluster in
order to fundamentally understand the role of this Cus cluster at site D in pMMO. Through
considering structural parameters of species in the widely defined coordination environment,
the geometries of the residues and metal ions were optimized for minimizing total energy of
the Cuj site as shown in Figure 5. Distances of Cu-O and Cu-Cu provided by this optimization
show that accommodation of a Cujs cluster at site D 1s reasonable. Modelling suggests that the
amino acid side chains coordinating to Cu ions are PmoA His38 and PmoC Glul54 for Cuy
ion, PmoA Asp47 and Met41 for Cuy ion, and PmoA Asp49 and Glul00 for Cus ion.?!7
Definitely, site D in pMMO holding hydrophilic cluster without Cu ions is clearly unstable,
exhibiting high activity.

Based on the assumption that oxidation of CHy is performed through a direct concerted
O-atom insertion mechanism, Chan et al expected a binding pocket near to the Cus cluster for
CH,4.?% In addition, a hydroxylation site must include the copper site and the hydrophobic
cavity since Cu site can activate molecular O, and hydrophobic cavity can host CH4 molecules.
They used a pentane molecule as a probe for identifying any possible binding sites of
hydrocarbon molecules in the a3y monomer. Their studies show that the most probable site
binding a hydrocarbon molecule is the hydrophobic channel lined by the aromatic residues
Trp48, Phe50, TrpS1 and Trp54 of PmoA. Thus, this binding site of hydrophobic substrate
plays a role in direct concerted O atom insertion into a C-H bond of light hydrocarbon.?0% 211,
216,217 Tt is proposed that the active site catalysing the insertion of O atom to C-H of light
hydrocarbons is the intermediate [Cu'Cu'(u-O),Cu']?*, as shown in Figure 6a.?'> This

intermediate is formed through oxidation of the reduced [Cu'Cu!Cu']** cluster.
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Figure 5. Representation of environment of Cu'l Cu'' Cu'l with capping “oxo” in site D. PmoA His38
and PmoC Glul54 coordinate Cu; ion, PmoA Asp47 and Met41 surround Cu, ion, PmoA Asp49 and
Glul00 coordinate Cu;z ion.’!” Reproduced from Ref. 217, copyright 2007, with permission from John
Wiley and Sons.

It is reported that a di-nuclear copper cluster, bis(u-oxo)Cul-Cu'! species (2 in Figure
6b) can catalyse the transfer of O atom to a C-H bond.?!6 217 220, 224 A ginglet oxene could
transfer from bis(u-oxo)Cu-Cu'! to a light hydrocarbon when the p-oxo atom is at an
appropriate position for forming a transition state complex to couple with C-H of a light
hydrocarbon.?!” However, DFT calculation suggested the p-oxo atom has to stretch much to
form a transition state with high activation barrier. Notably, the energy barrier for activating
C-H on bis(p-ox0)Cu''-Cu'-based intermediate (2 of Figure 6b) is much higher than that of
the [Cu'Cu'(u-O),Cu'"]>*-based intermediate (1 of Figure 6b).?!> DFT calculation suggested
three most probable models including mono-valent bis(u-oxo)Cu'Cu'' complex, multi-valent
bis(u-0x0)Cu'Cu™ complex, and [Cu(Cu'(u-O),Cu™]** in Figure 6b.2!5 Obviously, the
calculated rate constant of CH,; consumption in transformation of CH,; to CH3;0H on
[Cu(Cu(u-0),Cu™)?* (1 in Figure 6b) at room temperature is 2.91x10* s! which is much
larger than 0.57 s*! of bis(p-0x0)Cu''Cu' (2 in Figure 6b) and is 119 times of the rate constant
of bis(u-0x0)Cu'Cu™ (3 in Figure 6b). Clearly, trinuclear cluster (1 in Figure 6b) is most
kinetically favourable.?%%-218 Overall, these DFT calculations support that trinuclear Cu clusters

(1 in Figure 6b) in site D play a crucial role of hydroxylation of CH, in pMMO.
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Figure 6. Representation of details of the adiabatic “singlet oxene” transfer from a dioxygen activated
Cu; cluster to CH, and formation of transition state. (a) The O, activated tricopper cluster and its
transition state predicted by DFT calculation.?'$ The arrows show the up and down directions of the
unpaired electron spins. Reproduced from Ref. 218, copyright 2004, with permission from ACS. (b)
Three possible structural models of the activated pMMO considered in DFT calculation.’’’ Reproduced
from Ref. 215, copyright 2006, with permission from Elsevier.

In terms of using metabolic process of methanortrophic bacteria to transform CHy4 to
CH;0H, there is an issue of selectivity in producing methanol in the oxidation. This is because
formaldehyde instead of methanol is the final product of metabolites of bacteria.?’’ Thus, if
natural bacteria are the “catalyst”, it must be challenging to produce large scale of methanol
due to the limit of selectivity in production of CH;OH. Based on this fact, it is necessary to
engineer or modify the structure of CH, monooxygenase to prevent a further oxidation of
methanol to formaldehyde. However, such an engineering must be based on a deep
understanding of the mechanism of enzyme-catalysed oxidation of CH,4. For instance,
understanding of the pathway that CH,4 accesses the di-iron site within hydroxylase of sMMO
is a prerequisite for developing an efficient biocatalyst with high selectivity for producing
CH;0H. Similarly, deep understanding of oxidation of CH4 by pMMO is a requirement for

developing a biocatalyst with high selectivity for producing CH;OH. Upon deep understanding
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of the CH4 oxidations by sMMO and pMMO, modifications of MMO structures could be done
through chemical or/and biological approaches toward developing biocatalysts for production
of CH30H with high selectivity. Due to the low selectivity and the limited available amount
of MMO and the high cost of MMO), it is too early to claim production of CH;0OH from CH, at
large scale with biocatalytic process. Inspired by these insights gained from experimental
exploration and computational analysis, it is expected that numerous efforts in synthesizing

artificial catalysts for mimicking the trinuclear Cu clusters will be made in the near future.

5. Brief of organometallic approach and related homogeneous catalysis

Compared to the activations of O-O of O, and C-H of CH, to generate CH;OH with
sMMO and pMMO, CHy can be activated and oxidized in many reactions accelerated with
molecular catalysis in liquid. Periana and his colleagues published a comprehensive review on
how CH, can be functionalized through homogeneous reactions.??> They categorized all
homogeneous functionalizations reported in literature into 12 types of reactions based on (1)
the specific consideration in terms of whether O, can be directly utilized and (2) the reaction
mechanism of elementary step reacting with CH4 with regard to whether the CHs-involved
elementary step is proceeded with chain or no-chain reactions, with stoichiometric reagents or
catalytic species.?”> Here we only briefed C-H activation of CH4; with organometallic
approaches in homogeneous systems under mild conditions. Progress and achievement in
catalytic transformation of CHy4 can be found in this excellent review.??3

As reviewed in literature,>?® C-H activation of light alkanes can be performed through
c-bond metathesis, electrophilic activation, oxidation addition, 1,2-addition, and
metalloradical activation. Regarding to oxidative addition, it is performed on [L,MY]. M atom
is coordinatively unsaturated in [L,M?] as it needs to bond to additional alkyl (-R) and H atom.
[L,MY] is typically generated from a stable precursor such as L,MY"?H,. Figure 7a represents
oxidation activation of light alkane by [L,MY]. For this type of activation, M is typically a metal
atom with rich d electrons such as Rh, Ir, and Pt and at low valence.

Figure 7b represents reaction of electrophilic activation performed on L,M¥*2X,. [MY*?]
in Figure 7b is typically late transition metal such as Pd?>" or Pt?>*. In this activation, an
intermediate [L,MY*2(R)(X)] is first formed by coupling [L,MY"?X,] with alkane. Then, R and
X atoms on [L,MY*2(R)(X)] couple each other to form R-X, releasing and regenerating [L,MY].
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Electrophilic activation is typically performed in a highly polar solvent.

Regarding to o-bond metathesis (Figure 7¢), it is performed on L,MY. M is commonly
an early 3d transition metal such as Sc. This reaction is more like an interchange of alkyl
fragments (R and R’) instead of net alkane activation.

In respect of 1,2-addition, it is the addition of R and H groups of alkane RH to a double
bond of M=Y (M: transition metal, Y: non-metal element such as C and N) (Figure 7d).
Literature reported addition of R-H to M=C and M=N.??” However, how this activation could

be used to produce value-added chemicals need to be explored definitely.

H

(a)
[L,MY] + R—H — L MY+2
R

(b)

L,MY*2X,+R-H - [L,M "] + R-X + H-X

(c)
L,M/—R + R-H & L MY—R’ + R-H

(d)
! / CH4—
(R'NH),Zr = NR (R'NH),ZrCH,

Figure 7. Representation of promising organometallic reactions for activation of C-H of light
alkanes.?’S (a) Oxidative addition. (b) Electrophilic activation. (c) o-bond metathesis. (d) 1,2-addition.
Reproduced from Ref. 226, copyright 2002, with permission from Springer Nature.

Although there are limited examples in catalytic conversion of CH, or C,Hg to value-
added chemicals through these organometallic approaches of C-H activation, they are
promising paths to catalytically transform CH, under mild conditions through homogeneous catalysis.
An example of electrophilic activation of alkanes and oxidation was early proposed by Bercaw et al.??
In this activation, [PtL;Cl] complex replaces a proton of light alkane H-R, forming a [Pt'L;R] complex
(1 in Figure 8). Then, [Pt!L;R] is reduced to form PtV complex (2 in Figure 8) upon reaction with
[PtVCl¢]?; in this step, [Pt"L;R] transfers two electrons to [Pt'VClg]> which binds with two additional
Cl atoms, forming complex 2 in Figure 8, [Pt'VL;RCl,]. Then, H,O molecule performs nucleophilic
attack to complex 2; the nucleophilic attack produces a CH3;OH molecule and releases a HCI molecule;

meanwhile, the molecular catalyst, [Pt"L;Cl] is regenerated. The electrophilic activation follows
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nonoradical path, similar to C-H activation of alkenes in organometallic chemistry. As [Pt'VCl¢]* is
transferred to [Pt'Cl,]%, it acts as an oxidant instead of a recoverable catalyst; therefore, a regeneration
of [Pt'Cl4]* to Pt'VCl4]* needs another reaction. This route was illustrated in transformation of CH, to
CH;O0H by Shilov et al.?? Notably, the relatively low selectivity and quite low activity in oxidation of
CH,4 to CH;0H through this electrophilic activation make this route a more model instead of a promising
application. Efforts in replacing [Pt'VCls]* with an economic oxidant such as copper salts?*° or even

electrochemical approach were made.?!

4 i /7
—pt"—Cl+R—H == —Pt"—R+HCl
-1 / 1

/
HCI ROH
i PtV
Cl~ | H,0
—Pt"V —R

/|
2

Figure 8. Representation of activation and oxidation of alkanes. **® Reproduced from Ref. 228,
copyright 1995, with permission from Elsevier.

One successful example of oxidation of CH,4 through electrophilic activation with high
activity and selectivity is the catalytic oxidation of CH4 to CH;0SO3H by the oxidant H,SO,
and the catalyst, (bpym)Pt(OP), (bpym: 2, 2'-bipyrimidine) at 100°C reported by Perianan et
al.??? The key role of bpym is the increase of solubility of Pt species. One reason for using
H,SO, is the protection of bi-sulphate group which is a ligand inert for being oxidized.
Although the product of organometallic chemistry, CH;0SO;H is not a value-added chemical
without further hydrolysis, this close catalytic cycle of oxidation of CH4 with H,SO, to
CH;0SO;H with high activity and selectivity distinctly demonstrated success of
organometallic approach in transformation of CHy4 to value-added chemicals under mild
conditions. Figure 9 represents the proposed reaction mechanism for oxidation of CH, through
(bpym)Pt(OP), to form CH3;OSO;H.?*? Periana et al concluded the C-H activation on

(bpym)Pt(OP), is performed through electrophilic activation and occurs with the highly
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electrophilic, largely uncoordinated, 14-electron complex with T-shape (Figure 9). The
product, methyl bisulfate CH;0SO;H play steric and electronic effects for preventing it from
being further oxidized. 23 The -OSOs;H group of CH30SO;H prevents C-H of CHj of
CH30S03H from being accessed. More importantly, the electronic drawing effect of OSO;H
group makes CH; of CH;0SO;H electronically deficient. Thus, an electrophilic attack of metal
complex to electron-density deficient C-H bond of CH; unfavorable. In other words, using
H,SO, as the specific oxidant can effectively prevent CH; from being further oxidized since
the control oxidation of CHy is key for transformation of CH, to CH;OH with high selectivity.
The formed CH;0SO3H can be transformed to CH;OH through additional hydrolysis.
Significant advance in catalytic oxidation of C-H of CH4 with molecular catalysis in
liquid phase has been made in the last decades. All these transformations catalyzed by
molecular catalysis are performed under mild conditions. More information on this approach

can be found from the comprehensive review published by Periana et al.??
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Figure 9. Representation of proposed reaction mechanism of oxidation of CH, to methyl bisulfate
CH;0S80;H by methyl bisulfate CH;0SO;H at 100°C through electrophilic activation. This mechanism
consists of C-H activation, oxidation, functionalization. 33 Reproduced from Ref. 233, copyright 1998,
with permission from AAAS.

6. Activation and oxidation of CH,4 on bare MO™* to CH;0H

31



Chemical Society Reviews

Some bare transition-metal cations (M"") in gas phase**23¢ can activate C-H and C-C
cleavages of light alkanes. Oxidation of bare transition-metal cations forms bare transition-
metal oxide cations (MO"). Similar to the ligand effect in tuning reactivity of metal centre of a
molecular catalyst discussed in Section 5, bare transition-metal oxide cations (MO¥) exhibit
high activity in oxidation of organic molecules. Here MO™ acts as an oxidant.

Dirven by the significance of low-temperature oxidation of light hydrocarbons,
oxidative reactions of CH,4 on bare transition-metal oxide cations (MO")?37-241 such as FeO*,"!:
242248 Co0O™,7% 24 and OsO* 2*° in gas phase, were studied extensively.”?> These studies of
oxidation of light alkanes by MO* in gas phase offered insights of reactivity patterns, roles of
ligands on transition metal atoms, chemo- and regioselectivities, and potential intermediates at
a molecular level. 25073 These insights are significant for developing catalysts active and
selective in oxidative transformation of CHy to value-added chemicals. It built the foundation
for later exploration of single atom cluster M;0O,, anchored in zeolites which was reviewed in
later sections.

In general, MO* clusters were generated with ion cyclotron resonance mass
spectrometry.”® The theoretical base for generation of MO™ clusters with this spectrometry was
reported in literature.>>! MO™ clusters were trapped in a magnetic field of an ion cyclotron setup
and then they were selected with modulable radio-frequency pulses on the basis of their masses.
The mass-selected ions can be slowed to an ideal kinetic energy before using them for reaction
with CHy4. Once a type of specific MO™ clusters with a specific kinetic energy was created, they
were leaked into a glass chamber containing CHy at a low pressure in the range of 102 -0.5
Torr; the reason to remain pressure of CH4 low is to minimize multiple molecule-ion
scatterings. This reaction between MO+ clusters and CH4 molecules is the direct oxidation of
CH,4 by MO™ such as CH4 + CoO* — CH;0H + Co". The temperature of CH, is remained at
room temperature. Thus, exothermic or nearly thermoneutral reactions can occur under this
condition. The products formed in the glass chamber were collected by a quadruple mass filter
for identifying their masses and analysing their intensities.”?

These oxidations reviewed in Section 6 or to be reviewed in Sections 7-13 can be
categorized into three types of oxides including oxidation by MO clusters in gas phase of CHy4
at sub-Torr pressure, oxidation by active oxygen atoms bound to micropores of zeolites in 1
bar pressure of CHy, and oxidation by catalytic sites anchored in zeolites dispersed in liquid
under high-pressure gas phase of CH,. The operational condition of the oxidative activation of

CH,4 by MO clusters is very similar to catalytic oxidation of CH4 by PtO™ to be reviewed in
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Section 7. In both cases, the pressure of reactant CHy is in sub-Torr pressure or lower for
minimization of multiple molecule-ion scatterings. Different from the operational condition
used in Sections 6 and 7, the oxidative activation of CH4 by oxygen atoms bound to metal
atoms anchored in micropores of zeolite or oxygen atoms on metal oxide particles to be
reviewed in Sections 8-10 was performed by introducing reactant CH4 at ambient pressure to
a zeolite at room temperature or a temperature in the range of 20°C-250°C. Obviously, the
operational condition of oxidative activation and catalytic oxidation of CH4 on MO* clusters is
different from the oxidative activation of CH, through active oxygen atoms in zeolite or on
metal oxide.

The operational conditions of oxidation of CH4 by MO clusters (Sections 6 and 7) and
oxygen atoms in micropores or on surface of metal oxide (Sections 8-10) are different from the
operational conditions of catalytic oxidation of CHy at solid-liquid interface to be reviewed in
Sections 11-13. The oxidation of CH,4 in Sections and 7 is performed in gas phase at a pressure
of sub-Torr of CH4 where the oxidant in terms of MO™ clusters is dispersed in gas phase of
CH,. Different from the operational conditions of oxidation of CH4 by MO™ clusters, oxidation
of CH,4 by modified zeolites in Sections 9 and 10 is performed at solid-gas interface at 100-
250°C in gas phase of CHy4 at 1 bar; an important feature is that the zeolite needs to be
regenerated through oxidation at 300-500°C. Different from these non-catalytic oxidizations of
CH, to be reviewed in Sections 9 and 10, these catalytic oxidation of CH, under mild conditions
to be discussed in the Sections 11-13 are actually performed at solid-liquid interfaces in the
temperature range of 20°C-250°C; in these catalytic oxidation, only dissolved CH4 molecules
can access to the catalytic site of catalyst particles dispersed in solvent. This is why the liquid
phase containing catalyst particles must be under a gas phase of CH, with high pressure (1-100
bars).

Compared to those oxidations of CH, to be reviewed in the sections 8-13, the oxidations
of CH, by MO™ clusters dispersed in gas phase are performed at 25°C in the gas phase of CH,4
at low pressure of 102-0.5 Torr. Obviously, the oxidation of CH; by MO™ clusters at low
pressure gas of CHy is not a track leading to produce CH3OH at large scale. In addition, the
oxidation of CH4 by oxygen atoms bound to metal atoms anchored in zeolites is a noncatalytic
process; it needs regeneration of the oxygen atom after the consumption of those active oxygen
atoms; thus, it is not a feasible process to produce value-added chemicals at a large scale
potentially. It is expected that the catalytic oxidation of CH, at solid-liquid interface by catalyst
dispersed in liquid under a high-pressure gas phase of CH,; is a potential process for

transformation of CH,4 to oxygenates at a large scale in the future. From the point view of
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fundamental understanding of the science behind oxidation of CH4 to CH;OH, oxidation of
CH,4 by MO* clusters is significant as MO™ clusters can be well characterized for elucidating
reaction mechanism at atomic scale and its insight gained from these studies can inspire the
design of catalysts for producing CH;OH.

CH, can be transformed to oxygenates by MO™ in gas phase. Here transformation of
CH, to CH3;0H on MO* is taken as an example to demonstrate the approach of converting
hydrocarbons to organic oxygenates by free MO* in gas phase. Experimental exploration
showed that late 3d-metal oxide clusters including MnO*,’* FeO*,”! CoO",” NiO* *are active
for this reaction, However, the MO" clusters of early 3d transition metals such as ScO*,>32-2>4
ZrO*"%5 CrO*,2%% are not active for oxidation of CH; to CH3OH. Based on theoretical
simulations,?3” such an oxidation is processed through adsorbed CH; on MO, a four-
membered ring-like transition state (TS1), an intermediate, a three-membered ring transition
state  (TS2), formed CH3;0H on MO" before desorption to gas phase,
CH,MO"—(CH4y)MO*—[TS1]*>CH3-MO*-OH—[TS2]*—(CH;0H)M"—CH;0H+M".

Electronic structure of these MO™ clusters active in oxidation of CH4 to CH3OH varies
largely from the early to late 3d metals (Figure 10a).2” M-O distance increases along the
increase of d-electrons of M metal and dissociation energy of M-O bond decreases with the
increase of d-electrons. As shown in Figure 10a, electron configurations of ScO" and FeO* are
d® and d°. At 'E* ground state of ScO*, four pairs of electrons of ScO" occupy a nonbonding
lo and three bonding orbitals (26 and 17) and thus form a strong triple bond similar to N,,
resulting in a high dissociation energy of Sc-O bond, rationalizing the low reactivity in
activation of C-H and oxidation of CH4 on ScO".252-254 However, in terms of FeO", the bonding
orbitals are doubly occupied and each 2r orbital is singly occupied (Figure 10b), similar to
electronic configuration of a triplet O,. Thus, the dissociation energy of Fe-O is definitely lower
than Sc-O, responsible for the higher activity of FeO* in contrast to ScO*. The difference in
electronic states of ScO" and FeO™ vindicated the observed difference in activity in oxidation
of CH4 to CH30H between ScO" and FeO*.

The activity of MO* cluster of late 3d metals in transformation of CH4 to CH;0H
origins at the orbital interaction of MO* and CH, in [TS1]# and the change of fragment
molecular orbital of C-H of CHy4 upon the formation of [TS1]#%. As shown in Figure 10b, MO™*
fragments have high-lying-d-block orbitals of 3o, 1o, 2 and low-lying ligand of 2c and 1m;
CH, fragment has three C-H bonding orbitals resulting from 3-fold degenerate HOMO of T4
of CH4. Molecular orbital of [TS1]* (Figure 10b) can be constructed from these fragment
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molecular orbitals. As shown at the left in Figure 10b, unfortunately the high-lying 3¢ of ScO*
cannot interact with C-H bonding orbitals. It makes sense that ScO™ is not active for activation
of C-H of CH4.

Different from MO" of early 3d metal, there is significant interaction between
molecular orbitals of MO™ of late 3d metal and CH,. This is because that the d-block orbital,
3o of FeO* and CuO* are not fully occupied but they are lower in energy than ScO* (Figure
10b). Thus, the interaction between low-lying 3¢ orbitals of late 3d metal MO™ and CHy is
effective, leading to energetical stabilization of the [TS1]#. Compared to the four-electron-two-
orbital interaction in [TS1]* formed from the coupling between ScO" and CH,, the formed two-
electron-two-orbital interaction between the low-lying 3o orbital of FeO" and HOMO of the
CH, fragment can stabilize the [TS1]" formed from FeO* and CH,. Similarly, the interaction
between the 3o orbital of CuO* and HOMO of CH, fragment is significant, making the formed
orbitals in [TS1]* low-lying.

Molecular orbital overlap population (MOOP) analysis can qualitatively explain why
the MO™ of late 3d metals can weaken C-H bond but the MO™ of early 3d metals cannot. The
weakening of C-H in [TS1]#is evidenced by pushing the highest occupied level of C-H up or
down. Be specific, if the C-H bonding orbitals in [TS1]# are unoccupied or partially
unoccupied, the C-H bond have been effectively weakened. As shown on the left of Figure 10c,
the energy level of the highest C-H level in the [TS1]# of ScO* is below the energy level of
HOMO of ScO*" and thus they are still fully occupied in the [TS1]*. Consequently, the
interaction of orbitals of ScO™ and CH,4 does not vary the occupancy of electrons in HOMO of
CHy; thus, such an interaction is not effective in activation of CHy. Different from ScO*, the
orbital interaction between FeO™ and CH,4 pushes the energy level of C-H up and thus make
HOMO of CH4 half-occupied (Figure 10c). In terms of the orbital interaction between CuO*
and CHy, in the formed orbitals of [TS1]#, C-H orbitals at -9 eV and -12 eV are completely
unoccupied and half-occupied, respectively. Since the energy level of C-H bonding in the
[TS1]# of CuO*and CHy is definitely above Eyyomo, these highest levels of CH, are unoccupied
or partially occupied. It further suggests that the C-H bond of CH4 has been effectively

weakened.
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Figure 10. Representation of interaction of free MO* clusters and CH, in transformation of CH, to
CH;0H in gas phase. (a) Molecular orbital of MO* clusters. (b) Analysis of fragment molecular orbital
(FMO) of CH, and representative MO™ including ScO*, FeO" and CuO*. (c) Analysis of molecular
orbital overlap population (MOOP) of [TS1]* formed from CH, and representative MO™ including
ScO", FeO" and CuO*.?3” Reproduced from Ref. 237, copyright 2000, with permission from ACS.
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These analyse of molecular orbitals of MO*, CH, and their [TS1]* provided profound
understanding of the lack of activity in activation of CH, on MO™ of early 3d metals but active
on MO™" of late 3d metals. The high activity of CuO* and FeO* for oxidation of CH,4 to form
CH;0H is in good agreement with the later finding that Fe-O and Cu-O clusters encapsulated
in zeolite are active in oxidation of CH4 to CH;0OH under mild conditions. The oxidations of
CH, to CH30H by Fe-O and Cu-O clusters encapsulated in zeolite were reviewed in Section 9.
These insights gathered from experimental and computational studies at level of molecular
orbitals provided foundation for understanding activity of Fe-O and Cu-O clusters anchored in
zeolite in oxidation of CH4 to CH;OH.

These systematic studies of free MO™ clusters of all 3d metals have rationalized the
evolution of activity of free MO™ clusters in oxidation of CH4 to CH30H at the level of
molecular orbitals. However, there are lack of experimental studies for M-O clusters of all 3d
metals anchored in zeolite such as Sc@ZSM-5, Ti@ZSM-5, V@ZSM-5, Mn@ZSM-5 and lack
of exploration of potential evolution of activity in oxidizing CH; to CH;0H by M@ZSM-5
(M=Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu) as a function of electronic structure and molecular
orbitals of M-O clusters. Such studies are highly recommended as they will allow for
uncovering correlation between electronic state of anchored M-O clusters and their

reactivities in oxidizing CH, to CH;0H.

7. Catalytic oxidation of CH, on bare MO*and M*

Early studies suggested that MO™ can catalyse oxidation of hydrocarbons to form
oxygenates including alcohols and aldehydes.”!- 243. 237241 One example of catalytic oxidation
involving MO is the catalytic oxidation of CH4 by O, on Pt* ions with a turnover rate of about
6.0 for the Pt"-mediated oxidation of methane to produce multiple products including CH;OH,
formaldehyde and formic acid.”® 2> PtO" is not an initial reactant. But PtO* clusters are formed
based on the temporal evolution of the species involved (Figure 11a).25” Thus, PtO™ clusters do
play an important role the catalytic oxidation of CH4. In addition, Pt{CH,]" complex was
formed in the catalytic oxidation of CH,4 by Pt*. Thus, three sequential reactions involving Pt*,
[PtCH,]", and PtO" are proposed (Figure 11b).257 Reaction III includes two parallel reactions;
one is the direct oxidation of CH4 by PtO" to form methanol. In fact, this catalysis is more

complicated than simply understanding it into three sequential reactions because all three Pt-
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based species can activate CH, molecules as shown in Figure 11b. In addition, as reaction II in
Figure 11b is the slowest step in this catalytic oxidation, a large excess of O, has to be used if
a high turn-over rate of CH, is requested. In the study of Figure 11a, an O,:CH, ratio of 1:20
was used. A consequence while a high O,/CH, ratio is used is the high selectivities for deeper
oxidations of CH, in terms of formations of formaldehyde and formic acid in this catalytic

oxidation process.
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Figure 11. Catalytic oxidation of CH,4 to methanol, formaldehyde, and formic acid through Pt*
involving formation of PtO* and oxidation of CHy4 to form CH3OH by PtO*.%7 (a) Temporal
evolution of intensities of Pt-based species including Pt*, [PtCH,]", and PtO™ in the mixture of
O, and CH,4 with molar ratio of 20:1. (b) Three reactions involved in the catalytic oxidation of

CHy. Reproduced from Ref. 257, copyright 2003, with permission from John Wiley and Sons.

8. Activation and oxidation of CH, on M-O cluster anchored on oxide

Bare MO* such as MO" (M=Mn, Fe, Co, Ni, Cu, Pt) exhibit high reactivity in activation
or oxidation of CH4 as reviewed in Section 6. As discussed in Section 7, some of them can
even oxidize light alkanes including CH, to oxygenates such as CH;OH through a close cycle
of catalysis. In such activations or catalysis, MO™ cations are free standing and distributed in
gas phase. Consistent with high reactivity of free or called free standing FeO™ or NiO" in
oxidation of CHy4 at room temperature reviewed in Section 6,7!> 242-248 72,249 gxjdation of CHy
by NiO species anchored on surfaces of NiCo,04 and NiFe,O4 was reported recently. 43 49

Ni cations were introduced to Co;O4 through partial replacement of cobalt ions. Thus,
surface of this catalyst consists of Ni-O and Co-O species. As shown in Figure 12a, the
anchored NiO cations can activate C-H of CH,4 at a temperature as low as 60°C. % % Surface
of NiCo0,0, during catalysis was tracked with AP-XPS. C 1s photoemission features of carbon-

containing species on NiCo0,0, during oxidation of CH, in the temperature range of 60-400°C
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were presented in Figure 12a. Two carbon-containing species were clearly observed on the
basis of the two C 1s peaks at 288.5 eV and 285.8 eV (Figure 12a). As there is lack of any
carbon species of potential contaminants before exposure to mixture of CH, and O,, the surface
of NiCo,0y is carbon free before the introduction of CH4. The two carbon-containing species
must result from the activation of CH, by NiCo,0, surface. Peak 2 of Figure 12a was assigned
to an OCHO species based on in situ infrared spectroscopy.” As the evolution of C 1s intensity
as a function of temperature of catalyst NiCo,0,4 exhibits a volcano-like evolution, OCHO is
the intermediate which was formed at low temperature and observed by infrared
spectroscopy.”?

This observation of OCHO species at 60°C on NiCo0,0, surface suggests that CH, can
be activated under a mild condition even at a temperature as low as 60°C. Computational
studies show that Ni-O on surface is active for activating CH,4 to form OCHO and CH; bonded
to surface of NiC0,0,4.° Thus, the high activity of charged Ni-O cluster anchored on Co30y4 is
consistent with the reported high activity of bare NiO* for activation of CH4. Similarly, the
charged Ni-O species anchored on surface of Fe;O, are active for oxidation of CH, at a
temperature as low as 60°C.% Similar to NiCo0,0y4, the activation of CH; on NiFe,O4 forms

similar OCHO and CHj species.
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Figure 12. Representation of photoemission features of C Is collected from Ambient Pressure X-ray
Photoelectron Spectroscopy (AP-XPS) and vibrational signatures collected with Diffuse Reflectance
Infrared Fourier Transform (DRIFT) spectroscopy from surface adsorbates formed through activation
of CH, on charged Ni-O species anchored on surface of NiCo,0,.% (a) C Is spectra of surface
adsorbates formed on NiCo,0, at 60°C in CH, . (b) Vibrational spectrum of adsorbate after exposing
NiCo,0, at 60°C to CH,. Reproduced from Ref. 48, copyright 2015, with permission from Springer
Nature.
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9. Activation and oxidation of CH,; by M-O cluster anchored in zeolite

To generate organic oxygenates by activation and oxidation of CH,4, source of oxygen
atoms can be the free-standing MO™ cations in gas phase or the anchored MO™ on surface of
oxide nanoparticles. From thermodynamic point of view, these activation and oxidation to
transform CH, to CH;0H can be performed under mild conditions or even at room temperature.
Upon transformation of these pre-anchored oxygen atoms to CH;OH, this type of specific
oxygen atoms has to be regenerated before more CH; molecules can be oxidized. Strictly
speaking, they are an oxidative reaction instead of a close cycle of catalysis. Notably, these
transformations discussed in Sections 6-8 and this section use pre-existing oxygen atoms of M-
O clusters freely in gas phase or anchored on support instead direct use of any routine oxidant
of chemical reactions such as O,, H;O, or H,SO,. Other than these free-standing MO™ and
supported M-O clusters supported on Co;04, a few transition metal cations including Cu, Fe,
and Ni can form unique oxide clusters with specific structures such as p-oxo structure in ZSM-
5 upon pre-treatment in O, or N,O at high temperature. Notably, these reactions reviewed in
this section are activation and oxidation of CH,4 instead of catalytic oxidation. They are
different from catalytic oxidations of CH4 with H,O, on catalysts such as zeolite with anchored

metal oxide clusters reviewed in Section 13.

9.1 Confinement effect of microporous aluminosilicate on activation of molecules
in micropore

As confinement effect is an important concept in understanding activation of C-H of
CH,4 in M-O clusters anchored in ZSM-5, it is briefed here. Olson et al reported that sub-
nanometre pores of ZSM-5 exhibit spatially limit effect for molecules with kinetic diameter
larger than about 7.0 A.258 CH, with kinetic diameter of about 3.7 A can readily diffuse in this
micropores since the pore size of 10-membered-ring of ZSM-5 is 5.4-5.6 A. Based on Zicovich-
Wilson and Corma’s reports,>® 260 different from a molecule in gas phase, orbitals of the
molecule encapsulated in a micropore of zeolite do not extend over all space, which was called
confinement effect by Zicovich-Wilson and Corma.?3% 260

One consequence of the confined effect is the large distortion of bond geometry. As
shown in Figure 13c, this confinement effect was supported by the difference b bond angle
between the 85°-111° of ZOMC (M: metal atom) such as ZOFeC, ZOCoC, ZONiC, and
Z0CuC in the optimized geometry of CH, adsorbed on metal atoms anchored in confined
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space of ZSM-5 and the nearly 180° on an metal oxide cluster in open space.!

A surprising consequence of this confinement effect?®! is the low binding energy of
CH, on a MO™ confined in microporous silicate such as CuO*-ZSM-5 is only -1.1 kcal/mol
which is much lower than the -45.8 kcal/mol for adsorption of CH, on free-standing CuO™ in
gas phase.??’ In addition, systematic DFT calculations on different MO™ clusters encapsulated
in ZSM-5 show that binding energies of CH, on MO™ clusters in ZSM-5 are correlated with
the configurations of O-M-C atoms;?}” a smaller ZOMC angle on the adsorbed CH; on MO*
in ZSM-5 in terms of a large distortion of molecular geometry of adsorbed CH,4 corresponds a
lower binding energy of CH,4 in terms of a larger confinement effect. In other words, the limited
extension of molecular orbital of CH, in the sub-nanometre porous space forces CHy to take a
bent configuration which is at an unstable state in terms of having higher energy than that in
open space.

A very favourable consequence of the confined effect of the micropore of zeolite to
CH,4 molecule is the low activation barrier for cleaving C-H of CH,4. The computational studies
suggest that the activation barrier for C-H of CH,4 on a confined CuO* in ZSM-5 is only 6.4
kcal/mol?¢! which is much lower than 26.4 kcal/mol on bare CuO*.237 This consequence is also
supported from a comparison to the activation of C-H of CH, on the open surface of CuO. The
activation barrier for cleaving the first C-H of CH4 in CuO* confined in ZSM-5, 6.4 kcal/mol,
is obviously lower than the activation barrier, 11.3 kcal/mol for cleaving the first C-H of CH,4
on the open surface of CuO(110) where C atom of CH, in the transition state binds to cationic
Cu atom of CuO(110) surface.?¢?

Other than the distortion of binding configuration of a reactant molecule and the
decrease of activation barrier of the molecule confined in zeolite, another significant impact
from confinement of micropores of zeolite is the largely increased repulsion between the
reactant molecule and O and Si atoms of sub-nanometre pore. Thus, these consequences of
confinement effect of zeolite to molecules adsorbed on MO™ encapsulated in ZSM-5 suggest
the significance of anchoring MO™ clusters in micropores for a facile activation of CH4 under

mild conditions.

9.2 Computational studies for transformation of CH, to CH;0H by MO* in ZSM-5

Transformation of CH4 to CH30H on free standing first-row transition metal oxide ions
(MO") in gas phase was investigated with computational approach (M=Sc, Ti, V, Cr, Mn, Fe,
Co, Ni, and Cu).?*” Although no experimental studies for activity for oxidation of CH; on MO*
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anchored in ZSM-5 were performed, Yoshizawa et al performed parallel computational studies
of MO*@ZSM-5 (M=Fe, Co, Ni, Cu) for investigation of the influences of different metals on
oxidation of CH, to CH;0H.?%! They proposed that this transformation is performed through
three intermediates including reactant complex, hydroxyl and product complex and two
transition states (Figure 13a). Energy profiles of the four “catalysts” are very different (Figure
13b). The binding energy of the reactant complex in terms of adsorbed CH4 on CuO*@ZSM-5
is highest among the four analogous “catalysts”, MO*@ZSM-5 (M=Fe, Co, Ni, Cu). This high
binding energy originates at the significant interaction between the low-lying 3o orbitals of
CuO*" and HOMO of CH, fragment.?*7- 26 Figure 13a illustrates the catalytic cycle for catalytic
oxidation of CH4 with N,O to form CH3OH and N,. The activation barriers of the two transition
states on CuO*@ZSM-5 are lowest compared to the other three catalysts (Figure 13b). In terms
of TS1, the lowest activation barrier on CuO*@ZSM-5 among MO*@ZSM-5 (M=Fe, Co, Ni,
Cu) results from the shortest O-C distance and smallest Z/OMC in the configuration of
transition state among the four catalysts (Figure 13c). Regarding to TS2, the lowest activation
energy to cross TS2 on CuO*@ZSM-5 can be rationalized with the shortest M-C bond (2.50 A
for Fe catalyst, 2.30 A for Co catalyst, 2.13 A for Ni catalyst, 2.08 A for Cu catalyst) (Figure
13d).

As pointed out by Shiota et al, the number of d-electrons and the energy of the d-block
orbitals are two dominant factors affecting the barrier of C-H activation of CHy on free standing
MO* 237 In terms of activation of C-H of CH, on anchored MO" in ZSM-5, we predict that the
number of d-electrons and the energy of the d-block orbitals to be the descriptors playing
controlling roles in governing the barrier of C-H activation of CHy. Thus, here a computational
study is suggested to investigate whether the two descriptors of free-standing MO reported in
literature?’” could be applied to MO™ anchored in ZSM-5. In addition, such a proposed
computational study can help to elucidate whether the confinement effect of ZSM-5 on MO*
could dominate the descriptors of the C-H activation of CH; on MO™ (M=Fe, Co, Ni, Cu)
anchored in ZSM-5 upon comparing descriptors of anchored MO* in ZSM-5 to those of free-
standing MO™.
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Figure 13. Representation of computational studies of oxidation CH, by MO* (M=Fe, Co, Ni and Cu)
anchored in ZSM-5 to CH;0H.?%! (a) Proposed catalytic cycle. (b) List of energies of intermediates and
transition state in oxidation of CH; by MO* anchored in ZSM-5 to CH;0H. (c) Optimized structures of
TS1 and TS2 on the four catalysts. Reproduced from Ref. 261, copyright 2016, with permission from
ACS.

9.3 Anchored bis(p-oxo)diiron in ZSM-5 for activation of CH,4

The early studies reported oxidation of CH, at high temperature by anchored oxygen
atoms on Fe-ZSM-5 which was prepared through pre-treatment of precursor in N,O; oxidation
of CH4 by Fe-ZSM-5 formed different products.?6 264268 Among these studies, CH;OH was
produced from oxidation of CH, at room temperature by anchored oxygen atoms on Fe!l' in Fe-
ZSM-5.267, 268 Notably, the formed CH;0OH was strongly adsorbed in micropores of ZSM-5.
The strong adsorption results from van de Waals forces, particularly the hydrogen bonding of
CH;O0H in micropores enhanced by confinement effect of aluminosilicate pores. In general, the
formed CH3OH is extracted from the micropores with a mixture of acetonitrile and water?®® or
through water steam.®® A creative method developed by van Bokhoven is that CH;0OH formed
in Cu-MOR can be extracted in an on-line mode in steam.?”°

The activity of activated Fe-ZSM-5 origins at oxygen atom bonded to Fe'!, which was
called a-oxygen in literature.264-266, 271,272, 273 (Fell) | complex, sometime called a-site, can be
formed through calcination of Fe-ZSM-5 at a temperature higher than 500°C in O,. Based on
literature,?’* Fe'll of Fe-ZSM-5 is evolved to Fe!l at 500°C along releasing O,. Some Fell atoms
were stabilized in the zeolite matrix,?’> making oxidation of this species unfavourable
thermodynamically even at a temperature higher than 700°C.27% Thus, an appropriate activation

temperature in O, is key for gaining reactivity in oxidation of CH, to CH;OH. In addition,
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active Fe-ZSM-5 with (Fe!-O-), sites can be prepared through oxidation of precursor in terms
of Fe loaded ZSM-5 in N,O at 200°C-250°C since the O, desorbs in the form of molecular O,
at a temperature higher than 300°C. Based on the measured stoichiometric ratio of O, to Fe
never exceeding 1:2,>77 driven by the coincidence of Mossbauer spectroscopy of Fe in sMMO
and Fe in ZSM-52%8 inspired by the modelling of oxygen activation on CH4 monooxygenase,>’8
and supported by the computational studies of Fe-ZSM-5,2"7 Panov et al suggested that Fe
atoms in Fe-ZSM-5 could exist in the form of a binuclear complex, bis(u-oxo) in which two
Fe atoms are linked through bis(u-0x0) although there was lack of EXAFS data to support.?’’
The first successful construction of the structural model of the active site of Fe-ZSM-5 in terms
of oxo-bridged di-iron complex can be tracked to the early study in 1993.273 Analysis of
electronic structure of the oxo-bridged di-iron complex shows the lowest unoccupied molecular
orbital (LUMO) has a very low eigenvalue (-0.79 eV), suggesting that this complex is a strong
oxidant. This low-lying LUMO is mainly contributed from d-orbitals of one Fe atom and has
admixtures of orbital centred on adjacent oxygen atoms.?”’ Thus, the Fe atom in oxo-bridged
di-iron complex efficiently acted as the actual oxidizing site at atomic scale.

Yoshizawa et al simulated the reaction mechanism of CH, hydroxylation on a.-oxygen
of a simplified structure model (Figure 14a).2” This study suggests that the coordinatively
unsaturated iron-oxo is the species activating C-H, which is consistent with the analysis of
electronic structure of a derivative of bis(pu-oxo)diiron in terms of the contribution of LUMO.?7’
Based on this computation represented in Figure 14, a CH4 complex is formed; in this complex,
CH, weakly binds to Fe (III) which coordinates with three oxygen atoms. Upon formation of
the CH4 complex, one C-H bond is cleaved through a Fe-C-H-O four-member-ring-like
transition state shown in Figure 14b, which is similar to the first intermediate formed on FeO™"
in activation CH4 on free FeO".237 Upon traversing this first transition state, the hydroxy
intermediate is formed; it binds to the Fe'l' atom (Figure 14b). Subsequently, the CH; and OH
groups bound to the same Fe!ll atom couple each other, forming a three-centre transition state
(TS2 in Figure 14b). Upon dissociation of Fe-O bond, a CH3;0H molecule adsorbed to the Fe
atom is formed. Figure 14c¢ is the energy profile of the direct CH4 hydroxylation on Fe-O,, in
ZSM-5 (Figure 14¢)?” which is very similar to that of the gas phase reaction between CH4 and
free FeO™.280. 281 Notably, the reaction mechanism of formation of CH3;0H through direct
oxidation of CH, by Fe-O, of ZSM-527? is distinctly different from the radical mechanisms in
catalytic oxidation of CH4 by H,0, on di-iron species anchored in ZSM-5 which was reviewed

in Section 13.
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Figure 14. Representation of results of computational studies of the mechanism for oxidation of CH,
with a-oxygen of Fe-ZSM-5 to form CH;0H.?”? (a) Scheme of (Fe-0),. (b) Optimized intermediates and
transition state for reaction of CH,; with a-oxygen to form CH;0H molecule. (c) Energy profile for

direct CH, hydroxylation on the structural model (a) of a-oxygen of Fe-ZSM-5 in sextet and quartet
states. Reproduced from Ref. 279, copyright 2000, with permission from ACS.
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9.4 Anchored oxygen over Cu sites for activation of CH,
9.4.1 Cu,0,*"in ZSM-5

Zeolite loaded with Cu was early used for selective oxidation of hydrocarbons with
molecular O, and deNO, for diesel combustion engine.?8?285 Groothaert early reported
successful oxidation of CH4 to CH3;OH in micropore of Cu-ZSM-5 at 100°C or s0.2%° They
proposed that bis(p-oxo)dicopper species can be formed through annealing Cu-ZSM-5 in N,O
or O, at a temperature high than 350°C. The bis(p-oxo)dicopper species contributed to the
characteristic peak at 22700 cm™' in UV-vis spectra.?®® This assignment was supported by the
correlation between oxidation of more CH,4 and simultaneous decay of intensity of 22700 cm-
I was clearly shown in Figures 14a and 14b. Formation of this bis(u-oxo)dicopper species was
supported by other characterizations including EXAFS, TEM, and EPR.?8 More importantly,
the time-dependent attenuation of the intensity of peak at 22700 cm! during reaction with CHy
clearly shows that the Cu complex is the site to oxidize CH4. With the extraction method using
solution of 1:1 water/acetonitrile, 82 pmol of CH3;0H was generated from 1 gram of Cu-ZSM-5
with Si/Al=12 and Cu/Al=0.58 (CZ-12-0.58).26°

The selectivity for producing CH3OH on the CZ-12-0.58 is as high as 98%. Different
from the low selectivity for producing CH3OH in catalytic oxidation of CH4 with H,O,, the
high selectivity for producing CH3;OH by non-catalytic oxidation benefits from the lack of
excessive oxidant since only these oxygen atoms anchored to metal atoms in zeolite are oxidant
for oxidation of CHy. Similar to Fe-ZSM-5,%67-268 the formation of CH3OH in through oxidation
of CH4 by Cu-ZSM-5 is not a catalytic process as Cu-ZSM-5 was not exposed to CH4 and an
oxidant and CH3;0OH was not be produced continuously. Section 13 extensively discussed

catalytic oxidation of CH, to form CH30H by using H,O; as an oxidant under mild conditions.
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Figure 15. Representation of fibre-optic UV-vis spectra of O,-activated CZ-12-0.58 during reaction
with CH, (5% in Ny, 25 mL min™') at 448 K (a) and at 398 K (b).%° Reproduced from Ref. 269, copyright
2005, with permission from ACS.

The chemical and coordination environments of Cu atoms in the micropores of Cu-
ZSM-5 is quite complicated. Many endeavours were made in elucidation of the structure of the
Cu-based active sites at an atomic scale. It is suggested that the reactivity of Cu-ZSM-5 for
oxidation of CHy4 to form CH;OH mainly stems from anchored binuclear oxygen-containing
Cu complex, [Cu(pu-O)Cu]?**.287-2°1 However, early studies proposed that the active site could
be a bis(u-oxo)dicopper, [Cu(u-0),Cu]**, which is an analogue of a catalytic site of pMMO
hypothesized early without approval.?*>2°7 These ambiguous assignments probably resulted
from the challenges in experimentally distinguishing bis(pu-oxo)dicopper, [Cu(u-O),Cu]?*, and
binuclear species [Cu(u-O)Cu]?*. In fact, analysis of lobes of HOMO of [Cu(p-O),Cu]** and
[Cu(u-O)Cu]**anchored in 10-membered rings suggest (1) both of them are a hybridization of
p-O atom(s), two Cu atoms and two O atoms between Cu and Al, and (2) both of them have a
complicated d-type bonding.?® In addition, bis(u-oxo)dicopper, [Cu(u-O),Cu]** and binuclear
species, [Cu(u-O)Cu]?* exhibit very similar stability. Despite of these early studies, the recent
resonance Raman spectroscopy studies of Cu-ZSM-5 suggested that binuclear species [Cu(u-
O)Cu]** plays a significant role in oxidation of CHy4 to form CH;OH.?*

Inspired by the importance of multi-nuclear Cu species (CuzO4) (1 in Figure 6b) in
oxidation of CH4 in pMMO,?18. 300302 and the significant heterogeneity of extra-framework
species formed in cation-exchanged microporous aluminosilicate, Pidko et al proposed that
multi-nuclear Cu complexes are active sites for oxidation of CHy to form CH;OH in their
computational study combining periodic DFT calculations and ab initio thermodynamic
analysis.’® This computational study shows that the formation of Cu complexes depends on
conditions of activation of Cu-ZSM-5 in terms of the temperature and gas phase composition
used for activation, particularly partial pressure of O,.3%> As shown in Figure 16a, a low partial
pressure of O, is favourable for formation of binuclear [Cu(u-O)Cu]?** species, and trinuclear
Cu complex [Cus(p-O);3]*" can be formed at a relatively high oxygen pressure. Figure 16b
suggests that [Cuz(u-O);]*" exhibits a higher stability than mono-nuclear [Cu(p-O)]*" and
binuclear [Cu(p-O)Cul?" from thermodynamic point of view. In addition, the calculated Bader
atomic charges of binuclear [Cu(u-O)Cu]?** shows the nature of an anion radical of the u-O (-

0.77 e). Similarly, the Bader charge on O atom of [Cus(u-O);]** is about -0.70e — -0.73 e,
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exhibiting the nature of an anion radical 3?3

Activations of C-H on [Cu(p-O)Cu]*" and [Cus3(u-O)3]*" were simulated with DFT
approaches. These computational studies suggested these activation of C-H of CH,4 on [Cu(p-
O)Cu]?" is performed through homolytic C-H bond dissociation with a followed direct radical
rebound.?®® The dissociated H atom binds to u-O, forming a OH group bridging on the two Cu
atoms. The activation energy for the homolytic C-H dissociation step is 68-78 kJ/mol.?%%: 303
Alternatively, a heterolytic dissociation results in H and CH; bond to Cu and p-O, respectively,
forming [CH;-Cu(u-OH)Cu]?>*. Other than the two paths, a more thermodynamically
favourable path is homolytic on one lattice oxygen atoms of zeolite neighbouring to the Cu
complex (Figure 16¢), forming a framework-anchored CH3;O group. 2% 303 Unfortunately,
formation of CH30H from this framework-anchored CH;0O group is unfavourable since transfer
of OH group to CHj in this case is significantly endothermic. For the radical rebound route, as
shown in Figure 16¢, about 156 kJ/mol energy is needed to desorb CH;OH adsorbed on two
Cu atoms through O atoms of the CH3;0H molecule. Definitely, this is a strong chemisorption
of CH30H. The strong adsorption is unfortunately favourable for further oxidation to form

formaldehyde or formic acid or even CO,.
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Figure 16. Representation of ab initio thermodynamic analysis of Cu complexes formed at different
conditions. (a) 2D projection of the lowest Gibbs free energy Cu,O,,H, species in ZSM-5 (DG (eV/U.C.),

2Zm—n—2x+2 n—

AG(T,p) = AE — > Ao —— AuHZO as a function of oxygen (Aup)and water Aup,o

chemical potentials. (b) A cross section of the 3D phase diagram at a fixed Auy,o (indicated with a
dashed line in (a)), corresponding to 10> mbar H,O at 700K. (c) Reaction path an energy profile for
selective oxidation of CH, with binuclear [Cu(u-O)Cu]** to form CH;OH. (d) Reaction path an energy
profile for selective oxidation of CH, with trinuclear [Cus(u-O)3]?* to form CH;0H.?** 3% Reproduced
from Ref. 303, copyright 2016, with permission from Elsevier.

In terms of [Cus(u-O);3]%*, direct rebound route, absorption and heterolytic routes on
trinuclear [Cus(u-O);]>" were investigated for oxidation of CH, to form CH3;0OH. Compared to
the strong binding of CH30H to Cu atoms of [Cu(p-O)Cu]*" (156 kJ/mol in Figure 16c), the
binding energy of CH;OH on trinuclear [Cuz(u-O);]*>" in the rebound route and heterolytic
routes is 86 kJ/mol (Figure 16d). It suggests that oxidation of CH4 with [Cus(pn-O);]%>" is
thermodynamically favourable. Kinetically, on the basis of computational studies of Li et al.,3%
the activation barrier for C-H cleavage by trinuclear [Cus(u-0)3]*", 10 kJ/mol is much lower
than that of binuclear [Cu(p-O)Cul?*, 64-68 kJ/mol.3% These DFT studies 2%%-3%3 predicted that
[Cus(u-0)3]** formed in ZSM-5 is an active site for selective oxidation of CH4to form CH;0H
although exclusive experimental evidences to support this prediction has not reported.3*> The
reactivity of tri-nuclear [Cus(u-O);]** anchored in MOR reported by Grundner et al3%
supported this suggestion that [Cus(u-O);]*" in ZSM-5 is the active site for oxidation of CHy
to CH;0OH made by Pidko et al.3%3

The inconsistence between structure suggested from experimentalists and that proposed
by theoreticians very likely results from (1) the heterogeneity of sites of sample prepared
experimentally, (2) the lack of information on the authentic sites of due to the limited access
of current characterisation technique, (3) difficulty in differentiating [Cu(u-O)Cu]** and
[Cus(u-0)3]?*. Further effort of experimental side is necessary for elucidating the reaction

mechanism of oxidation of CH4 to CH3;0H on Cu@ZSM-5 under mild conditions.

9.4.2 Cu,0,*" in MOR

Another set of extensively studied catalyst is Cu-MOR. Cu-MOR has been greatly
studied for catalytic reductions of NO with CO, hydrocarbons or NH; for decades.??> Efforts
toward elucidation of active sites of Cu-MOR in these catalytic reactions at atomic scale have
not concluded.?®%3% The coordination environment of Cu atoms in Cu-exchanged ZSM-5 was

suggested to be the form of bis(u-oxo)dicopper complex.’®’” As most characterizations of
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catalysts before late 1990’s were performed under ex-situ condition and the low spectral
resolution of vibrational spectroscopy in 1990°s could have made the identification of active
sites at atomic scale challenging, elucidation of chemical and coordination environments of Cu
atoms in Cu-MOR had remained significant interest in the last two decades.

Inspired by the reported activity for oxidation CH4 to CH;0H on Cu-ZSM-5,%% test of
activity for oxidation of CH,4 on Cu-MOR was done by Schoonheydt et al in 200523 although
elucidation of chemical and coordination environments of Cu atoms of Cu-MOR was quite
challenging. Cu-MOR is active for oxidation of CH, to form CH3OH. The yields of CH;0H
are in the range of 1-7 pmol per gram of Cu-MOR.?} In this early study, the Cu-MOR was
activated with O, and then CH, was introduced to react with the activated Cu-MOR. The
formed CH;OH was extracted. The close correlation between the amount of CH;OH produced
and the intensity of UV-Vis peak at 22700 cm! was established, suggesting that the activity of
Cu-MOR originates at species contributing to this peak.?3

The peak at 22700 cm! observed in UV-vis results from transition of Opriagge—Cu
charge transfer.?3 A few Cu,O,** complexes including mono (p-oxo) dicopper species, bi(p-
oxo) dicopper species, or even tri(p-oxo)dicopper species could contribute to the 22700 cm-!
band. In fact, a later study using resonant Raman spectroscopy and other approaches
propounded that the active Cu-based species is a bent mono(u-oxo)dicopper complex.??® As
intensity of this peak decaies rapidly along the reduction by CH4, a Cu-based species containing
Cu-O-Cu bridge structure must be the active oxidant to transforming CH, to CH30H. This
deduction was further supported by the reinstallation of this active bridge structure through
calcination of a used Cu-MOR in O, at 500°C.

Although UV-vis and resonant Raman spectroscopy could not provide the atomic-scale
structure of the Cu-based sites, Cu,O,?" in MOR, extensive XAS studies on evolution of
chemical and coordination environments of Cu in MOR have provided significant insights
toward understanding active sites for partial oxidation of CHy to CH;OH.?%% 3% Smeets et al
suggested that activation of Cu-exchanged MOR in O, at 450°C results in the formation of (u-
n?: m2-peroxo)dicopper species which is interchangeable to mono(u-oxo)dicopper with
involvement of two electrons provided by Cu(I) species.?® Figure 17a schematically shows the
evolution of chemical and coordination environments of Cu atoms of Cu-exchanged MOR
along the increase of activation temperature in 0,.2°% 3% The in situ observation of structural
parameters of Cu coordination environment derived from the features of energy space spectra

and r-space spectra of Cu K-edge as a function of activation temperature in 30-450°C in O, or
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helium was plotted in Figure 17b-16e. One important experimental finding in r-space spectra
is the contribution of one additional fractional oxygen. The coordination numbers of the
fractional O to Cu and O-Cu distance are 0.3 and 2.42 A, respectively. The additional fraction
oxygen atom was observed in O, in the temperature range of 300-450°C (Figures 16b and 16¢).
Notably, contribution of this additional fractional oxygen was not observed when the Cu-
exchanged MOR was treated at 300-450°C in 1 bar helium (Figures 16d and 16e). These
extensive XAS studies suggest that the high-temperature treatment (300-450°C) of Cu-MOR
in O, is necessary for formation of p-oxo dicopper species although whether p-oxo dicopper

species could be an active phase of oxidation of CH,4 to form CH;OH was not concluded.
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Figure 17. Representation of schematic showing changes of chemical and coordination environments
during activation of Cu-exchanged MOR in O, at 450°C and in situ observation of coordination
environment of Cu during activation in O, and H, in the temperature range of 30-450°C. (a) Schematic
of the chemical change. (b) Coordination number of O around Cu during activation of Cu-exchanged
MOR in O, at different temperature. (c) Distance between O and Cu during activation of Cu-exchanged
MOR in O; at different temperature. (d) Coordination number of O around Cu during activation of Cu-
exchanged MOR in helium at different temperature. (e) Distance between O and Cu during activation
of Cu-exchanged MOR in helium at different temperature.’*> 3% Reproduced from Ref. 308, copyright
1999, with permission from Royal Society of Chemistry.

Due to the intricate factors, the atomic details of the sites responsible for activation and

oxidation of CH, to CH3;0H on Cu-MOR was not conclusively identified. A very recent work
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of Lercher et al made an exclusive assignment to the Cu,O, site responsible for activity they
exhibited.?** A single-site trinuclear copper oxygen cluster Cu;O3% anchored in pocket channel
of MOR was reported as an active site for oxidation of CHy4 to form CH;OH with unprecedented
activity by Lercher et al.3%* Their preparation of single type of CuzOs%> was realized by strictly
following two requirements. Firstly, species of Cu precursor must not form Cu(OH), in
aqueous solution. Secondly, the anchoring sites should be homogeneous. They chose MOR
instead of ZSM-5 to anchor Cu atoms since protons of BAS sites in the more constrained side
pockets of MOR can preferentially exchange with cations of a solution.3?” The formation of
Cu303% in MOR was confirmed with comparative fittings of k’-weighted Fourier transformed
EXAFS with potentially structural models of binuclear [Cu(u-O)Cu]*" and [Cuz(u-O)3]**. In
fact, the r-space spectrum of Cu K-edge can be better fit when [Cus(u-O);]*" was used as the
structural model of fitting. This fitting shows that [Cus(u-O);]*" instead of [Cu(u-O)Cu]** is
formed through this specific preparation protocol.3%

Fitting of the r-space spectra of Cu K-edge of the Cu-O clusters anchored in MOR,
[Cus(u-0)3]*" suggests that there are two types of oxygen atoms in the second shell of Cu
(Figure 18a); two of them are extra-framework oxygen atoms (Ogf); the other two are
framework oxygen atoms (Of). These parameters are quite consistent with the coordination
environment of the structure provided by DFT calculation.3%* Figure 18a is the optimized
structure of [Cuz(n-0O);]*" localized in side-pocket of MOR. In fact, the two paired type I (AlY)
atoms at the pocket mouth shown in yellow anchored the cluster [Cus(u-O);]>* (Figure 18b).
The formation of Cu-O-Cu through activation in O, at 450°C was confirmed by the appearance
of the peak at ~2.4 A (distance before phase correction) in the red spectrum in Figure 18c. In
the black spectrum in Figure 18c, the preservation of this peak at 200°C in CH, suggests that
product molecule is adsorbed on the cluster after the O atom(s) of Cu;O5%* participated into the
formation CH30H. Upon desorption of CH;0H through steam treatment at 135°C (blue
spectrum), the disappearance of the peak at ~2.4 A suggests the removal of oxygen atoms of
[Cus(u-0)3]**. Upon consumption of oxygen atoms bonded to Cu atoms, [Cuz(u-O)3]** clusters
can be regenerated through activation at 500°C in O,. Catalytic activity of the catalyst
recovered after seven tests exhibited the same activity in production of CH;OH as the original
catalyst. Lercher et al. proposed that C-H activation of CH4 on the extra framework [Cu;(u-
0);]*" cluster is facilitated through coupling of C-H bond with a formally radical-anionic extra-
framework oxygen centre.3% 310 They further suggested that electron transfer from molecular
orbital of Cu305%* to antibonding C-H orbital of CH, weakens C-H bond of CH, and thus leads
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to C-H cleavage under mild conditions.30% 310

------ Before activation

=== Activation: O,/450 °C
e CH, loading: 200 °C
Steam treatment: 135 °C

--------------

Figure 18. Representation of optimized structure of [Cuz(u-O);]>* in MOR and in-situ EXAFS of Cu K-
edge of catalyst precursor during pre-treatment and catalyst during catalysis.’** (a) MOR encapsulated
with a [Cuz(u-O);]?* cluster; two types of Al atoms are marked, type I (Al') is paired Al atoms which
anchor [Cus(u-0)3]%*, type II (Al") is the isolated Al atoms. (b) [Cus(u-O);]*" stabilized by two anionic
centres formed on two Al lattice sites at the entrance of the side pocket of MOR. (c) r-space spectra of
Cu K-edge of catalyst precursor during activation and catalysis. Reproduced from Ref. 304, copyright
2015, with permission from Springer Nature.

9.4.3 Transformation of CH, to CH3;0H under a low-temperature, isothermal condition

A breakthrough in oxidative transformation of CH4 to CH3;0H under mild conditions
was the low-temperature, isothermal production of CH;OH at an elevated pressure of CHy
reported by van Bokhonven ef al.3!'! In this study, low temperature is defined to 200°C. This
isothermal approach is schematically shown in Figure 19a. Through this approach, CH;OH is
generated by a stepwise activation by Cu-MOR at 200°C in 1 bar O,, reaction with CHy at
200°C and extraction with water steam at room temperature through off-line or on-line
method.3!" One feature of this approach is that the yield of CH;OH largely increases along the
increase of CH, pressure upon activation of the catalyst at 450°C although yield of CH;0H is
basically independent from pressure of O, used in activation (Figure 19c). At 37 bars of CHy,
the yield of CH;OH reaches about 56 p mol per gram of catalyst (Figure 19d). With this
approach, similar yields were still achieved after several cycles of reaction.

An intriguing finding of this study?!! is the exclusion of mono-p-oxo dicopper complex
as active sites of Cu-MOR in oxidation of CH,4 to form CH3;OH because there is lack of the
signature of mono-p-oxo dicopper complex (22700 cm') in UV-vis spectrum after activation
of Cu-MOR before using it for oxidizing CH, to CH;0H.*!! Previous studies confirmed that

mono p-oxo dicopper complex was formed from either activation of Cu-exchanged ZSM-5 in
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N,O at a temperature higher than 350°C or activation of Cu-exchanged MOR in O, at a
temperature higher than 350°C?%% 270 293, 312, 313 although it has been continuously debating
whether p-oxo dicopper complex(es) could be the active site for oxidation of CH, to CH;0OH.
The observation of evolution of chemical and coordination environments of Cu atoms by using
in-situ EXAFS suggests that mono p-oxo dicopper complex species are formed from Cu-
exchanged MOR in O, at 300°C or higher.? To check whether mono-p-oxo dicopper complex
is a necessary site for oxidizing CH4 to CH30H, the Cu-exchanged MOR was activated at
200°C in O, before being used for oxidation of CH, to CH3;0H.3!! Clearly, this Cu-exchanged
MOR did not have any mono-p-oxo dicopper complex since it was activated at a temperature
lower than 300°C. However, notably this specific Cu-exchanged MOR which does not have
mono-p-oxo dicopper complex in fact exhibited high activity in oxidative transformation of
CH, to CH30H. Thus, these studies concluded that mono-p-oxo species is not a necessary site
for the activity of Cu-MOR in the isothermal approach.3!! Actually, control experiments
designed by van Bokhonven et al suggested the active sites for oxidation of CH,to CH;0H in
the isothermal approach is the dehydrated copper oxide clusters which are less active at low
pressure of CH, but quite active at high pressure CHy.3!!

The conclusion of the active sites of oxidizing CH4 to CH3;0H by Cu-MOR at 200°C
suggests the high complexity of active sites of Cu-MOR in oxidation of CH4 to CH;0OH. The
complication results from multiple interacting factors determining reactivity in activation and
oxidation of CHy to CH3;OH. These factors are closely related to preparation step and

temperature of activation of Cu-MOR.
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Figure 19. Representation of schematic of isothermal approaches and influence of partial pressures of
O, and CH, on yields of CH;0H from Cu-MOR (Si/Al=6, 4.7 wt%Cu).3! (a) Schematic showing the
main step of isothermal approach of continuous production of CH;0H from Cu-MOR without off-line
extraction of CH;0H. (b) Yields of CH;0H after activation at 450°C, reaction and off-line extraction
as a function of partial pressures of O, and CH,. (c) Influence of partial pressures of O, used in
activation at 200°C on yield of CH;0H. (d) Influence of partial pressure of CH, used in reaction on
yield of CH;0H (activation was done in 1 bar O, at 200°C). Reproduced from Ref. 311, copyright 2016,
with permission from John Wiley and Sons.

9.4.4 Size-dependent stability and activity for CH4 oxidation on Cu,0,%*loaded to zeolite

Computational studies suggested the both stoichiometric clusters Cu,0O,>" and
nonstoichiometric clusters Cu,O,.;>" formed in 8-membered ring of MOR exhibit the same
size-dependent stability which is the increase of stability of Cu,O,?" along the increase of size
of nonstoichiometric Cu,Oy*" clusters in MOR.?*® This dependence is in good accordance with
the increase of stability along the increase of size of stoichiometric Cu,0,>" clusters (n=2-9) of
Cu-SSZ-13.314

Other than the size-dependent stability of Cu,0,2" clusters, a size-dependent reactivity
in activation of C-H of CH4 was suggested in computational studies. Formation of a Cu-O-H
and CHj species is the first step in oxidative transformation of CH4 to CH3;0H. For a mono(u-
oxo)dicopper cluster in MOR and ZSM-5, free total energies of the formed Cu-O-H and CHj;
species are higher than reactants by 76 kJ/mol for MOR and 61 kJ/mol for ZSM-5,
respectively.’93 315 Interestingly, in terms of a trimer cluster [Cus(u-O);]*" in ZSM-5, the
formation of Cu-O-H and CHj; species only results in increase of free energy by 37 kJ/mol. In
other words, the Cu-O-H and CHj species formed on [Cuz(u-O)3]*" in ZSM-5 is more stable
than that on a mono(u-oxo)dicopper cluster, [Cu(u-O)Cu]*" in ZSM-5.2 Similarly, cost of
free energy for formation of Cu-O-H and CHj; species on dimer (CuyO5%"), trimer (Cuz03%),
tetramer (Cu;042"), and pentamer (CusOs%*) in MOR are 11.6 kJ/mol, 41.4 kJ/mol, 34.7 kJ/mol,

and 28.9 kJ/mol, respectively;>® it suggests the increase of reactivity of Cu,0,>" clusters along

the increase of size. 298 317317317315 314 305 300 294 287 285 284 284 284 282 281 280 276 276 275 273 272 269 266 250

248 247 245 241 240 241 241 232 231 229 224222 213 211 210 209 209 208 202 201 198 194 194 186 184 Tp gther words. the
b

higher stabilization of a larger cluster make it better stabilize the formed HO and CH; upon
C-H activation. The predicted higher activity of a larger cluster Cu,0,>" suggests the origin of
activity of Cu-MOR and even Cu-ZSM-5 in activation of C-H of CH4 could be more
complicated than what hypothesized or even deduced in literature. The complexity was

supported by the proposal of Tomkins et al that activity of CH,4 oxidation to form CH;0H on
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Cu-exchanged MOR could result from some copper oxide clusters which have not been
identified.>!! An excellent review published by van Bokhoven et al summarized these insights
and highlighted the complexity of oxidative transformation of CH,4 to CH3;0H on Cu-ZSM-5
and Cu-MOR.%°

9.4.5 Other Cu-exchanged zeolites for activation of CH,4

Other than extensive studies of Cu-MOR and Cu-ZSM-5, reactivity of Cu loaded to S-
1, FER, EMT, BEA, FAU, SAPO-34 and SSZ-13 for oxidative transformation of CHy to
CH;0H were investigated. Cu-SAPO-34 and Cu-SSZ-13 with anchored Cu cations are active
for oxidative transformation of CH4 to CH30H.?3 316 The yields of CH;0H from CS-1-2.0,
CY-2.7-0.45, CU-2.75-0.34, and CE-4-0.36 and CA-1-1.7 are lower than 1 umol CH;OH per
gram of sample, actually suggesting lack of activity.'®” Here notation CX-Y-Z denotes different
zeolite. X is the first letter of the zeolite such as Z=ZSM-5, M=MOR, U=USY, Y=Y, B=BEA,
F=FER, and E=EMT; Y is the Si/Al ratio; Z is the Cu/Al ratio. Table 1 represents the
characteristics of the zeolites with encapsulated Cu?*. The lack of activity of these Cu-zeolites

is basically consistent with the lack of a peak at 22000cm™! — 22700 cm™! in UV-vis spectra.

Table 1. List of characteristics of the zeolites with encapsulated Cu?>*. Reproduced from Ref.

293, copyright 2005, with permission from Elsevier.

Sample Source Topology | Si/Al | #mL 0.01M Cu Cu/Al Cu
Solution per gram wt%
CZ-12-0.54 ALSI-PENTA MFI 12 63 0.54 4.3
CZ-25-0.51 PQ-zeolites MFI 25 32 0.51 2.0
CZ-30-0.47 ExxonMobil MFI 30 25 0.47 1.5
CZ-77.5-0.55 PQ-zeolites MFI 717.5 97.5 0.55 0.68
CZ-120-0.88 PQ-zeolites MFI 120 6.3 0.88 0.77
CM-5.3-0.39 Norton MOR 5.3 144 0.39 6.2
CM-8.0-0.50 TRICAT MOR 8.8 78 0.50 5.1
CE-4-0.36 ExxonMobil EMT 4 189 0.36 7.3
CF-6.2-0.42 Toyo Soda FER 6.2 126 0.42 5.9
CB-9.8-0.50 ZEOCAT™ BEA 9.8 100 0.50 4.7
CY-2.7-0.45 ZEOCAT™ FAU 2.7 664 0.45 11
CU-13.5-0.32 PQ-zeolites FAU 13.5 5002 0.32 2.3
CU-14.5-0.42 ZEOCAT™ FAU 14.5 5002 0.42 2.9
CU-27.5-0.34 PQ-zeolites FAU 27.5 500b 0.34 1.2
CU-36.9-0.34 PQ-zeolites FAU 36.9 500¢ 0.34 0.9

Compared to the inactive CS-1-2.0, CY-2.7-0.45, CU-2.75-0.34, and CE-4-0.36 and
CA-1-1.7, CF-6.1-0.42 and CB-9.8-0.50 are obviously active in oxidation of CH4 to CH;OH.
Yields of CH30H of 12 umol/g and 4.2 umol/g yields were obtained from CF-6.1-0.42 and
CB-9.8-0.50 upon their reactions with CHy4 at 200°C. Surprisingly, no band in the region of
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22000 cm™! — 22700 cm-! was observed for the Cu-exchanged CF-6.1-0.42 and CB-9.8-0.50.
Thus, the observation of high yields from CF-6.1-0.42 and CB-9.8-0.50 and the absence of a
peak in the region of 22000 cm™! — 22700 cm! in UV-vis spectra clearly show that both CF-
6.1-0.42 and CB-9.8-0.50 must have another type of active sites which can provide oxygen
atoms to partially oxidize CHy4 to form CH3OH.?? This finding has urged further exploration
of chemical and coordination environments of Cu atoms in the Cu-based catalytic sites

anchored in CF- and CB-type zeolites.

9.5 Anchored oxygen atoms over Co sites for activation of CH,

Other than zeolite loaded with Fe or Cu, the O,-activated Co-ZSM-5 was reported being
reactive in oxidative transformation of CH; to CH3;0H at 150°C.3!7 The Co-ZSM-5 was
prepared through impregnation or ion exchange. Co-ZSM-5 exhibits activity for oxidizing CHy
to form CH3OH and formaldehyde although it is much lower than Cu-ZSM-5. The yield of
CH;30H on Co-ZSM-5 is in the range of 0.1-0.6 umol per gram of catalysts.3!% 317 Although the
chemical and coordination environments of Co atoms in Co-ZSM-5 have not been
characterized thoroughly, it is extrapolated that the Co atoms in Co-ZSM-5 prepared with
impregnation mainly exist in the form of CoO or Co;04 and cobalt oxide clusters are
responsible for activity in production of CH;OH through oxidation of CH,.3!7-318 It even further
propounded that the activity in oxidation of CH4 to form CH30H on Co-ZSM-5 does not
originate at p-oxo dicobalt species. More studies on this system are necessary for uncovering
the origin of the activity on Co-ZSM-5. In addition, it would be valuable if structure and activity
in oxidative transformation of CH4 to CH3;OH on Co-MOR and even other zeolites loaded with
Co can be studied in a comparative manner toward gaining fundamental understanding of the
correlation between chemical and coordination environment of Co atoms in different zeolites

and their corresponding activity in activation and oxidation of CH, to CH;OH.

9.6 Anchored mono(p-oxo)dinickel site for activation of CH,

As reviewed in Section 6-8, Ni atoms in forms of free standing NiO* cations and anchored
Ni-O species on support oxide are quite active in oxidative transformation of CH, o CH;0OH.
Consistent with them, Ni-based mono(p-oxo)dinickel species anchored in ZSM-5 exhibits high
reactivity in oxidization of CH4 to CH3OH under mild conditions.

Microporous aluminosilicate consisting of bent mono(p-oxo)dinickel species on the

internal wall was prepared through first impregnation and then filtration.3!° In the filtration
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step, the sample precursor obtained upon impregnation were washed with distilled water for
several cycles. Figure 20b is 2.5 wt % Ni-ZSM-5 catalyst which does not have NiO
nanoparticles formed on external surface of microporous aluminosilicate particles. TEM
images excluded the formation of NiO nanoparticles on microporous aluminosilicate. The lack
of NiO nanoparticles on surface of microporous aluminosilicate particles is further supported
by the lack of satellite peaks of Ni 2p;, which are 3d'°L-? and 3d°LLg,"! (Figure 20c). The
absence of satellite peaks must be related to an unusual bonding environment of the Ni atom
anchored to ZSM-5 [mono(p-oxo)dinickel in Figure 20d]. It is widely acknowledged that the
satellite peaks of Ni 2ps;, of Ni** of NiO originates at the charge-transfer effect in
photoionization.>?® After photoionization of the electrons of Ni 2p, the lowest final state is
3d°L"!, which is formed through the electron transfer from ligand L to the Ni 3d orbital.320
Here, L™! in 3d°L™! denotes a hole generated on the nearest ligand due to the transfer of one
electron from the ligand to the 3d orbital of Ni atom. This 3d°L"! electronic state gives the main
photoemission peak at 853.8 eV (Figure 20c5). In addition, two electrons of the nearest oxygen
atoms could be transferred to the photoionized Ni atom, creating another electronic state
(d'°L7?), which gives a satellite peak at 861.0 eV for NiO particles. In addition, the
photoionized Ni atom can be neutralized by transferring an electron from one of the oxygen
atoms of the second-nearest Ni atoms, Ni*-O(L;)-Ni(L,)-O(L¢,)-Ni(L4)-O(Ls), forming a
different final state labelled as 3d°LLg,, !, which corresponds to the strong satellite peak at 856.0
eV of NiO particle (Figure 20c5). The absence of the 3d°LLg, ' at 856.0 eV and 3d;(L 2 at
861.0 eV in the Ni 2p photoemission feature of the 10wt% Ni-ZSM-5 in Figures 19¢2-19c4
clearly shows the lack of long-range crystal structure of NiO. Thus, XPS studies clearly show
the lack of lattice of NiO nanoparticles in the 2.5wt%Ni-ZSM-5. The XPS peak intensity in
Figures 19c2-19c4 was contributed from singly dispersed Ni atoms anchored in these
micropores near to surface of a ZSM-5 particle although these Ni atoms were singly dispersed
in deep pores of ZSM-5 could not be observed by XPS.

The existence of Ni-O-Ni bonds in the micropores was confirmed with in situ studies of Ni
K-edge of 5 wt % Ni-ZSMS5. As shown in Figure 20el, the peak contributed from Ni-O-Ni was
observed in the Ni-ZSM-5 which was activated with O, at 400°C. The Ni-O-Ni species was
marked with Ni-Ni in Figure 20e for the convenience of showing the direct distance of Ni to
Ni although there is an oxygen atom bonding with the two Ni atoms. The fitting of r-space
spectrum of Ni K-edge of Ni-ZSM-5 at 350°C in CH, (Figure 20f) shows that the coordination
number of O atoms to Ni is 3.0+£0.3. Thus, the in situ EXAFS studies suggests that the
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performed structure is bent mono(p-oxo)dinickel (Figures 19e and 19f).

This Ni-ZSM-5 exhibits activity in activation and oxidation CH4 to CH;0OH, HCOOH and
HOCH,CH,OH. The activity originated at the bent mono(p-oxo)dinickel since microporous
aluminosilicate without bent mono(p-oxo)dinickel is inert for formation of these product

molecules.
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Figure 20. Representation of structure and characterizations of Ni-ZSMS5 catalysts consisting of bent
mono(u-oxo) dinickel3'° (a) Structural mode [al: bent mono(u-oxo)dinickel; a2: bis(u-oxo)dinickel],
(b) TEM images,(c) Ni 2p photoemission feature of 10wt%Ni-ZSM-5, (d) Bonding environment of Ni
atoms, (e) Ni K-edge of 5 wt % Ni-ZSM-5, (f) Menthol yields on Ni/ZSM-5. Reproduced from Ref. 319,
copyright 2014, with permission from ACS.

9.7 Necessity of parallel studies of different metal atoms anchored in zeolite
Activation of C-H of CH, with a following oxidization to form CH;OH and even
products of deep oxidation was studied by several types of catalysts which are mainly Fe and
Cu-anchored in ZSM-5 and MOR. Significant insights on oxidization of CH4 to CH3;0H on
this type of catalysts were achieved although complexity in environment of this catalysis and
in structure of a catalyst was suggested. Inspired by the systematic studies of activation and
oxidation of CHy4 on free-standing MO™ clusters of 3d transition metals, parallel studies of a
type of M,0,%" such as [M,(u-O),]*>" of different transition metals such as Mn, Fe, Co, Ni, Cu,
Zn anchored in the same zeolite such as ZSM-5 or MOR could provide valuable insights for
uncovering descriptor for reactivity in oxidation of CH4 to CH;OH. Another set of parallel
studies could be M atoms in [M;(u-0x0)3]*>" anchored in ZSM-5; here M is a transition metal
such as Mn, Fe, Co, Ni, Cu, Zn. By replacing ZSM-5 with MOR, systematic studies of [M,(u-
0),]*" anchored in MOR and [M3(p-0x0)3]*" anchored in MOR would be valuable. Notably,

the complexity in catalyst preparation and challenges in characterization could make these
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comparisons quite challenging. To save the cost of these exploration, a specific suggestion is
to perform parallel computational studies on M,(u-0),]** anchored in MOR and [M;(u-0x0)3]*"
anchored in MOR (=Mn, Fe, Co, Ni, Cu, or Zn ) to obtain a list of prioritized metals before any
experimental explorations are planned. We expect that these sets of proposed parallel studies
can provide profound knowledge for developing zeolite-based catalysts for oxidative

transformation of CH4 to CH;OH.

10. Activation and oxidation of CH, with anchored oxygen atoms bonding to

Cu in zeolite to form acetic acid

Acetic acid is an important intermediate compound for production of high-value
chemicals. It is produced from catalytic carboxylation of CH;OH at industrial scale. CH3;0H is
produced from high-temperature processes of syngas production from CH, or coal and then
synthesis of CH;0H from syngas or mixture of CO, CO, and H, as shown in Figure 2. It was
reported recently that Cu-H-MOR is reactive for formation of acetic acid through tandem
reactions in terms of first formation of a methoxy species and then coupling between the
methoxy species and CO at 200°C although the reported formation of acetic acid is not a
catalytic cycle.’?! Correspondingly, the role of Cu-H-MOR in the formation of acetic acid is
the oxidant instead of a catalyst. Oxygen atoms anchored on Cu clusters in Cu-H-MOR
oxidizes CHy4 to form methoxy species and then the formed methoxy species on Cu-H-MOR
can couple with CO through carboxylation, forming acetic acid. Notably, Cu-Na-MOR with
Cu/Al=0.22 is also active for production of acetic acid. But its activity is much lower than Cu-
H-MOR. The observed formation of acetic acid in the tandem reactions suggests that the
Cu,O,"* clusters are active for formation of acetic acid from CH4 although the chemical and
coordination environments of Cu atoms of the Cu,O,"" clusters of the Cu-H-MOR and Cu-Na-
MOR were not reported.?!

Cu/Al ratio of Cu-Na-MOR is an important factor in determining whether a Cu-Na-MOR
has activity in formation of acetic acid or not. Notably, Cu-Na-MOR with Cu/A1>0.36 is not
active for formation of acetic acid although Cu-Na-MOR with Cu/Al <0.36 is active for
formation of acetic acid. However, Cu/Al ratio is not a factor in determining activity in
formation of acetic acid for Cu-H-MOR. Cu-H-MORs in both ranges of Cu/Al >0.36 and
Cu/Al<0.36 are active for formation of acetic acid. Thus, the mechanisms for carboxylation of
methoxy to acetic acid on Cu-Na-MOR is different from Cu-H-MOR. The difference in
reaction mechanisms between Cu-Na-MOR and Cu-H-MOR was supported by UV-vis
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spectroscopy. For Cu-H-MOR upon being activated in O,, the d-d transition at 9600 cm™! was
observed before introduction of CH4; more importantly, the intensity of this d-d transition
decayed upon simultaneous reaction with CH, at 200°C for 2 hrs; this coherent observation
clearly shows that the species contributed to 9600 cm! is responsible for the formation of acetic
acid on Cu-H-MOR.

Parallel studies were performed on Cu-H-MOR and Cu-Na-MOR for further understanding
their different reaction mechanisms. Cu-H-MOR (Cu/Al=0.35) and Cu-Na-MOR (Cu/Al=0.36)
have the same Cu/Al ratio but obviously Cu-H-MOR (Cu/Al1=0.35) produced larger amount of
acetic acid with Cu-Na-ZSM-5 (Cu/Al=0.36). The high activity in transformation of CH, to
acetic acid on Cu-H-MOR (Cu/Al=0.35) suggests that Bronsted acid sites of Cu-H-MOR
(Cu/Al=0.35) can enhance the formation of acetic acid.??! Since Bronsted acid sites in Cu-H-
MOR play a significant role in carbonylation of methoxy and Cu,Oy sites are reactive in
activation of CHy to form methoxy, methoxy formed on Cu,Oy sites must be transferred from
Cu,Oy sites to Bronsted acid sites so that the methoxy could be carbonylated to form acetic
acid. Upon the consumption of oxygen atoms of Cu,Oy clusters for formation of acetic acid,
Cu-H-MOR and Cu-Na-MOR can be regenerated a few times through pre-treatment in O, at

600°C although the reported tandem reactions are not a catalytic cycle.

11. Catalytic oxidation of CH, with O, at low temperature in aqueous

solution

Different from the oxidation of CH4 with O, catalysed by molecular catalysts,??* Oisuka
et al reported one exciting catalytic oxidation of CH, with molecular O, at 40°C by their unique
catalytic system consisting of Zn powder, EuCl;, and CF;CO,CH;.3?% 323 Although the
preparation of this catalyst is not intricate, there has been definitely lack of specific
understanding on the reaction mechanism of this amazing catalytic oxidation of CH4 with
inexpensive molecular O, by inexpensive catalyst at near room temperature. The hypothesized
mechanism is the following.3?% 323 Eu?* is a key reductant which is generated in situ through
reduction of Eu** with metallic Zn powder. Then, Eu?* activates molecular O, to form a type
of active oxygen species O*. The active oxygen species O* is expected to exhibit a strong
electrophilicity. It activates CH4 to form CH3;0H. The choice of Zn power to reduce Eu’* is
that its redox potential y(Zn?*/Zn) (-0.77 V) is lower than y(Eu**/Eu?") (-0.35 V). In addition,
the use of a strong acid CF;COOH to stabilize product CH3;0H through formation of ester
CF;COOCH; drove the thermodynamics of CH4 + O, -»CH30H to the direction favourable
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for the production of CH;0H since oxidation of CH, to CH3OH is only weak exothermic at
298 K (AH°=-26 kcal/mol). Another hypothesis could be that catalytic transformation of
CH;0H from CHy is due to the oxidation of CH4 by H,O,. This hypothesized path us feasible
since H, can be readily formed by reduction of H" with Zn and then H, can couple with O, to
form H,0,. However, it is not clear how the formation of H,O, from H, and O, was catalysed.
Fundamental understanding of this fascinating catalysts is expected to be necessary for
providing insights to design active catalysts for catalytic oxidation of CH4 to CH3OH under

mild conditions.

12. Catalytic oxidation coupling of CH4, CO and O, to synthesize acetic acid

Compared to the oxidation of CH4 with an oxidant such as H,O, or O, to be reviewed in
Section 13, the reaction of coupling CH4 with CO and O, is a quite different path of utilizing
CH, to generate high value chemicals. It uses inexpensive oxidant, O, or even cost-free air as
oxidant instead of costly H,O,. This coupling is a carbon-addition reaction, different from other
reactions reported in literature. Different from the tandem reactions in Cu-MOR, the coupling
of CH4 with CO and O, on Rh;Ojs clusters anchored in ZSM-5 is a catalytic reaction which

continuously transforms CHj to acetic acid with high activity at 150°C.!38

12.1 Advantage of direct conversion of CH, to acetic acid under mild conditions

Acetic acid is an important intermediate compound used for production of high value
chemicals. Currently, acetic acid is produced from CH3OH carbonylation, in which CO reacts
with CH3;0H to form acetic acid. As shown in Figure 2, CH;OH is synthesized from CO/CO,
and H; at a relatively high temperature, 250-300°C; the mixture of CO/CO, and H; is produced
from steam reforming of either coal or CH, at quite high temperatures, 600-800°C.
Unfortunately, high-temperature reforming of coal or CH4 has made the synthesis of acetic acid
become a high energy-demanded, high-cost process. It would be ideal if a catalytic reaction
could directly transform CH4 to acetic acid through a one-step catalysis instead of the current
three-step synthesis, under mild condition instead of high-temperature harsh condition, through
heterogeneous catalysis instead of the current homogeneous catalysis, using a reusable catalyst
instead of current Ir or Rh-based molecular catalyst without recycle.

Motivated by these expected advantages, a carbon-addition reaction was used for the
purpose of direct transformation of CH, to acetic acid. Inspired by the use of precious metal

catalyst in the Badische Anilin und Soda Fabrik (BASF) process developed in 1960’s and
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Monsanto process developed in 1990’s, a Rh-based single atom catalytic sites anchored in
microporous aluminosilicate was reported recently.!®8 It was used for synthesis of acetic acid

through a carbon-addition reaction under a mild condition in terms of 150°C and lower.!88

12.2 Direct conversion of CH, to acetic acid on a Rh;-based single-atom site in
microporous aluminosilicate

Single-atom catalyst was used for catalysing this carbon addition reaction.'® For a reliable
and repeatable preparation of a catalyst with singly dispersed metal atoms, microporous
aluminosilicate with isolated protons was used as a support to anchor the specific catalytic sites
Rh;0s."8 Through ion-exchange and followed calcination, a catalyst with singly dispersed Rh;
atoms was prepared. In the micropores, Rh coordinates with 5 oxygen atoms (Figure 21a).!38
This site is highly active for synthesis of acetic acid molecules from CH, through carbon
addition and oxidation using O, at 150°C Extensive isotope experiments confirmed the
participation of the three reactants in the catalytic cycle of formation of acetic acid. The Rh-O
bond protruding to centre of a micropore shown in Figure 21a acts as the site to activate the
first C-H bond of CH,4 with an activation barrier of 124 kJ/mol, which is the rate-determining
step among the 18 elementary steps of synthesis of two acetic acid molecules from two CH,,
two CO and one O, molecules, 2CH4+2CO+0,—2CH3;COOH (Figure 21b). The second rate-
determining step is the coupling of CH;CO and OH adsorbed on Rh; to form a weakly adsorbed
acetic acid through a barrier of 107kJ/mol.

Parallel studies show that single atom sites of precious metals supported on open surface
of reducible oxide Rh;/C0304,3%* Rh,/Ti0,!®® and inert oxide Rh;/Si0O,3% and Rh;/Al,O; are
neither active for this carbon addition reaction to produce acetic acid nor for oxidation of CHy
to CH3OH although literature claimed that very small amount of methanol was produced from
Rh/TiO, at the level of lower limit of measurement.32¢ Close comparison between single-atom
sites anchored in the micropore and ones supported on open surface of oxide nanoparticles
suggests the significance of micropore in terms of confinement of molecules for providing
distorted molecules which was briefed in Section 9.1. The capability of micropore in forcing
reactant molecules to distort structurally was further evidenced by the observed activity on
other types of microporous aluminosilicates encapsulating singly dispersed precious metal
atoms.%% 269 The structural confinement effect of micropores on this reaction is supported by

DFT calculation of activation of CH4 by ZSM-5 which suggests the sub-nanometer pores of
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ZSM-5 exert an effect to destabilize the adsorption and thus decrease the activation barrier for

C-H cleavage in the pore.?°!
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Figure 21. Representation of EXAFS characterization of Rh;Os anchored in ZSM-5 and results of
computational studies for catalytic transformation of CH,, CO and O, to acetic acid molecules.'®$ (a)
Structural model of microporous aluminosilicate with anchored Rh,;0Os sites. (b) EXAFS studies of Rh
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K-edge. (c) Catalytic cycle consisting 18 elementary steps for 2CH,+2CO+0, — CH;COOH. (d)
Energy profile of the catalytic cycle in (c). Reproduced from Ref. 188, copyright 2018, with permission
from Springer Nature.

12.3 Mechanistic understanding of this catalytic carbon-addition transformation
of CH,

Few catalytic reactions involve three reactants. The direct participation of the three
reactants CH,, CO and O, for production of acetic acid was confirmed through extensive
isotope experiments.!®® Based on the stoichiometry of this carbon-addition reaction,
2CH4+0,+2CO—2CH;COOH, a complete catalytic cycle requests the participation of five
molecules. Computational studies suggest that this catalytic cycle involves 18 elementary
steps. Interestingly, the two CH4 molecules were activated through two different sites, Rh;Os
(cl in Figure 21b) and Rh;O4 (c9 in Figure 21b). Compared to Rh;0Os, Rh;Oy is highly under
coordinated. Rh;Oy is generated after the formation of the first acetic acid molecule. Compared
to the formation of the first acetic acid molecule (c1-c8 in Figure 21b), the pathway for
formation of the second acetic acid molecule (c9-c17) is different. In the formation of the first
acetic acid molecule, CO was inserted to Rh-O of Rh-OH species as Rh atom has fully
coordinated with six atoms (c4), forming a COOH group on Rh;. A subsequent coupling
between HOOC- and CH;-forms an acetic acid molecule (c8). Upon the desorption of the first
acetic acid molecule, Rh;O, site was formed (c9). On the Rh;04, CH, was activated through
Rh=0 bond (c10-c12). As Rh atom in c12 only bonds with five atoms, CO can directly bond
with the Rh; atom and then couple with its adjacent CH; to form an acetyl, -COCHj; (c16),
which subsequently couples with a hydroxyl group, forming the second acetic acid molecule
(c17). The energy profile of the proposed pathway shows the rate-determining steps are
activation of C-H of the first CH; molecule by Rh-O bond and the coupling of CO and CHj; to
form CH3CO- intermediate (c15).

Cleary, catalytic oxidation of CH4 and coupling with CO to form acetic acid has been
successfully demonstrated.!8® Computational studies suggested that Rh-O bond of the anchored
single atom site plays a key role. Although TOF of Rh;Os is quite high, Rh is a precious metal.
It would be ideal if 3d transition metal could replace Rh to catalyse this reaction. Thus, it is
highly valuable to explore which early transition metals could replace Rh. However, due to the
complexity of catalyst preparations of this type of catalysts, an inappropriate preparation of a
hypothesized catalyst could easily invalidate a good idea. Thus, here we suggest to perform

computational studies first to pre-screen in-expensive transition metal atoms which are in a
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cluster with the same structure as Rh;Os.. A shortlist proposed by computational studies would
be tested by experimentalists. It is expected that such an approach could develop a cost-
effective catalyst with high activity and selectivity in synthesis of acetic acid through coupling

of CHy, CO and O, in aqueous at 150°C or lower temperature.
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Figure 22. Representation of catalytic oxidation of CH, with H,O, with di-iron complex anchored in
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ZSM-5.%%3 (a) Proposed catalytic cycle of oxidizing CH, to CH;OOH with H,O,. (b) DFT calculation
for elementary steps of transforming CH,; to CH;COOH on [Fey(m*-OH),(OH),(HCOO)(=0)].
Reproduced from Ref. 288, copyright 2012, with permission from John Wiley and Sons.

13. Catalytic oxidation of CH, with H,0,

Although H,0, is some pricey, it is one of the most active oxidants. The main products
of oxidation of CH, with H,O, are CH30H and formic acid. A number of catalysts active in
catalytic oxidation of CH, with H,O, were reported. They are mainly singly dispersed Pd, Rh
and other metal atoms coordinating with certain number of oxygen atoms in micropores of

zeolite.

13.1 Catalytic oxidation of CH, to CH;0H over Fe sites anchored in ZSM-5 with
H,0,

Hucthings et al first reported the high activity of Fe-ZSM-5 in catalytic oxidation of
CH,4 to CH;0H through H,0, under mild conditions.?®® In addition, although TS-1 is not active
for this oxidation, TS-1 or silicaliate-1 with anchored Fe exhibits high activity for catalytic
oxidation of CH4 to CH30H through H,0, at 50°C.?®¥ These studies show that Fe species
formed in MFI is the key player of the catalytic oxidation of CH4 with H,O,. For instance, 27
mg of 0.014wt%/ZSM-5 convert 10% of dissolved CH, in aqueous solution of H,O, with 96%
selectivity for producing oxygenates including CH;OH, CH;OOH, HCOOH. 3C and '"H NMR
spectra confirmed that CH, is the sole carbon source of these products. The observation of Si-
O-Fe bond at 700-710 cm!' in FT-IR of the catalyst shows that Fe atoms incorporated into
tetrahedral framework sites before calcination.??” Ex situ EXAFS studies suggest that Fe atoms
exist in the form of di-iron species, similar to structures reported in in late literature.328-330
Structure 1 in Figure 22a, [Fe,(m2-OH),(OH),(H,0),]** anchored in ZSM-5, is the structure
closest to the structural parameters of EXAFS studies of the catalyst. It catalyses the synthesis
of methanol from CH,4 under mild condition (50°C) with a TOFs >0.6 s-! which are three orders
of magnitude greater activity in catalytic oxidation of CH; to CH3;0H on these catalysts
reported before this work.?® The significance of this work is that production of CH3;0H from
CH,4 can be performed in a continuous flow fixed bed stainless steel reactor with a close
catalytic cycle.33!,332

Time-on-line analysis suggested that CH;0OOH is the primary product and CH;0H is
formed consecutively. Thus, it is proposed that the H,O, replaces one H,O molecule bound to

di-iron site (1 in Figure 22a), forming OCHO-Fe (2 in Figure 22a). A following transfer of H*
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forms HOO bound to one Fe ion (3 in Figure 22a ). Replacement of another H,O molecule
bound to Fe?" by H,O, forms a Fe*=0 site (4 in Figure 22a) based on a reported redox to
produce a ferryl ion in Fenton’s reagent.333 33* Fe*'=0 of species 4 activates C-H of CHy,,
forming CH; and Fe-OH (5 in Figure 22a). The CH; couple with oxygen atoms of HOO-,
forming a CH3;0O0H-like species on one Fe ion (5 in Figure 22a). Figure 22c presents the
transformation of CH;OOH to CH3;0OH. CH3;0H releases a HO-, forming CH30 bound to the
Fe ion (6 in Figure 22a). Other than the first report in literature,?®® this catalyst and catalytic
oxidation of CH, to CH;0H were extensively studied with respect to identification of active
component,’33 Kkinetics studies,’? and influence of Si/Al ratio of H-ZSM-5 on catalytic
performance.33¢

Catalytic selectivity for production of CH3;0OH on Fe-ZSM-5 can be obviously increased
by the introduction of Cu?" as a part of the catalyst to reduce over-oxidation process of CH;0H
to other oxygenates.”®® For instance, by mixing Fe-1-silicate with Cu-I-silicate, high
selectivity of 93% for producing CH3;0H from CH, can be achieved.?®® In addition, it was found
that presence of strong acidity is favourable for the formation of formic acid instead of

CH;0H.3¥7

13.2 Catalytic oxidation of CH,4 to CH;0H over Fe sites incorporated in graphene
lattice with H,O, at room temperature

Bao et al reported a room temperature catalysis of oxidizing CH, to CH3;0H with
H,0,.338 This catalysis is performed on a unique catalyst FeN4/GN consisting of catalytic sites
-FeNy-. Here GN denotes graphene. This catalyst was prepared by high-energy ball milling of
mixture of iron precursor, iron phthalocyanine cite.>3® 50 mg of FeN,/GN can catalyse the
oxidation of CH,4 with a yield of CH;O0H of nearly 120 pumol at room temperature in a period
of time of 10 hr. The selectivity for C; oxygenated products is as high as 94%.

Evolutions of different C1 oxygenate products were tracked with operando TOF-MS
method which extracts products during reaction and analyses them in real time.>3® This
operando study suggested CHy is oxidized to CH;0H and CH3;00H at beginning and then
further oxidized into HCOOH and HOCH,OOH. The deep oxidation of CH4 to HCOOH and
HOCH,OO0H upon CH30H is formed as an intermediate compound was supported by isotope-
labelled '*C-NMR experiments.333

Fundamental understanding of this room temperature catalysis of CH4 to CH3;0H on

the unique catalyst of FeN,/GN was achieved by DFT calculations.?3® As shown in Figure 23,
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H,0; can readily adsorb on a FeNjy site to decompose into atomic O and H,O (Figure 23a).
Atomic O is absorbed to Fe atom of the FeN, site. As the FeNy is incorporated into the graphene
lattice, each FeN, can chemisorb two O atoms, forming a O-FeNy-O structure. Compared to
bare -FeNy-, density of electronic states near to Fermi level of O-FeNy-O is largely increased
upon binding to two O atoms at two sides of -FeNy- (Figure 23b). This difference shows that
O-FeN4-O is more active for electrophilic attack. Reaction pathway of oxidizing CH4 to
CH;3;0H was computationally simulated (Figure 23c). DFT calculations suggests that C-H
activation of CHy is performed through a radical pathway instead of a concerted mechanism.338
Figure 23C represents the reaction pathway and the corresponding energy profile. The rate-
determining step is the C-H bond cleavage with a barrier of 0.79 eV. The generated CHs- can
coulee with OH or OOH groups, forming CH3;OH and CH3OOH respectively. In addition, DFT
calculation shows that the O-FeN4-O incorporated in graphene lattice exhibits high activity
than free standing O-FePc-O (FePc: iron phthalocyanine), suggesting that the graphene lattice

enhances activity in oxidation of CH4 to CH30H.338
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Figure 23. Representation of theoretical simulation of reaction pathway for oxidation of CH, to form
CH;0H on -FeN,- sites and other similar sites.’*® (a) Thermodynamic calculation of the decomposition
of H,O; and binding of oxygen atoms to -FeN,- to form O-FeN,-O. (b) Density of states of FeN,, FeN,O
and O-FeN,O. (c) Suggested reaction pathway of oxidation of CH, to CH;0H, CH;0OO0H,
HOCH,O0H, and HCOOH on O-FeN,O and the corresponding energy profile. (d) Correlation of rate
of activation of C-H of CH, in Log(rate) with formation energy of O-MN,O. Reproduced from Ref.
338, copyright 2018, with permission from Elsevier.
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Figure 24. Representation of structural characterisation and catalytic performance for catalytic
oxidation of CH, with H,O, to CH;O0H under mild condition.’*° (a) Structural model of microporous
aluminosilicate with anchored Pd;0, sites. (b) EXAFS. (c¢) Catalytic performances of oxidizing CH, to
CH;0H with H,0,. (d) Increase of selectivity for producing CH;OH by adding CuO to supress oxidation
of CH;0H. Reproduced from Ref. 339, copyright 2016, with permission from John Wiley and Sons.

DFT calculations were performed on similar sties (O-MNy-O) but different metal center
(M=Cr, Mn, Co, Ni, Cu). Based on the formation energy of O-MN,-O structure, only O-CrNy-
0O, O-MnN;-O, O-FeN4-O, and O-CoN4-O can be formed. The activation rates of C-H of CH,4
by the four catalysts were calculated (Figure 23d). Bao et al found a volcano-like correlation
between activation rate of C-H of CHy4, Log (rate) and formation energy of the four catalysts,
O-MN4-O (Figure 23d).33® Thus, these computational studies suggested that the formation
energy of O-MNy-O can be taken as a descriptor for the catalytic oxidation of CH4 to CH;0H
on this type of catalysts (O-MN,-0).338

13.3 Catalytic oxidation of CH, to CH;0H over Pd sites with H,0,

Through ion-exchange between Pd cations and protons in microporous aluminosilicate,
Pd; Oy clusters anchored in the micropore (0.01wt%Pd) were prepared (Figures 23a and 23b).3%°
Although the loading of Pd is extremely low, its role is crucial in the oxidation of CHy to
CH3;O0H and other oxygenates in the temperature range of 50-95°C. As shown in Figure 24c,
even at 50°C, CH;0H can be produced from the catalytic oxidation of CH4 with H,O,. The role
of the singly dispersed Pd; sites, Pd;O4 anchored in micropores was confirmed by the fact that
the same microporous aluminosilicate but without Pd atoms under the same catalytic condition
exhibit much lower activity. Notably, the increase of loading of Pd to the microporous
aluminosilicate from 0.01wt% to 0.1wt% and 2wt% does not increase the yields of oxygenates,
suggesting that the crucial role of the singly dispersed single-atom Pd; sites in the catalytic
oxidation of CH4 to CH;0H with H,0,. Due to the available significant excess of H,O,,
products of deep oxidation including formic acid and even carbon dioxide were clearly
observed.?* Thus, control of selectivity for product CH;0H is a challenging issue for catalytic
oxidation using H,0, as an oxidant. Compared to the catalytic oxidation of CH,4 using H,0,,
the oxidation of CH4 with metal atoms anchored in zeolite without using H,O, forms CH;0OH
with much higher activity. As shown in Figure 24d, by co-loading 2.0wt% CuO to surface of
the microporous aluminosilicate consisting of Pd;Os sites, selectivity for producing CH;0OH

was obviously increased. The promotion of selectivity by using CuO suggests CuO can catalyse
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the decomposition of H,O, to H,O and O, and thus supressed the further oxidization of CH;OH

to products of deep oxidation.

13.4 Catalytic oxidation of CH, to CH;0H over Cu sites with H,0,

Catalysts containing the same amount of Cu (1.2wt%) and Fe (0.09wt%) were prepared
through different methods including ion exchange between Cu?" and H' of H-ZSM-5 by
Yashnik et a*4%-341, Similar to Fe-ZSM-5,%8 the main products of CH, oxidation with H,O, on
Cu-ZSM-5 are CH;00H and CH;0OH. After an induction period of oxidation, more formic acid
and CO, were formed. The role of the anchored Cu?" was confirmed by careful parallel
experiments performed on a series of catalysts including catalyst 1 which is H-ZSM-5
originally containing 0.09wt% Fe in lattice, and catalyst 2 which is H-ZSM-5 originally
containing both Fe (0.09wt%) and the lately anchored Cu (1.2wt%) by ion exchange between
Cu?" of precursor and H" of H-ZSM-5 with a followed calcination at 500°C in air.3> Compared
to the catalyst 1 (H-ZSM-5 with 0.09wt% Fe but no Cu) the introduction of Cu?* to ZSM-5 led
to an increase of conversion of both CH4 and H,0,. It is suggested that Cu peroxo complexes
in ZSM-5 participates into the formation of CH;OH from CH;OOH.3*? When concentration of
Fe(IIl) in H-ZSM-5 is high, the role of Cu(Il) peroxo complexes is less important. Notably,
some of the anchored Cu?* in ZSM-5 leached to aqueous solution during catalysis. It is reported
that even half of anchored Cu?' cations were leached in the first half hour of catalysis.
Compared to the Cu?* introduced to the cation exchange positions of H-ZSM-5, the Fe (III)
cations introduced to the lattice of ZSM-5 in the synthesis of H-ZSM-5 are much more stable
during catalysis.34?

As reviewed in sections 13.1-13.4, ZSM-5 anchored with Fe, Pd, and Cu are active for
catalysing oxidation of CH4 to CH3;0H with H,0,. Similar to the proposals in other sections,
there are lack of systematic, parallel studies for ZSM-5 anchored with other transition metals
including 3d and 4d metals. Coordination environment of metal atoms is crucial for catalytic
performance in oxidation of CH, with H,O,. However, it is challenging to prepare a series of
catalysts of different metals which have the same coordination environment such as M0y
(M=Zr, Nb, Mo, Ru, Rh, Pd, Ag). Thus, here computational “experiments” were suggested to
perform parallel studies on these catalysts ZSM-5 anchored with M0, sites (M=Zr, Nb, Mo,
Ru, Rh, Ag). By applying the same reaction pathway on these catalysts, rate determining steps
and their corresponding activation barriers can be uncovered through computational studies.
With this piece of information, a correlation of activation barriers of these catalysts and

electronic factors of the active site M;O,4 of these catalysts such as Bader charge, orbital
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contribution can be established. With this correlation, active catalysts can be proposed on the
basis of these computational studies for experimental tests. Through these computational
studies-driven experimental studies, catalysts with high activity and selectivity are expected to

develop.

13.5 Catalytic oxidation of CH, to CH;0H with H,0, over Rh single atom sites
anchored on open surface of oxide support

As reviewed in Sections 13.1-13.3, the encapsulated metal atoms in zeolites are active
in catalysing oxidation of CH4 with H,O,. Recently, it is reported that single atoms Rh (SAs
Rh) anchored on CeO, nanowires (S4s Rh-CeO, NWs) can catalyse oxidation of CH4 with H,O,
at 50°C.3*¥ SAs Rh-CeO, NWs was prepared through impregnating Na;RhClg on the as-
prepared CeO, NWs through a conventional wet impregnation method.’** The formation of
single atoms Rh on CeO, NWs was suggested by the lack of peak of Rh-O-Rh in r-space of Rh
K-edge. For comparison, Rh NPs supported on commercial CeO, NWs (Rh/CeO,-com) were
prepared through impregnation of Rh to commercial CeO,. Although chemical and
coordination environments of Rh atoms of Rh/CeO,-com catalysts were not reported, Rh 3d
5/2 of Rh/CeO,-com is 308.9 eV which is obviously higher than 307.4 eV of metal Rh
nanoparticles. It suggests that Rh atoms of Rh/CeO,-com are in the form of RhOy nanoclusters
supported on commercial CeO,.

Compared to Rh/CeO,-com, SAs Rh-CeO, NWs exhibits much higher catalytic activity
and selectivity in production of CH;OH and CH;OOH through oxidation of CH4 with H,0, at
50°C. This significant difference was attributed to the distinctly different electronic states of
Rh atoms in the two catalysts in terms of projected density of states (PDOSs) of surfaces of the
two catalysts. For SAs Rh-CeO, NWs, its Rh 4d occupation near the Fermi level is sharp.
However, the Rh 4d occupation of Rh/CeO,-com is quite broad. Different from SAs Rh-CeO,
NWs, the significant overlap among Rh 4d, O 2p and Ce 4f suggests a strong coupling between
RhOjy cluster and support CeO, particle. This strong coupling in Rh/CeO,-com results in over-
binding effects, consequently increasing activation barrier of dehydrogenation of CH,4 on
Rh/CeO,-com.

Other than single atoms Rh anchored on CeO,,**? Rh anchored on ZrO,, TiO,, SiO,
were chosen to explore potential oxidation of CH4 with H,0,.3** Single atoms Rh anchored on
ZrO, exhibit high activity in catalytic oxidation of CH4 to CH;0H. However, no CH;0H was
produced from 0.3wt%Rh/Ti0, under a catalytic condition of 30 mg catalyst, 0.5 M H,0,, at
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70°C with a reaction time of 0.5 hr under 30 bars of CH,.

13.6 Catalytic oxidation of CH, to CH;OH over Au-Pd alloy nanoparticles

Hutchings et al found that Swt% Au-Pd/Ti0O, exhibits high activity and selectivity for
oxidation of CH4 to CH;0H with H,0,.34 Notably, their studies also showed that no any
product could be observed from a bare TiO, under the same condition as 5%Au-Pd/TiO,,
concluding that the activity for oxidation of CH, with H,O, on 5wt% Au-Pd/TiO, results from
Au-Pd nanoparticles instead of TiO,. Their time-on-line studies of products showed that
CH30O0H is the intermediate compound formed first and then it is transformed to CH;OH;3%3
subsequently, CH;O0H is oxidized to formic acid or even CO,, dependent on catalysis
temperature and concentration of H,0O,. The feature of sequential reactions including
transforming CH4 to CH30O0H first, then CH;0OH and finally formic acid and CO, ,** is similar
to oxidation of CH4 with H,O, on Fe-ZSM-5.288 The catalysis for formation of CH;OH from
CH300H was confirmed by using isotope-labelled '*CH;OH as a reactant. In addition, the
oxidation of CH30H to HCOOH was evidenced by observation of H'*COH and H3COOH
when BCH;0H was used as a reactant.

Deep understanding of the catalytic mechanisms for oxidation of CH4 on Au-Pd/TiO,
was achieved through electron paramagnetic resonance (EPR) studies under catalytic
conditions.’® Both -CH; and -OH were tracked with 5,5’-Dimethyl-1-pyrroline-N-oxide
(DMPO) in EPR studies, uncovering that -CH; and -OH are formed during catalytic oxidation
of CH,4 with H,O,. Thus, it is concluded that the catalytic oxidation of CH, with H,O, on Au-
Pd/TiO, must involve -CHj radicals. Then, the formed -CH; can couple with the intermediate
O, or -OOH in-situ formed from decomposition of H,O,, formingCH;OOH which is the
intermediate compound for formation of CH3;OH. Notably, this catalysis mechanism is
different from oxidation of CH, with H,O, on Fe-ZSM-5 where no -CH; was observed.88

Other than the catalytic synthesis of CH;0H from oxidation of CH4 with H,O, on Au-
Pd/TiO,, Au-Pd/TiO, is active for synthesis of cy3oy from CHy, H, and O,.34¢ This is
understandable since Au-Pd/Ti0, can catalyse the synthesis of H,O, and catalyse the oxidation
of CH,4 to CH;0H with H,O, under mild condition. In other words, a possible path for synthesis
of CH;0H from CHy4, H,, and O, on Au-Pd/TiO, is that Au-Pd/TiO, first catalyses the synthesis
of H,O, from H, and O, and then catalyse the synthesis of CH;OH from oxidation of CH, with

H202.346, 347
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13.7 Catalytic oxidation of CH,; to CH3;OH catalysed by an engineered
nanocomposite catalyst AuPd@ZSM-5-R

The feature of high activity of Au-Pd nanoparticles in catalysing oxidation of H2 by O2
to form H,O; at room temperature or even low temperature and the capability of H-ZSM-5 in
catalysing oxidation of CH,; with H,O, to form CH;OH under mild conditions were
intelligently mingled in a recent work, creating a catalyst with high activity and selectivity in
synthesis of CH3;0H from CHy4, H, and O,.3*® In this work, Jin et al reported that AuPd@ZSM-
5-C ¢ exhibits high activity and selectivity for oxidation of CH4to CH;0OH at 70°C.348 As shown
in Figure 25a, this is a nanocomposite catalyst with a MFI framework encapsulated with Au-
Pd nanoparticles internally supported with molecular fence of C;-C;¢ on external surface of the
ZSM-5 particle. Conversions and yields on catalysts with a fence such as AuPd@ZSM-5-C;
(or Cg, Cy) are obviously higher than AuPd@ZSM-5 without a molecular fence (Figure 25b).
The external organic layer anchored on the ZSM-5 particle is hydrophobic and thus prevents
the emigration of H,O, formed on surface of AuPd which was encapsulated in the ZSM-5
particle. This is evidenced by the quantitative analyses of the amount of H,O; in zeolite and
that in liquid. As shown in Figure 25c, there is a distinct difference in the distribution of H,O,
in ZSM-5 between a catalyst with a molecular fence such as AuPd@ZSM-5-C; and a catalyst
without any molecular fence such as AuPd@ZSM-5. With the protection of this molecular
fence, H,O, formed through catalysis on AuPd nanoparticles encapsulated in ZSM-5 particles
is mainly remained in the micropores of ZSM-5; but without such a fence, majority of H,O; in
the micropores emigrated to liquid which is the external environment of AuPd@ZSM-5
particles. Clearly, the hydrophobic nature of the organic layer (C;, Cg, or Cy6) on the external
surface of the ZSM-5 particle has stopped the emigration of H,O, efficiently. Thus, contributed
from the hydrophobic nature of the organic fence, the high local concentration of H,O, in ZSM-
5 near to the catalyst sites of CH, oxidation largely increased reaction rate of CH4 oxidation by
H,0; on surface of Au-Pd nanoparticles. Notably, this hydrophobic layer on external surface
of ZSM-5 does not hinder the diffusion of hydrophobic, nonpolar CH, from liquid to
micropores of AuPd@ZSM-5.348

CH;0H was considered as an intermediate product for further oxidation to form HCHO
and formic acid.b? 3% As discussed in Section 13.3, one disadvantage of catalytic oxidation of
CH,4 with H,O, by catalytic sites, MOy clusters anchored in micropores of zeolites is the
further oxidation of CH3;OH by excess oxidant, H,O,. The work of Jin et al shows that CH;OH

on Au-Pd can readily emigrate from micropores of ZSM-5 to solvent although H,O, cannot.
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The efficient separation of CH3;0H from region of high concentration H,O, in ZSM-5 prevents
CH;0H from being further oxidized to HCHO and HCOOH, leading to a high selectivity for
production of CH30H. Thus, such a smart catalyst with a molecular fence, AuPd@ZSM-5-C 4
can catalyse the conversion of CH, to CH;OH with a selectivity of 60%-90%, higher than
selectivity for production of CH;0H through oxidation of CH4 with H,O, on other catalysts.348
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Figure 25. Representation of AuPd@ZSM-5-R and their catalytic performance and molecular fence
effect of external layer of C,.>*® (a) Models (al) and TEM images (a2 and a3) of AuPd@ZSM-5-R. (b)
Activity of CH;0H and conversion of CH; on AuPd@ZSM-5-R, AuPd@ZSM-5 and other related
catalysts; here R denotes the organic layer of molecular fence. (c) Molecular-fence effect investigation;
it shows a distinct difference in distribution of H,O, in ZSM-5 between a catalyst with molecular fence
such as AuPd@ZSM-5-C; and a catalyst without a fence such as AuPd@ZSM-5. Reproduced from Ref.
348, copyright 2020, with permission from AAAS.

13.8 Catalytic oxidation of CH, to C, oxygenates on vanadium-based complexes
Vanadium-based complexes are active in catalytic oxidation of organic compounds
with H,0,.3%0: 351 Tt is reported that the acetonitrile solution of [NBuy]VO; (or NaNO;) and
pyrazine-2-carboxylic acid (PCA) is active in catalytic oxidation of CH4 with H,O, and O, by
groups in Russia and Switzerland.33? 333 It produces methyl hydroperoxide, formaldehyde and

formic acid. Based on control experiments using cyclohexane to substitute for CHy, it is
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claimed that H,O, is only a promoter and molecular O, is the actual oxidant. They proposed
that HO- radical is formed from H,O, and then it attacks alkane including CH,4 to form alkyl
radicals such as CHj-. The formed CHj- can rapidly react with molecular O, to form peroxyl
radicals ROO- such as CH;00-. ROO- is transformed to ROOH such as CH;OOH.35%354-356 [
terms of active sites, there was no any indication in this literature although it is sure that the
active sites must be vanadium-based species.

Another group independently reported that H;.\PVMo;,.4O4 catalyst (x=0, 1, 2, and
3) in (CF5CO),0 solvent at 353 K can catalyse oxidation of CH4 with H,O, under inert gaseous
environment.>3” HyPVMoy 04 gave the highest conversion of CH,. Majority of the products is
HCOOCH;. HCOOH and CH;0H are minor products.’®” Hs, PV Moy, O40(x=0-3) Keggin-
type heteropoly acid was used as precursor. Among the used solvents (CF;CO),0, CH;CN,
H,0, and (CH;),SO, (CF;CO),0 has the highest solubility of CH4,3%7 resulting in highest
conversion among the same catalyst in different solvents. Although there was no any
information on the active sites for this oxidation, it seems that vanadium is a necessary element
of the unknown active sites.

Other than the above two types of Vanadium-based catalysts, vanadyl oxysulate was
found being active for oxidizing CH4 with H,O, at 60°C.3>® The main product is formic acid.
Their UV-Vis spectroscopy measurements suggest that VOSSO, is oxidized to oxoperoxo
VO(0,)"species by H,O,. Thus, the V3* species formed under catalytic condition was proposed

to be active sites of the oxidation of CHy.

13.9 Catalytic oxidation of CH4 by H,0, to form oxygenates in solution of
transition metal chloride

A series of transition metal chlorides (FeCl;, CoCl,, CuCl,, RuCls;, RhCl;, PdCl,,
OsCl;, IrCls, H,PtClg, and HAuCl,) were studies in parallel for catalytic oxidation of CH4 with
H,0, in aqueous solution.?*® Obvious difference in catalytic activity in oxidation of CH, was
found. FeCls;, CoCl,, CuCl,, RhCl;, PdCl,, OsCl;, IrCl;, H,PtCls and HAuCl, are active for
oxidation of CH4 with H,O,. Active sites in terms of authentic player of the catalytic reactions
under mild condition were not identified in literature.?>°

Among these chlorides, OsCl; is the most active catalyst for oxidation of CH,.
Compared to other chlorides, the high activity for catalytic oxidation of CH4 with H,O, on
OsCls is probably correlated with the high activity of OsOy in selective oxidation of alkenes3¢:

361 although likely OsQy, is not the real player of this catalysis. UV-Vis spectra studies of OsCls,
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OsCl3+H,0, before catalysis, OsCl;+H,0, after catalysis, Na,OsClg and OsO, suggested that
the nominal catalyst OsCl; was evolved into a species with high oxidation state (+IV) of Os
during catalysis. Compared to the spectral feature of OsOy, the UV-Vis spectrum of the catalyst
(OsCl3+H,0,) after catalysis is distinctly different. Thus, OsO,4 could be the active sites formed
during catalysis and evolved into other species after catalysis. Definitely, more studies are
necessary for elucidation of the active site of this oxidation.

At initial period of catalysis, methyl hydroperoxide was observed.3% 361 Analysis of
products as a function of time suggests that methyl hydroperoxide is an intermediate product.
In addition, oxidation of CH4 ceased once the radical scavenger hydroquinone was added to
the system, showing that this catalysis is performed through a radical-based pathway. It is
suggested that the active radical, HO- or HOO- activates CH,4 by abstracting a H atom, forming
CHj;- radical. Then, coupling CHj3- radical with HO- or HOO- forms products.

13.10 Catalytic oxidation of CH, with H,0, to CH3;0H over M, O,, cluster in
complex encapsulated in second coordination shell

One type of well-studied catalysts are p-nitrido diiron phthalocyanine36>-3% and
porphyrin3%® which are active for catalytic oxidation of CH4 with H,O,. These Fe- or Cu-
contained catalysts exhibit high selectivity for formic acid but low for CH;0H.

Complexes including Fe''(TPA), and V(TKA) shown in Figures 25a and 25b exhibit
low activity for oxidation of CH4 with H,O, and low selectivity for producing CH;OH. These
complexes are soluble in aqueous solution. Upon encapsulating such a complex into a
hydrophobic hemicryptophane cage, a new catalyst was formed as shown in Figures 25c-
25e.367 These cage-like catalysts can accommodate CH, molecules and make them physically
proximal to the oxidation site of these complexes.*¢” Notably, this cage structure obviously
improved catalytic activity and selectivity. For instance, Fe!'(Hm-TPA) and V(Hm-TKA)
having cages (Figures 25¢ and 25d) exhibit much higher catalytic activity in terms of TOF than
Fell(TPA) and V(TKA) without cages (Figures 25a and 25b). Covering TPA-iron (II) active
centre with a hydrophobic cage, Fe''(Hm-TPA) promotes the yield of mono-oxidized products
(CH;0H and CH;00H) on Fe!'(TPA) by a factor or about 4. Such a promotion of selectivity
results from the physical proximity between the adsorbed CH,4 and the Fe-based active site of
the complex Fe!'(TPA) in the cage, and the preferential release of hydrophilic products
(CH;0H and CH;00H) by the hydrophobic cage.

The promotion of selectivity by caging a molecule was also supported by the increased
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yields of CH3;0H and CH;00H on V(Hm-TKA) (Figure 26d) compared to V(TKA) (Figure
26b). By replacing phenyl spacers of the cage (Hm) of V(Hm-TKA) with biphenyl groups, a
different catalyst was formed (Figure 26e). Catalytic activity of V(Hm-BINOL-TKA)
increased by 2 times due to the increase of capability of recognition of hydrophobic substrates.
Thus, obviously encapsulation of molecular catalyst in an organic shell is a strategy to improve
catalytic performance of oxidation of CH4 with H,O, under mild conditions. It is expected that
the encapsulation approach could be used in other catalyst systems for promotion of catalysis

activity.

Fe!(TPA)
S = Solvent

Fe''(Hm-TPA)
S = Solvent

(a) (b) (c)

V(Hm-TKA)

(d)

Figure 26. Representation of structure of Fe, V and Cu complexes without second coordination shell
(a and b) and with second coordination shell (c-e).’” (a) Fell(TPA), (b) V(TKA), (c) Fell(Hm-TPA),
(d) V(Hm-TKA), and (e)V(Hm-BINOL-TKA). Reproduced from Ref. 367, copyright 2019, with

permission from ACS.

V(Hm-BINOL-TKA)

(e)
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14. Facing challenges

Direct transformation of CH4 to value-added chemicals under mild conditions has been
one of the most challenging tasks in the field of catalysis. Compared to the well-studied high
temperature processes of catalytic transformation of CHy, there is no formation of coke and
much less extent of decay of catalysts in transformation of CH4; under mild conditions.
However, transformations under mild conditions rely on specific catalytic sites which need to
be designed and prepared with atomic precise. These sites are typically metal oxide
nanocluster-like structures with specific composition and specific coordination environment of
metal atoms. In many cases, they need to be anchored some “protective” environment such as
microporous silica since the confinement effect of micropores is significant for performing
many transformations under mild conditions. Although significant progress has been done in
the field of activation and catalytic transformation of CH, under mild conditions, the following
challenges still remain.

Challenges in preparation with atomic precision and ready duplication. Majority of
catalysts active for transforming of CH4 to value-added chemicals are catalysts consisting of
single-atom sites or sub-nanometer clusters encapsulated in micropores of zeolites. The
chemical and coordination environments of these metal atoms are essential for catalysis under
mild conditions. Compared to the preparation of conventional catalysts such as supported oxide
or oxide nanoparticles, repeatedly preparation of these catalysts brought into great challenges.
From this point of view, development of precise preparation including new preparation
protocol and integration of other preparation techniques could be a solution to tackle this
challenge. For instance, atomic layer deposition technique can be used to homogenously
introduce metal precursor to micropores, making a catalyst consisting of homogeneous sites
toward repeatable syntheses of catalysts active for transformation of CH, under mild
conditions.

Challenges in characterization of catalytic sites during catalysis. 1t has been well
acknowledged that establishment of a correlation between structure of active sites and its
corresponding catalytic performance is a key approach to achieve fundamental understanding
of catalytic mechanism at a molecular level. As the catalyst consisting of active sites is
dispersed in liquid which is under a high-pressure gas phase, it is quite challenging to
characterize these catalytic sites during catalysis since most electron-excitation or electron-

generation-related analytical methods of solid materials such as TEM and XPS were developed
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for characterizing catalyst nanoparticles in high vacuum or in gas phase instead of a liquid
phase. Development of analytical methods with capability of characterizing catalysts in liquid
during catalysis is significant but a challenging task.

Access to the chemical and coordination environments of atoms of authentic active sites
anchored in micropores during catalysis is challenging even for catalysis performed at solid-
gas interface. Unfortunately, most transformations of CH,4 to value-added chemicals under mild
conditions are performed at solid-liquid or solid-liquid-gas interfaces. It is extremely
challenging for accessing chemical and coordination environments of metal atoms of catalyst
sites of catalysts working in liquid. There are the following challenges. (1) Due to the much
higher density of molecules in liquid environment around the catalyst particles than gas phase,
most electron-based techniques are limited in probing the surface of a catalyst particles in
liquid. (2) Most reactions request high pressure reactant gas above liquid since gas molecules
can only access surface of catalyst in liquid by molecular diffusion in liquid; thus, the pressure
of gas above the liquid is 10 bar or higher. (3) Many of the reactions and catalysis are performed
on active sites embedded in micropores of zeolite. The thickness of wall of silicate limits the
access of electron or light to the active sites encapsulated in pores and also prevents the
generated electrons or photons from escaping for detection. (4) The preservation of products
in micropores after reaction could make characterization of active sites in zeolite at the atomic
scale challenging; for instance, the adsorption of CH3;0H molecules on or near to the active
sites in the zeolite prevents the EXAFS from distinguishing the coordination environment of
Cu atoms of active sites from the coordination environment of Cu bound to product molecules.

Al Ka X-ray photoelectron spectroscopy (XPS) is an appropriate analytical method for
characterizing chemical environment of most elements. Due to its high surface sensitivity in
terms of short inelastic scatting mean free path (1), it is extremely challenging if not impossible
to study metal sites anchored in micropore of zeolite in liquid phase. In addition, although AP-
XPS has been widely used in observation of chemical state of metal atoms in gas phase,’® the
working pressure of reactant gas is still quite low in terms of a pressure range of sub-Torr or
Torr. Many efforts have made with the goal of having Al Ka or soft X-ray AP-XPS for working
at a pressure higher than 25 Torr. Unfortunately, scientists failed in these efforts. These
challenges have made elucidation of chemical states of metal elements of catalysts functioning
in liquid phase quite difficult. Alternatively, XANES and EXAFS are appropriate
spectroscopies probing metal atoms in gas phase up to a few tens of bar or in liquid phase

although it is lack of surface sensitivity.
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To tackle this challenge, there are some possible approaches. Attenuated total reflection
(ATR) spectroscopy could be used to track adsorbate of active site and measure the
concentration of stable intermediates or products near to catalyst particles as long as the catalyst
power can be immobilized on IGE crystal robustly.

Challenge in establishing a correlation between a catalytic performance and their
corresponding chemical and coordination environments. DFT calculations have been a
significant approach to provide understanding of catalytic mechanism at a molecular level. In
most cases, a reaction pathway can be proposed and rate-determining step can be identified. A
deep analysis of participations of orbitals of atoms of a catalytic site in transition states allows
to propose a descriptor of catalyst structure at an atomic scale. Finding out the authentic
chemical and coordination environments of atoms of a catalytic site responsible for the reported
catalytic performance is a primary task before establishing a door-to-door structure-property
intrinsic correlation. Unfortunately, this is a challenging task in fundamental studies of catalytic
reaction performed at solid-liquid or solid-liquid-gas interface. A possible solution to tackle
this challenge is to design a catalysis-XAS reaction system which can perform both catalytic
oxidation of CHy4 on catalyst particles dispersed in liquid under high-pressure gas phase and
XAS experiments during catalysis. We have designed a reactor for tracking catalyst
nanoparticle dispersed in liquid at high temperature up to 350°C under a gas phase with a
pressure up to 50 bars by using XAS spectroscopy. Through modification of this type of
reactor, a catalysis-XAS system could be developed, in which the liquid in the reaction cell can
be periodically injected to HPLC for analysis in line.

Challenges in prompting catalytic selectivity for production of value-added chemical.
In terms of transformation of CH,4 to high volume chemicals, by-products are observed due to
different extents of catalytic oxidation. For instance, in most cases formic acid and CO, are
produced upon the formation of ideal product, CH;0H in catalytic oxidation of CH4. One
reason for formation of these by-products is that a deep oxidation is thermodynamically
favourable compared to selective oxidation to form an idea product. Suppression of deep
oxidation is a challenging task in obtaining selective oxidation of CH4 to form CH;0H. A
possible solution is to add certain amount of scarifying agent to consume the extra oxidant,
preventing CH3;OH from being further oxidized.

Challenges in achieving high yield of ideal product. Most of the yields of high-value
chemicals such as CH;OH, ethanol and acetic acid reported in literature are lower than 10%;
typically, they are in the range of 0.1%-5%; many of them are in fact lower than 1%. From

measurement point of view, low yield achieved under mild conditions could result in large
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error bar in analysis of products. The limited yield results from several aspects. One is the
limited density of active sites on a support. For example, the maximum number of Rh;0O5 and
Pd;0, sites anchored to one gram of microporous aluminosilicate is limited by the slow
diffusion of metal precursor in the micropore of zeolite. In addition, the thermodynamic at low
temperature limits the potentially achievable conversion of CH4. To increase conversion,
separation of products from the liquid environment of reactants and catalyst could be a
necessary step other than catalysis for gaining a high kinetics. More importantly, the low yield
has been the bottleneck toward any potential production of value-added chemicals at large
scale. So far, there has not been catalysts reported for production at large scale.

Challenges in fair comparison of catalytic activities among reported catalysts. Most
references in literature reported catalytic performances in the unit of the number of pumol
CH;0H produced through catalysis by 1 gram of a catalyst per hr although most of them never
used 1 gram of a catalyst in their experiments. The reported number is typically 1-50 umol
CH;0H formed on 1 gram of catalyst per hr. This is a value derived from the result of
measurement like x pmol CH3OH formed on y gram of catalyst. Again, in most case the weight
of catalysts used in experiments is only 0.020-0.050 gram instead of 1.0 gram. Thus, the
amount of measured CH;OH from a sample is in fact in the range of 0.02-2.5 umol of CH;OH.
If the volume of the solution used in test of NMR of other technique is 2 ml, the concentration
of CH30H in water is only 0.46-57.5 ppm. However, most studies did not report the original
concentration of ideal products in their solutions used for measurements with NMR, GC, mass
spectrometer or other instrument. This makes evaluation of the uncertainty and reliability of
measurements impossible. Error bar for quantitative analysis of a solute with a concentration
of 0.46-57.5 ppm is in fact quite large for many analytical techniques. To have a fair
comparison and a reasonable evaluation, it is necessary to provide concentration of methanol
of the solution used for analysis. To reflect the accuracy of catalytic performances, it is
suggested to include the following three pieces of information. (1) The concentration of the
products in the solution used for measurements of NMR or other spectroscopies in each test
sample and the mass of the catalyst in each patch should be reported simultaneously although
the yield in pmol in one gram of catalyst can be reported as a supplementary message; (2) the
amount of product in pmol in a blank experiment without using any catalyst must be reported;
(3) the absolute error bar of each measurement of NMR, mass spectrometry, or other techniques

must be reported.
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15. Summary and prospect

Transformations of CH4 to value-added chemicals under mild conditions have driven
the development of significant new chemistries in activation of CH,4, oxidative transformation
of CHy, and catalytic oxidation of CH4 to value-added chemicals through biocatalysis,
molecular catalysis and heterogeneous catalysis. Significant progress in fundamental
understanding of these chemistries at a molecular level has been achieved. Compared to
extensively studied metal catalysis in the last several decades, the topic of transformation of
CH, to oxygenates with high activity and selectivity under mild conditions is still at its
incubation period although important achievements have been made. Due to the complexity
in transformation chemistry of CH, under mild conditions, no catalysts and catalytic processes
exhibit feasibility of production at a large scale. Future development of catalysts for catalytic
transformations of CH4 under mild conditions will definitely benefit from these insights
achieved in the last two decades. The ultimate goal of transformation of CH, through catalysis
under mild condition is to develop catalysts and CH,-based catalytic processes which can
replace the current high-temperature catalytic processes. To realize this goal, a library of
durable, cost-effective catalysts with high activity and selectivity for formation of ideal
products under mild conditions need to be developed.

Development of an efficient catalyst replies on fundamental understanding of the
profound chemistry in the transformation of CHy4 to an ideal oxygenate. Such understanding
has to be established on appropriate characterizations of active sites at an atomic scale during
catalysis. Different from the exposure of catalytic sites on external surface of supported metal
or oxide catalysts widely used under high temperature conditions, catalytic sites of many
catalysts active for transformation of CH4 under mild conditions are embedded in micropores
at solid-liquid or solid-liquid-gas interfaces under high pressure of reactant gas. In contrast to
catalysis performed at solid-gas interface at high temperature, transformations of CHy to ideal
oxygenates under mild conditions have to be performed at solid-liquid or solid-liquid-gas
interfaces since the catalysis temperatures under mild conditions are typically lower than
boiling point of products such as methanol, formic acid, and acetic acid under high pressure of
reactants . This feature of performing catalysis at solid-liquid or solid-liquid-gas interface under
high pressure reactant gases makes characterisations of catalytic sites at atomic scale and
during catalysis extremely challenging. In addition, how the existence of solvent molecules
around catalyst particles could influence the catalytic activity and selectivity in transformation

of CHy4 is an important issue to address. In addition, the lack of kinetic studies of the catalysis
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performed at a solid-liquid or solid-liquid-gas interface could have limited our understanding
of the catalytic process since molecular diffusion of CHy4 in liquid phase could limit the
production of oxygenate and the diffusion of products formed at solid-liquid interface could
limit reaction kinetics. Furthermore, compared to the lack of loss of metal atoms of a catalyst
while a catalyst is at high temperature in gas phase, another complicated factor is the instability
of catalysts resulting from leaching of metal atoms of a catalyst in acidic aqueous solution.
Overall, these factors have largely impeded the accomplishment of profound understanding of
these catalytical reactions under mild conditions.

Computational studies have been a quite valuable approach in achieving understanding
of these low-temperature catalytic processes of CH,; transformation. Intermolecular
interactions, particularly the interactions among reactants in confined space at sub-nanometer
scale in micropores, the interaction between reactant molecules and wall of micropores, and
interaction between reactants and solvent in confined space, and even interaction between
products and solvents, must be considered into computational studies toward proposing the
pathway reflecting actual reaction path at a molecular level.

Many characterization techniques of catalysts appropriate for catalysis performed at
solid-gas interfaces may not be applicable to low-temperature catalysis at solid-liquid or solid-
liquid-gas interface under high pressure gas phase. Development of characterization methods
congruous with the catalytic condition of CH,4 transformation under mild conditions is expected
to be significant. Due to these challenges, it is expected that continuous endeavours of a couple
of decades could be necessary for design of catalysts and development of catalytic processes
for transformation of CH4 to important intermediate compounds or value-added chemicals

under mild conditions at a large scale.
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