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Interactions of CO and/or H,O with mesoporous oxide-supported
metal catalysts: the role of MSI effects

Lingyigian Luo,*2 Ling Fei,? Rafel A. Hernandez,® and Hui Yan*c
Abstract

Mesoporous oxide-supported metal catalysts have been widely used in heterogeneous catalysis owing to their unique
physicochemical properties such as uniform channels, tunable pore size, adjustable particle size, large pore volumes, big
specific surface areas and tunable metal-support interaction (MSl). Carbon monoxide and water are the two gaseous species
most seen in heterogeneous catalytic reactions including water-gas shift reaction, CO oxidation, and Fischer-Tropsch
synthesis. Studying the interactions of CO and/or H,O with mesoporous oxide supported metal catalysts will benefit in the
rational design of efficient catalysts, with designed structures and better performance. This featured article focuses on the
metal-support interactions that play a vital role in catalytic activity, by reviewing recent studies in literature and research
from our group in the past five years. With the advance in various spectroscopic techniques such as Diffuse Reflectance
Infrared Fourier Transform Spectroscopy (DRIFTS), Raman spectroscopy, and X-ray spectroscopy (XAS, XPS), one can better
understand the interactions of CO and H,0 on mesoporous oxide-supported metal catalysts, MSI and its role in tuning

catalytic activity.

1. Introduction

Carbon monoxide and water are the two most common
reactants involved in a great amount of heterogeneous catalytic
reactions, such as water-gas shift reaction, CO oxidation,
Fischer-Tropsch synthesis, and so on. It is particularly important
to study the interactions of CO and H,O0, individually or together
with catalysts. In heterogeneous catalysis, active sites,
coordination environment, geometric and electronic structures
of a catalyst are critical factors that affect a catalyst’s catalytic
activity and selectivity’2. Designing an efficient heterogeneous
catalyst involves both proper control of the surface chemistry
and rigorous control of the surface geometry of a catalyst at the
micro-, meso- and macroscales. Mesoporous structure is
defined as those porous materials with a pore size ranging
between 2-50 nm. In the past decades, we have witnessed the
progress of synthesis, characterization, functionalization,
application of mesoporous materials since the discovery of
M41S family (i.e., MCM-41, MCM-48, MCM-50, etc.) by Mobil
researchers3. Ordered mesoporous materials (OMMs)
represent a large group of materials including silicas, carbons,
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zeolites, metal oxides, organosilicas, metal- and covalent-
organic frameworks*. These OMMs possess uniformity in size
and regularly arranged mesopores, tunable pore sizes, large
pore volumes, and high specific surface areas*®, which bring to
an increased attention in fundamental research and industrial
applications using OMMs, ranging from gas adsorption and
separation, catalysis, sensors, to energy storage*®. Several
reviews about OMMs have been published recently. For
example, Singh et al.” reviewed the metal nanoparticles
supported on porous materials, with the focus on nanoporous
metals and metal nanoparticles supported on metal-organic
frameworks and zeolites. Gao et al.® reviewed the applications
of metal and metal oxide supported on mesoporous carbon as
catalysts in heterogeneous catalysis. Here, those topics are
briefly mentioned, with more focus will be given to interactions
of CO and/or H,O with mesoporous oxide-supported metal
catalysts and the role of MSI plays.

Based on the chemical composition, OMMs can be classified
into silica-based and non-silica-based materials, and the latter
can further be broken down to metal oxides and non-oxides
materials (Figure 1). Generally, ordered mesoporous metal
oxides (OMMOs) are formed relying on the interaction between
surfactants and metal ions®. A recent development in the
synthesis of mesoporous materials involved the cross-linking of
various functional groups such as amines, strong acidic ionic
liquids, sulfonates, triphenylphosphine, pyridine, and other
similar species onto porous polymers!®, OMMOs can be directly
used as catalysts and have proven superior catalytic activity.
Beyond that, they can be used as supports or doped with metals
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to improve catalytic activity. The non-metal oxides such as
mesoporous silicas and carbons are mostly treated as support
or templates to obtain materials with desired mesoporous
structures.

Compared with porous materials with single structures,
hierarchically porous materials are characterized by multi-scale
pores ranging from nanometer to millimeter!l. Furthermore,
hierarchical porous materials with mesoporous structures have
attracted heated attention for various applications in catalysis,
nanomedicine, and separation owing to their fascinating
physical and chemical properties such as pore architectures and
surface chemistry213,

‘ Ordered mesoporous materials |

Silica-based Non-silica-based
{ 1

Silica: MCM-n,
SBA-n, KIT-n,

Modified-silica Metal oxides: Non-oxides

reducible/irreducible

etc.
Heteroatom
doping: Ca, Mg, Transition metal Mesoporous
Al, Pt, Fe, Ti, etc. oxides: Zr0,, TiO,, carbon, CMK-n
Nb,0,, etc.
Surface organic
functionalization Other metal oxides:
Ce0,, Ni0, ALO,,
etc.

Figure 1. Types of common ordered mesoporous materials,
modified from ref4.

Mesoporous oxides-supported metal catalysts are of interest in
heterogeneous catalysis because the metal-oxide interfaces
have been considered as active sites, resulting in superior
activity due to the strong metal-support interaction. Thus,
understanding the dynamic interplay between the metal and its
support is important to tune MSI and to improve the catalytic
performance in heterogenous catalysis'®>, and is considered a
bridge between the design of supported catalysts and
theoretical research on the atomic scale. MSI can further be
categorized into strong/medium/weak metal-support
interaction (SMSI, MMSI, WMSI), or covalent/electronic metal-
support interaction (CMSI, EMSI). Changes to the support
loading, morphology, metal loading, and surface modifications
alter the interfacial perimeter and tune MSI®, Rapid
development of many advanced characterization techniques
such as X-ray absorption spectroscopy (XAS), X-ray
photoelectron spectroscopy (XPS), diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) and Raman
spectroscopy, has made it possible to investigate the MSI
effects more accurately and comprehensively, and in situ'’-1°,
In addition, combining molecular modeling and theoretical
calculation, the MSI effects in a reaction can be better
identified!’.

Hence, this feature article tends to demonstrate the role MSI
plays in the interactions of water and CO with mesoporous
oxide-supported metal catalysts within the past five years
(2020-2025). Here, the article first introduces the types of
mesoporous metal oxides and the supported metal catalysts,
blended with the spectroscopic techniques used in investigating
the physicochemical properties of the catalysts and their
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interactions, followed by a discussion of heterogeneous
catalytic reactions over mesoporous oxide supported metal
catalysts, with a focus on CO and water interactions over
mesoporous oxide supported metal catalysts.

2. Types and synthesis of ordered mesoporous
metal oxides

2.1 Ordered mesoporous metal oxides (OMMOs)

Mesoporous metal oxides (MMOs), especially transition metal
oxides (TMOs), have risen promising applications in a wide
range of fields including heterogeneous catalysts, sensors, and
transparent high-power electronics??, due to their structural
uniformity, adjustable pore sizes, and large specific surface
areas?!. Meanwhile, there has been a breakthrough in studies
of ordered mesoporous materials made of rare earth elements
(i.e., cerium, lanthanum, etc.) 2223, Up to now, many commonly
seen OMMOs such as Co30,2425, TiO,25, Al,0527, ZrO,28, Ce0,22,
NiO?%, etc. have been successfully synthesized. Among non-
silica mesoporous materials, mesoporous TMOs are especially
important as they possess d-shell electrons confined to
nanosized walls, redox active internal surfaces, and connected
pore networks?®. The OMMOs have better chemical activity,
mechanical properties, and thermal stability than those of
ordered mesoporous materials made with non-metal®.

2.1.1 Single or mixed-OMMOs as catalysts

The simplest OMMOs are single metal oxides, denoted as M;0,,
and can be categorized into non-reducible and/or reducible
metal oxides. These metal oxides are inexpensive and readily
available compared to precious metals’. Ceria (CeQ,) is a
prominent material used as support or as catalyst. With its
unique Ce3*/Ce** redox property, it has been widely used in
chemical and mechanical polishing, fuel cell oxidation catalysis,
supercapacitors, and automotive exhaust treatment3°. Like
Ce0,, TiO; is also another reducible metal oxide used in such as
WGSY.

Mixed metal oxides, denoted as M;0,-M,0,, can act as catalysts
in many heterogeneous catalytic reactions. For example, the
NiO/CeO, catalyst has been studied for CO oxidation and
proved to have high activity at low temperatures and
satisfactory selectivity of CO, in the temperature range of 80-
200 °C3%, Ceria-silica mesoporous catalysts was studied for CO
preferential oxidation (CO-PROX) in Hj-rich stream32. The
addition of amorphous silica to ceria provided high dispersion
and uniform distribution of ceria particles and their clusters of
various sizes. The equimolar Ce:Si ratio demonstrated a better
catalytic performance in CO-PROX, than that of Ce:Si = 4:1, due
to its high ability to form anion vacancy and higher reducibility
of ceria particles, confirmed by Raman spectroscopy and H,-
TPR. However, it is less common to directly use mixed oxides as
catalysts without doping of active metal.

This journal is © The Royal Society of Chemistry 20xx
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2.1.2 OMMOs as support for metal
nanoparticles/nanoclusters
Oxide-supported metal nanoparticles/nanoclusters have

indicated better catalytic activities compared to metal oxides
alone, due to the bifunctional catalytic roles of the metal-oxide
interfaces play in some reactions. More specifically, SMSI was
first discovered by Tauster to describe the change of
chemisorption properties for H, and CO over TiO,-supported
group 8 noble metals after high temperature H, or CO
reduction3334, The concept of EMSI has been proposed by
Campell et al.3> to characterize the chemical bonding and
associated charge transfer at the interface between a metal and
its support, both of which are able to tune the electronic and
chemical properties of the sites on the metal particle’s surface
to improve the catalytic activity. Since this topic is broad and
takes more thorough discussion, we focus on OMMO-
supported metal nanoparticles/nanoclusters only, with a
specific focus on the variety of mesoporous structures. OMMOs
can act as inert supports to stabilize the incorporated metal
nanoparticles. Single metal oxides with active metals
(M1/M,0,), and specifically, single metal doped to mixed oxides
(M1/M;04-M30,) have been found to enhance catalytic activity.
A study by Lacoste et al.3® investigated the CuO-CeO, catalysts
supported on mesoporous silicas (i.e., SBA-15, SBA-16) with
different morphologies (e.g., fibers and rods for SBA-15, and
irregular shapes and spheres for SBA-16) and their effects on CO
-PROX. Catalytic performance results showed that SBA-15 based
catalysts, in the forms of fibers and rods and prepared by
incipient wetness impregnation method, exhibited the best CO
conversion, 98% and 84%, respectively. In addition, SBA-15
based catalysts showed better CO conversion and CO,
selectivity than those of SBA-16 based catalysts, due to the
interaction between gaseous reactants and the active phase
facilitated by the cylindrical pores of SBA-15.

2.2 Preparation of OMMOs

The core of the strategy for synthesizing OMMOs is to “make
holes” at the nanoscale, typically using templates. The rationale
is that the metal precursor and template material cooperate
with each other to form an ordered composite structure at a
mesoscopic scale through interactive forces. The key factor of
the template-assisted synthesis method is the “template”, i.e.,
soft- or hard-templating method (Figures 2, 3), depending on
the type of template materials used in synthesis.

2.2.1 Soft-templating method

The soft-templating method commonly makes use of materials
with flexible nanostructures, including surfactants, flexible
organic molecules, and block copolymers3’. The interactions of
these templates with precursors are through weak non-
covalent bonding interactions, such as electrostatic, van der
Waals interactions, and hydrogen bonding3’. The surfactants
used in the synthesis of OMMOs can be cationic, anionic, and/or
nonionic. Copolymer, as an additive component of soft-
templating method, has been used to functionalize mesoporous

This journal is © The Royal Society of Chemistry 20xx
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materials. For example, Ngo et al. applied a new approach for
polymer functionalization of OMS by the co-condensation of
silica precursor and a functional polymer bearing
triethoxysilane end-group with a tailored poly (ethylene oxide)-
b-polystyrene amphiphilic copolymer as pore template. The co-
micellization of PEO-b-PS and functional polymer enables the
incorporation of functional polymer into the mesoporous silica.
Different ordered polymer-mesoporous silicas containing aryl,
nitro or amide groups and high polymer content were
synthesized3s.

Inorganic/carbon
precursor

0%e

+
== W —
%1% Sol-gel assembly Template removal

Surfactant
Figure 2. An example of schematic illustration of the soft-
templating method of mesoporous oxides (hexagonal cylinder
type, such as SBA-15).

Mesoporous
material

2.2.2 Hard-templating method

Hard-templating method for OMMOs, in general, include four
steps: (i) preparation of hard templates, (ii) impregnation of
metal oxide precursor in the hard templates, (iii) conversion of
metal oxide precursors to metal oxide framework, and (iv)
removal of hard templates. Two common hard templates used
in the synthesis of OMMOs are ordered mesoporous silicas and
ordered mesoporous carbons.

Ordered mesoporous silica (OMS) itself can be fabricated
through both soft-templating methods, with surfactant micelle
as the SDA, and hard-templating methods without
surfactants®>3%. Furthermore, different types of mesoporous
silica materials have been prepared by modifying the synthesis
pathway and the type of surfactants. Those OMSs include but
are not limited to Santa Barbara (SBA) series, Korean Advanced
Institute of Science and Technology (KIT) series, Mobil
Composition of Matter (MCM) series, Fudan University (FDU)
series, Michigan State University (MSU), and Centrum voor
Oppervlaktechemie en Katalyse (COK)®3°41-45 OMSs have high
thermal stability that can withstand high temperature and
crystallize most of the metal oxides on the surfaces to obtain
MMOs with high crystallinity, via the hard-templating method
again. The advantage of using this method is that the final
product of MMOs keeps the inverted mesoporous structure as
the OMS hard template being used, seen in Figure 3.

Ordered mesoporous carbons (OMCs) are similar to the silica
materials with many excellent properties such as relatively large
specific surface area, large pore volume, well-ordered and
porous structure, excellent thermal and
stability, and additional high

controllable

mechanical electrical
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conductivity*®4’. Ryoo et al.*® used mesoporous silica molecular
sieve MCM-48 as template and sucrose as carbon source to
synthesize ordered carbon molecular sieves, CMK-1, exhibiting
Bragg diffraction of X-ray lines for the first time. OMCs are
usually obtained by the replication of OMSs via a hard-
templating method. MCM-48, SBA-1, SBA-15, SBA-16, KIT-6,
and KIT-5 have been used as templates for the fabrication of
OMCs (CMK-x) with different mesoporous structures*’. OMCs
can further be used as a hard template for the synthesis of other
OMMs. Different from OMSs that use NaOH or HF to remove
the template, the carbon template is mainly removed by
calcination in air.

Impregnation
of precursor

Removal of
silica

NaOH or HF

calcination

Hard template:
mesoporous silica

Composite:
silica/oxide

Mesoporous
oxide

Figure 3. An example of schematic illustration of the hard-
templating method of mesoporous oxides (hexagonal cylinder
type, such as SBA-15 here).

2.2.3 Comparison of the soft- and hard-templating methods

The advantages of the soft-templating method include low-cost
templates, simple synthesis process, and mild conditions for the
process to be carried out. However, the main disadvantage is
that the process is based on the sol-gel process, and the degrees
of hydrolysis and polymerization of transition metal ions are
difficult to control?°.

The hard-templating method has many advantages. The meso-
structure of target materials can be controlled by selecting hard
templates with desired structures. With the stability of
mesoporous silicas at high temperatures, it allows many metal
oxides to crystallize to obtain OMMOs with high crystalline
walls. However, the hard-templating method also has some
disadvantages. First, the targeting mesoporous metal oxides
need to be stable in NaOH or HF solutions during the removal
of the hard templates. Second, a solution step is involved in the
process of introducing the transition metal precursor, which
limits the selection of the materials. In terms of using OMC as a
hard template, the major disadvantage is its poor wetting ability
of the pore walls with the aqueous precursor solution2%4°, |In
addition, the stability of hard templates under reaction
conditions, such as water and heat, needs to be considered. For
example, SBA-15 and MCM-41 are debatably stable in water,
under hydrothermal treatment or under high energy e-beam
during characterization®%>!, SBA-15 is considered to be more
stable than MCM-41 due to its thicker wall®!, and a low
hydrothermal stability in hot water and aqueous solutions is
more obvious for MCM-41 than SBA-15°233,

2.2.4 Mesoporous alumina as an example

Since the rapid development of OMS, the progress of
mesoporous materials has been extended to non-silica oxides

4| J. Name., 2012, 00, 1-3

such as TiO,, CeO,, ZrO, and Al,O; etc. 39>4°8 to alleviate the
coking and deactivation of catalysts, originated from the
clogging of traditional microporous catalysts. As a
representative, mesoporous alumina (MA) has been extensively
used. Alumina exists in various crystalline phases suchas a, y, n,
and 8. Among them, y-Al,03 has a large surface area and a
crystalline structure, which has been considered as an
important support in automotive and petroleum industries®’.
The catalytic performance of MA-supported catalysts strongly
depends on the textural properties of the alumina supports.
Vaudry et al.>® were the first group prepared mesoporous
alumina using long-chain carboxylic acids, as previous alumina
materials prepared via soft templates using surfactants did not
show long-chain order. The group has developed several
methods that involve cationic, anionic, and neutral routes.
Among these synthesis routes, the anionic route using SDAs
such as lauric and stearic acids would provide the largest surface
area (500-700 m?/g). A unique mesoporous—macroporous
spherical y-Al,03 (y-Al,03 -CD) with a reduced amount of surface
hydroxyl groups has been successfully synthesized by using
dodecane and hydrophilic-modified activated carbon as dual-
template agents®®. The mercury intrusion porosimetry (MIP)
specific surface area is measured to be 256 m2-g~! and a pore
volume of 0.62 mL-g™!, compared to those of 204 m2-g*and a
pore volume of 0.40 mL-g™! of untreated y-Al,0s. y-Al,03 -CD
was stable since its MIP specific surface area remained virtually
unchanged at 255 m?-g~1 after a 120 hr hydrothermal treatment
in a tube furnace under water steam at 600 °C.

3. Applications of OMMO supported metal
catalysts in reactions involving CO and H,0

The most common oxide-supported metal catalysts are
categorized into (1) monometallic catalysts supported on single
metal oxides, in the form of M;/M-0,, where M, refers to active
metal and is mostly noble metals. This group of catalysts can be
further promoted by adding one or more active metal(s) as
additives, in the forms of M1-M,/M;0,, M;-M>-M3/M,0, etc.; (2)
monometallic catalysts supported on mixed metal oxides,
M1/M,0,4-M30,. Typical metal-support phenomena is related to
charge transfer, the interfacial perimeter, metal nanoparticle
morphology, chemical composition and MSI®0. A catalyst is
usually treated in the H,-rich environment as it creates a strong
interaction between the metal and support®:%?, which can
prevent the sintering of metal. Table 1 summarized some
common mesoporous catalysts used in various heterogeneous
catalytic reactions in the past five years, listed with reported
catalytic activity test and spectroscopic techniques other than
TPR and reactor studies. Since all reactions involve CO, CO
conversion (Xco) or temperature at 100% CO conversion (T1qo),
is considered the intuitive parameters to determine the
catalytic performance and are listed in Table 1.

Table 1. Common mesoporous catalysts for various

heterogeneous catalytic reactions from 2020-2025

This journal is © The Royal Society of Chemistry 20xx
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CoNi 65.5@
@240°C 210°C
72
Ni FSCe 95.67 Rama | 76
n,
Ce/KCC-1 58
FTIR
KCC-1 50 XPS

a: Tigo is the temperature at 100% CO conversion. b: only
temperature was listed for CO conversion for direct comparison
within the group, refer to the cited literature for detailed
experimental condition; c: S60 stands for Span 60 (Cy4H4606), @
surfactant; d: x (1-10%), y (5-12.5%) represents various metal
loadings; e: m stands for mesoporous

3.1 Water-gas shift reaction on OMMOs supported metal
catalysts

The water-gas shift reaction (WGS, Eq. 1) is a typical
heterogeneous reaction that contains both carbon monoxide
and water as reactants. It has a wide range of applications in the
manufacture of ammonia, hydrogen, and methanol®*77.78,

CO +H,0 - CO, + H, (Eq. 1)
On a metal supported on metal oxide catalyst, it is generally
accepted that the metals actively adsorb CO and the oxides
serve as supports to activate H,0. Therefore, selecting an active
metal incorporated on desired metal oxides, as a catalyst, will
help promote the reaction. Oxygen mobility of a reducible oxide
supports causes the reduction of the metal oxides and creates
oxygen vacancies, which is considered a key step in WGS
reaction mechanism to improve its activity. Some studies also
considered that active sites locate at the metal-support
interfaces of a catalyst because those interfaces can perform
the dual function, which are the dissociation of H,O and the
reaction with CO72. Two prominent reaction mechanisms have
been proposed for WGS: (1) associative mechanism, where CO
adsorbs on the metallic site and form either formate or carboxyl
intermediates with the OH- dissociated from water; (2) redox
mechanism, where CO adsorbs on the metallic site then reacts
with lattice oxygen to form CO,, while H,0O adsorbs and
dissociates on the support sites to re-oxidize the supports and
produce H,. Hence, studying interaction of CO with metal
nanoparticles and interaction of water with mesoporous metal
oxides are important in understanding the MSI while designing
efficient catalysts.

3.1.1 Interaction of CO with metal nanoparticles

In situ and operando spectroscopy is a set of powerful tools to
analyze the nature of catalysts, especially for investigating
adsorbates on the surface during the process of a reaction?.
Infrared (IR) spectroscopy is one of the most common
spectroscopic techniques applied to the characterization of

6 | J. Name., 2012, 00, 1-3

catalysts and to study detailed interactions of reactants and
adsorbed species on the catalyst surfaces under operando
conditions®. During WGS reaction, CO molecules strongly
adsorb on metal nanoparticles, which can be observed by in situ
DRIFTS. Typical IR peaks include gaseous CO, various modes of
CO adsorb on active metal with different coordination numbers,
denoted as M-CO, and CO, in gas phase. In situ CO-DRIFTS has
been used as a method to investigate the oxidation state, local
geometric structure, and coordination environment of oxide-
supported metal catalysts?. Our group®* applied CO as a probe
molecule to study pore structure of 1% Pt supported on various
ordered mesoporous CeO,, synthesized from hard-templating
method using SBA-15, KIT-6 and COK-19, and template-free SiO,
via in situ DRIFTS (Figure 4). The study was able to identify
several Pt-CO,qs species on various structured mesoporous Pt-
Ce0,. The types of Pt-CO.4s species are identical for all
synthesized mesoporous Pt-CeO, and are independent of the
pore morphology, including an intense band at assigned to CO-
Pt or CO-Pt%* (2096 cm™); and CO linearly adsorbed on defect
sites, i.e. steps/corners and terraces (2079 cm™* and 2062/2059
cm). Information of the active metal sites have been deduced
based on the integrated area in 2150-1750 cm™ region in their
respective IR spectra. The results showed that the CeO,-
supported Pt catalyst synthesized using SBA-15 obtained the
largest integrated area of the Pt-CO.4s region, which is an
indicator of the greater number of Pt active sites as well as the
strongest CO adsorption behavior. These can be attributed to
the catalyst’s (from SBA-15) largest pore volume and pore size.
The morphological effects are more obvious on the
carbonate/formate regions of DRIFT spectra from 1700-1000
cm, The catalyst made by the SBA-15 template accumulated
less carbonate species on the catalyst surface and resulted in a
better performance than the catalysts made by KIT-6 and COK-
19 templates, and the template-free ones. Our results provided
a fundamental understanding of pore morphology on ordered
mesoporous CeO,-supported Pt catalysts with the interaction of
CO and will help further investigation of the reaction
mechanisms involving CO.

3.1.2 Interaction of H,0 with nanoparticles on OMMOs

The role of water/moisture has received increasing attention,
not only because of its wide existence in most chemical
reactions either in the form of solvent, impurity, reactant,
intermediate, or product but also because of its exceptional
promotional or inhibiting effects on catalytical reactions. It’s
been agreed that H,O exists in both molecular and dissociative
forms during the WGS reaction. Dissociation of water is a critical
step in catalytic reactions on reducible oxide-supported metal
catalysts, and can be affected by the nature of support, metals,
and metal-support interfaces. Hydroxyl forms on metal
surfaces, through partial dissociation of an adsorbed water
molecule to form a surface hydroxyl ("OH) and an adsorbed
hydrogen atom (*H). Taking ceria as an example, the adsorption
energy for a molecular H,0 is 0.4 eV smaller than its dissociative
adsorption energy on CeO, (111)8%, Since ceria has strong redox
property, water adsorbs on reduced ceria is suggested to
oxidize ceria and produce hydrogen. For water interaction over

This journal is © The Royal Society of Chemistry 20xx
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the mesoporous oxide-supported metal catalysts, in situ DRIFTS
is useful in determining the hydroxyl stretching bands
associated with molecular and dissociative water molecule, and
hydrogen bonding®'. Our group®' applied in situ DRIFTS to
identify vibrational OH bands on mesoporous ceria surfaces
during their interaction with water. Water on mesoporous CeO,
surface showed six hydroxyl (OH) stretching bands, including
configurations such as dangling or mono-coordinated Ce-OH on
highly defected surfaces, on unsaturated Ce sites or defect sites
(Ce3*). And the surface hydroxyl groups formed hydrogen
bonds, resulting in a red shift in the IR bands. The H/D isotope
exchange method was used to explore the reaction mechanisms
and OH was found to be successful in exchange with OD bands.
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Figure 4. In situ variable-temperature DRIFT-MS system in our
group.

3.1.3 Impact of the MSI effects on catalytic activity

The primary role of a support in catalytic reaction is to stabilize
the metal nanoparticles via anchoring®?. Electron transfer takes
place due to EMSI®. Investigating the interaction between
metals and supports (MSI) is important as the active sites of a
supported catalyst are typically located at the metal-support
interfaces. This is made to be possible by rapid development of
advanced characterization techniques such as X-ray absorption
fine structure (XAFS), ambient-pressure X-ray photoelectron
spectroscopy (AP-XPS), diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) and Raman spectroscopy. For
example, our group has used in situ and variable temperature
DRIFTS (VT-DRIFT) to characterize Pt-mesoporous ceria made
from several hard templates and to study their interaction with
CO and H,0%%81,

Numerous studies have attempted to investigate the WGS
catalytic activity over oxide-supported metal catalysts, which
are categorized into high-temperature shift (HTS) catalysts and
low-temperature shift (LTS) catalysts. Studies suggest that
preparation of the oxide-supported metal catalysts using
ordered mesoporous silica support helped to improve the
catalytic performance. For example, Carta et al.?* prepared a
single-step nanocomposite catalyst by depositing and
impregnating Pt-CeO, nanophases on an ordered mesoporous
silica support SBA-16 for WGS reaction. The research indicated
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that the key to active and stable catalysts was the confinement
of the active phase within the SBA-16 scaffold, and the
enhancement of the interaction between Pt nanoparticles and
Ce0O, nanocrystallites. The deactivation of the Pt catalyst is
shadowed by the H/Pt value measure by H, chemisorption. The
study pointed out that the decrease of activity of Pt to H, could
be caused by several phenomena such as partial sintering,
occlusion of Pt nanoparticles by the support and by some extent
of electronic SMSI. Similarly, our group> compared CO
interaction with various mesoporous Pt-CeO,, synthesized using
mesoporous silica templates SBA-15, KIT-6, and COK-19. The
surfaces with CO were characterized by in situ DRIFTS, which
demonstrated an obvious increase in intensity and then
disappearance of a representative peak at 1389 cm™ from
150°C to 250°C, corresponding to vs(OCO) of bridged carbonate
on Pt-CeO,, which was not observed for m-CeO,, independent
of the type of silica templates. This observation indicated that
there was a dynamic change of active sites at the interfaces of
metal-support when temperature changes, which in turn
affected the products, possibly from a new site originating from
the SMSI, compared to the mesoporous CeO, supports.

For a newly developed PtSSG (xPtSmCoOs/SBA-15/GO, Pt
loadings x were 0.37, 0.83 and 0.88) mesoporous material®®, the
active metal Pt was found to present both as single atoms and
nanoparticles over PtSSG samples. Graphene oxide (GO) acted
as an electron transfer bridge and strengthened the metal-
support interaction between Pt and SSG, thus enhancing its
catalytic activity towards WGS. The lower Pt-loading produced
single atom Pty 3,SSG, which had the highest specific rate (0.84
molco /gpt) and TOF (4.5 x102 st at 250 °C), due to the higher
oxidation state of Pt species (3.39) via Co-PtOx, higher O,4s/Ojat
molar ratio and better low-temperature reducibility. CO, was
detected by DRIFTS from the redox reaction between CO and
oxygen species over single atom Pty3,SSG catalyst, while
formate or carboxylate intermediates formed over the Pty gsSSG
sample through CO reacted with OH by associative mechanism.

Even though MSI is closely related to catalytic activity, it should
be noted that stronger MSI does not necessarily mean higher
activity. Therefore, rational tuning of MSI to obtain the
appropriate adsorption strength to the reactants is proposed
for the design of catalyst. Zhang and co-workers®® reported an
effective strategy to modulate the interfacial interaction of
Co/CeO; catalysts by treating the CeO, support with NHs. This
treatment not only weakened the MSI between Co, Fe, Ni and
the CeO, support to strengthen CO adsorption and activation
ability, but also generated more oxygen vacancy under reaction
conditions to accelerate H,O activation. Gao et al.8¢ indicated
that medium MSI and EMSI occurred between Pt nanoclusters
(NCs) and mesoporous titania (mp-TiO;) support, reflected by
the well encapsulation of Pt NCs by mp-TiO,. The self-enhancing
activity was discovered in Pt-mp-TiO,, a highly stable supported
metal cluster catalyst, which played an important role in WGS
activity, given a 95% CO conversion rate and long-term stability.

3.2 CO oxidation on OMMOs supported metal catalysts
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CO oxidation (Eg. 2) is another important heterogeneous
reaction that has drawn great attention due to its wide
applications in the control of automotive emission and CO
preferential oxidation (CO-PROX) for proton exchange
membrane fuel cell>'°. For example, owing to the effect of CO
poisoning in fuel cell, excess H, is preferred in CO-PROX3. CO
adsorption is frequently used to identify oxidation states and
coordination numbers of metal active sites on surfaces of
catalysts. Superior catalysts for low-temperature CO oxidation
are generally noble metals (Au, Pt, Pd, etc.) supported on
mesoporous reducible oxides (m-CeO,, m-TiO,, m-ZrO,, etc.).
Among these catalysts, early research showed Au-based
catalysts exhibited excellent activity at temperatures lower
than 100 °C while Pd-and Pt-based catalysts possessed high CO
conversion (100%) at temperatures higher than 100 °C7°. O,
activation is the key step at the metal-oxide interface to
improve catalytic performance.

2CO + 0, - 2C0, (Eq. 2)
In the catalysts doped with platinum group metal (PGM), Pt has
received much attention because of its intrinsically high activity
for CO oxidation, although Pt is a rare earth metal that exists at
a concentration of only 0.005 ppm in Earth’s crust. The
adsorption of CO on Pt sites is too strong and exclusive, leaving
0, with no extra active sites for activation at low temperatures.
As temperature increases, O, adsorption and activation occur,
and the reaction rate of CO oxidation increases®’. The
adsorption behavior of CO over Pt catalysts has been reviewed
by Dey et al. 8 and is only briefly described here. The support
usually has effects on dispersion and oxidation state of Pt active
sites. The most active phase in CO oxidation is metallic Pt and it
exists on fresh catalysts, while PtO and Pt° coexist on the spent
catalysts.

3.2.1 Promotional role of water in CO oxidation

Moisture has inevitably existed in practical applications and
thus it is important to study catalytic activity with the presence
of moisture.8¢ H,0 plays two possible roles in CO oxidation.
First, it can promote the reaction by activating molecular
oxygen on the catalyst surface. Second, water assists in
decomposing carbonates (CO3?’) that may form on the catalyst
surface to accommodate additional reactants on the surface
during the reaction.

Li et al®® studied the catalytic behavior of mesoporous Pd/CeO,
under moisture condition. The result indicated that when 2.5
vol.% of H,0 was introduced to the feed gas, the catalytic
activity significantly enhanced, as the CO total conversion
(100%) temperature decreased from 40 °C to 30 °C, the TOF
value increased from 23.60 x 1073 s to 38.48 x 1073 s7!
correspondingly. The presence of molecular water promoted
the CO oxidation due to the lower activation energy, 10.8 kJ
mol~1 under moisture condition, versus the 51.7 kJ mol~t under
dry condition.

8| J. Name., 2012, 00, 1-3

However, whether water promotes CO oxidation depends on
the type of support. A recent study, combined experimental
with theoretical studies, discovered a water promoted °
Mars—van Krevelen reaction mechanism dominated low-
temperature CO oxidation over Au-Fe,03, but not over Au-TiO,.
For Pd supported on SnO,, TiO,, and SiO,, PdO/SnO,
demonstrated increased activity in the presence of water vapor
while PdO/SiO, experienced minimal effects and water poisons
PdO/TiO,%1. Water vapor showed differential impacts on the
catalytic performance of these catalysts by changing the energy
barriers associated with the CO oxidation. On PdO/TiO,, the
presence of H,0 or H-OH increased the energy barrier for CO to
abstract surface oxygen, thereby diminishing catalyst activity
under humid conditions and gradually leading to deactivation
due to accumulated surface H,0 and OH species. Conversely, on
PdO/Sn0,, the energy barrier reduced to increase CO oxidation
activity, due to the beneficial effects of surface OH groups
dissociated from H,0%.

3.2.2 The role of MSI in CO oxidation

Mesoporous metal oxides used to be considered acting as
support at the perimeter of the catalyst surface to stabilize the
incorporated metal nanoparticles. However, this concept has
changed over the years since the small metal nanoparticles that
adhered to supporting exhibited remarkable
performance for many applications®?. It’s agreed that the
highest activity occurred at the interface between certain
metals and oxides, where the interaction between a metal and
oxide support via SMSI greatly affects the properties of the
supported metal, such as metal dispersion, size distribution,
valence state, and thermal stability, which in turn alters the
catalytic activity of the catalyst®3. In CO oxidation, the loaded
metal on the support acts as a chemisorption site for CO and

oxides

forms an interface with the support to provide a site at which
the reaction is easier to occur.

In addition, CO catalytic activity is associated with sizes of active
metal nanoparticles. Studies by Kim et al.” and Murthy et al.%8
indicated that catalysts with smaller NPs are more active than
the larger ones in the catalytic CO oxidation. This is due to the
higher concentration of active sites on the small NPs, which
effectively increases/improves the metal-oxide interface, hence
boosting the oxidation reaction.

Other than the type of dopant metals (Au, Pt, Pd etc.), which
controls the strength of MSI, varying metal loading has been
proved to be an effective method to improve the performance
of CO oxidation. For example, the rate of CO oxidation is higher
with rising Cu content from 0.06 wt. % to 0.86 wt. % at 120, 180,
and 250 °C, owing to a higher concentration of Cu single atoms
from 0.06 wt.% loadings than 0.86 wt. % °*. The calculated TOF
value, for CO oxidation on the catalyst CeO,—TiO, loaded with
0.06 wt.% Cu, is 4.0 x 1072 s71 at 250 °C, which is about two
times higher than that of the highly active Cu/UiO-66 catalyst
with Cu single sites in a Zr-based metal-organic framework
material (TOF = 1.8 x 1072 s71)°*. It clearly demonstrated that
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nanoparticles with mesoporous transition metal oxides at the
interface significantly enhanced the rate of the oxidation of CO.
Thus, understanding the interaction between metal
nanoparticles and mesoporous metal oxides is crucial for
developing mesoporous oxides supported metal catalysts with
desired physicochemical properties and applications. The same
metal can act very differently, depending upon its interaction
with the type of support and their structures.

Raman spectroscopy can provide molecular and structural
information on species, especially for those that are located at
low wavenumber and are difficult to detect by traditional
methods. Therefore, it is a promising technique for in situ
characterization of active oxygen vacancies. Compared to
normal Raman spectroscopy, surface-enhanced Raman
spectroscopy (SERS) has higher sensitivity even at the single-
molecule level, showing great potential in in situ catalytic
studies. However, plasmonic metals are only limited to Au, Ag,
and Cu nanomaterials with specific structures, which inhibit the
applications of in situ SERS on other metal and/or oxide surfaces
during catalytic reactions. Wei et al.>® studied the CO oxidation
over Pt-CeO, catalyst. And to achieve in situ Raman
investigation at Pt-CeO, interface, plasmonic metal Au core@Pt
shell-CeO, satellites nanostructure was designed. Direct in situ
Raman spectra along with isotopic measurements
demonstrated that the existence of Pt-CeO, interfaces can
promote the CO oxidation activity, from the efficient activation
of oxygen at the interfacial Ce3* defect sites to chemisorbed Pt-
O and lattice Ce-O sites. Time resolved in situ SERS results
showed that the chemisorbed Pt-O species were more active
than the lattice Ce-O species and preferably react with
adsorbed CO.

Grabchenko et al.®> studied the role of SMSI in CO oxidation
over mesoporous Ag/CeO, catalysts prepared by different
methods. In this study, the authors used Raman and XPS
techniques to study the lattice oxygen defects and the surface
of the catalysts. Raman spectra indicated that the catalysts
prepared by the co-deposition precipitation (co-DP) and
impregnation of the reduced CeO, (red-imp) methods were
found to have increased amount of oxygen vacancies, which
was the result of strengthening of MSI. And the strength of the
MSI in the following order for the catalysts Ag/CeO,:
Ag/CeO, (imp) < Ag-Ce0O, (co-DP) < Ag/CeO, (red-imp) directly
correlates to the increase of CO oxidation activity.

AP-XPS is used to evaluate the chemical states and surface
composition of catalysts. Qualitatively, binding energy is a
measure of how tight an electron is bound to an atom. Kim et
al.%’ applied operando AP-XPS under CO oxidation conditions
(0.4 mbar CO and 1lmbar O;) to understand the catalytic
enhancement behavior at the Pt/m-Co30, surface (m stands for
mesoporous) by studying the SMSI effect at the interface of Pt
and Co30,4. The study compared the binding energies of the Pt
nanoparticles with different particle sizes (i.e., 2 nm Pt/m-Co30,
and 4.8 nm Pt/m-Co30,) and showed that Pt 4f/Co 3p ratio
decreased for both catalysts, from 0.63 to 0.46, and from 0.41
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to 0.36, respectively. And the smaller Pt 4f/Co 3p ratio of the
4.8 nm Pt/m-Co30, is due to the difference in Pt nanoparticle
(NP) dispersion. On the other hand, the smaller 2 nm Pt NP
dispersed more effectively on the Co3z0,4 support, creating a
larger Pt concentration at the interface. The relatively small
decrease of the Pt 4f/Co 3p ratio for 4.8 nm Pt/m-Co30, also
indicated that the metal encapsulation of 4.8 nm Pt NP was less
drastic compared to that of 2 nm Pt NP.

When MSl is too strong, it will suppress the CO oxidation activity
and change the reaction pathway. A recent study of CO
oxidation on Pd supported on mesoporous Fe,0; *6shows that
the catalyst followed the Pd/Fe dual-site mechanism instead of
the classical Mars—-van Krevelen mechanism. Its catalytic activity
was seriously suppressed because of the excessive
encapsulation of the active Pd sites by FeOx overlayers.

3.2.3 Newly developed catalysts with mixed metals or mixed
oxides

Bimetallic cluster supported on mesoporous materials will take
advantage of both MSI and synergistic effect of both metals, to
enhance CO oxidation performance. A high-surface area
dendritic mesoporous silica (KCC-1) was used as a support to
confine Pt—Ni bimetallic nanoparticles (NPs), and then was used
as the catalyst for the CO oxidation. Compared with 1% Pt/KCC-
1 and 1% Ni/KCC-1, the 1% Pt;Niz/KCC-1 bimetallic catalyst
demonstrated a substantial improvement in the CO oxidation
activity (Table 1, T1gg is 100°C) 7. This is supported by a lower E,
at 52.0 k) mol=! of 1% Pt;Ni3/KCC-1 compared to those of 1%
Ni/KCC-1 and 1% Pt/ KCC-1 catalysts at 67.5 and 79.5 kJ mol~3,
respectively. The superior CO oxidation performance of 1%
Pt,Ni3/KCC-1 was attributed to the support effect of KCC-1, and
the synergetic effect between Pt and Ni, because the large
specific surface area and abundant pore structure of KCC-1
facilitate the high dispersion and enhance the thermal stability
of Pt—Ni bimetallic nanoparticles due to the confinement
effect.

Recent developed High Entropy Alloy (HEA)-based nanocrystals,
made of five platinum group metals (Rh, Ru, Ir, Pd and Pt), with
hierarchical meso- and macroporous and ordered mesoporous
structures, showed enhanced activity for CO oxidation and
higher chemical stability, compared to nonporous particles with
the same chemical composition as reference. T,oo was found at
100 °C for the hierarchical meso- and macroporous particles
and 115 °C for the mesoporous particles’2.

The combination of mesoporous with other structured
materials also will improve the performance of CO oxidation.
The temperature of 90% CO conversion rate of Co304; on
crystalline mesoporous Ta,0s5 is approximately 130 °C,
compared to using amorphous, mesoporous and crystalline
Co30, as supports at temperature higher than 150 °C71.

3.3 Fischer-Tropsch synthesis on OMMOs supported metal
catalysts
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The Fischer-Tropsch synthesis (FT, Eq. 3) process is a mature
technology that aims at converting syngas to liquid fuels, such
as olefins, paraffins, alcohols, and aldehydes.

n CO +(2n + 1) H, > C,Hy,42 + n H,O (Eq. 3)
The FT process is ideally conducted at 200-300 °C and at 1.01-
6.06 MPa for high selectivity in liquid products. However, many
factors such as the type of catalysts and supports, the
preparation methods, reaction conditions (i.e., syngas
composition, temperature and pressure, residence time of the
feed in the reactor) control FT activity, the syngas conversion
and hydrocarbon selectivity.

3.3.1 Effects of water on the FT synthesis

Water is the most unwanted by-product in the FT process. Dalai
et al.%’ reviewed the effects of water on the performance of
various Co-based catalysts for the FT synthesis, including SiO,-,
Al,03-, TiO,-supported Co catalysts. The study indicated that
water vapor had a significant effect on the reduction behavior
of various Co-supported catalysts, and added water vapor had
a positive effect on unsupported Cos0,4 catalyst. The addition of
water in FT synthesis decreases or increases CO conversion, and
affects selectivity of methane, Cs. hydrocarbons, olefins and
CO, depending on the Co loading, supports, promoters, and the
process conditions. When comparing these three supports,
water effects are positive and result in higher CO conversion for
Co-based catalysts on SiO,, whereas for Co-based catalysts on
Al,03, the effects are negative. For Co-based catalysts on TiO,,
water has little or no impact on CO conversion.

However, too much water will result in a competition of WGS
with FT reaction. A catalyst with a composition of 25 wt.% Co, 3
wt.% Mn and 0.5 wt.% Pt exhibited a CO conversion at a rate of
1.75 molCO.molCot.ht, a 73% Cs, selectivity, and less than 5%
methane formation in aqueous phase FT synthesis®®. The
addition of Pt and Mn significantly improved the reducibility of
cobalt-oxide, enhanced the Lewis-acid base interaction
between O atom of CO and Mn?* at the interface of Co-MnO
sites, and strengthened CO adsorption to improve the catalytic
activity. Although high H,0 partial pressure and H,/CO ratios
resulted in enhanced methanation and WGS activities, CO
conversion rates were modeled well by FT empirical rate laws
with little H,O term dependence. Thermodynamic data favored
the FT products over the WGS reaction, while CoO particles
favored the WGS reaction that produces CO, and H,, followed
by the formation of CH4 and lower hydrocarbons.

3.3.2 Strong metal-support interaction on FT synthesis

Types of support have a significant effect on the rate of CO
conversion and stability of catalysts during the FT process.
Platero et al®® prepared a series of Co supported on
mesostructured TiO, catalysts by varying the calcination
temperature. The mesoporous Co/TiO, catalyst showed a
better catalytic performance when the support was treated at
380 °C because the mesostructured TiO, served as metal

10 | J. Name., 2012, 00, 1-3

nanoparticle confinement. The SMSI has been hindered on the
commercial P90 TiO, support due to the lack of confinement by
the mesoporous structure. The calcination temperature in the
synthesis process affected the SMSI as it caused the
confinement of the reduced Co species to form homogeneous
distribution of Co, resulting in hinderance of the SMSI for the
support.

To investigate the promoting effect of a second metal on the FT
synthesis, Mohammed et al.®> added Fe, Ru, and Ni to Co-MCM-
41 and carried out CO conversion activity study in a three-
dimensional printed microreactor. In terms of CO conversion,
Ru exhibited synergistic behavior in bimetallic CoORu-MCM-41
and showed the highest conversion rate of 77.4% at 240 °C.
More significantly, the second metal other than Co, such as Fe,
Ru, and Ni, was unambiguously promoting the selectivity of
hydrocarbons and CO conversion. The reaction temperature
also affected the CO conversion rate. The presence of Ni did not
favor the formation of propane and butane, as it produced
methane exclusively at temperatures greater than 210 °C, while
both Ru and Fe showed a positive effect with CoFe-MCM-41
having the highest hydrocarbon selectivity. In the temperature
range of 240-300 °C, the CoFe bimetallic catalyst showed
selectivity of propane and butane at 39% and 8%, respectively.
On the other hand, the CoRu catalyst showed selectivity of
propane and butane of 33.5% and 11.2%, respectively. In
addition, the CoFe catalyst showed much higher stability than
the other bimetallic catalysts, following the order of CoFe-
MCM-41 > Co-MCM-41 > CoNi-MCM-41 > CoRu-MCM-41. To
investigate the effects of MSI, catalyst morphology, and
mesoporous SiO,-structure on the kinetics of the FT reaction,
three different types of mesoporous silica (i.e., MCM-41, SBA-
15, and KIT-6) supported on Co-Ru bimetallic nanocatalysts
were prepared by the same group. According to their results,
types of mesoporous silica support significantly affected the FT
kinetics and stability of metal catalysts. Based on the results of
CO conversion, the ability of the catalysts to withstand the FT
deactivation rate followed the order of CoRu-KIT-6 > CoRu-
MCM-41 > CoRu-SBA-15. And this study further indicates that
even though the support is of the same chemical formula, the
meso-structure still plays a pivotal role in the catalytic
performancel®,

MSI will affect the selectivity of side reactions to generated
other products such as alcohol. MSI can be tuned by pore size
to adjust the high alcohol percentage. For example, a double-
layer MoS, stacking (~31.2%) supported on Mg-modified
mesoporous silica KNiMoS/Mg-MS-20, with dominant and
proper slab length, showed the highest alcohol selectivity of
66.3%, C,.OH selectivity of 80.5% in the alcohol°1. It was noted
that the proportion of ethanol and propyl alcohol increases with
decreasing pore size, suggesting that the MSI between Mo and
the support could be tuned to induce a higher sulfidation
degree of Mo species and a higher proportion of NiMoS species,
thus enhanced selectivity in high alcohols.

This journal is © The Royal Society of Chemistry 20xx
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A nickel supported on fibrous silica mesoporous ceria (Ni/FSCe),
with cockscomb-like structure, took advantage of the
synergistic effect of high amount of inter-nanoparticle oxygen
vacancies (high basicity) and well-dispersed Ni (sites for carbon
monoxide and hydrogen adsorption), significantly improved CO
methanation’®. The supreme activity and stability of Ni/FSCe
over Ni-Ce/KCC-1, Ni/KCC-1, FSCe and KCC, were from its
suitable MSI between the Ni nanoparticles and the CeO,
support, which helped to inhibit crystallite migration and
provided protection against coking. The Ni/FSCe showed greatly
enhanced catalytic capability with the CO conversion of 95.67%
and the CH, yield of 91.20% at 400 °C.

4. Summary and perspectives

Overall, this feature article summarizes mesoporous oxide-
supported metal nanoparticles/nanocluster and their
interactions with CO and/or water in three different
heterogeneous catalytic reactions: water-gas shift reaction, CO
oxidation, and Fischer-Tropsch synthesis. It’s been clear that the
mesoporous oxide-supported metal catalysts with unique
physicochemical properties, with tuned MSI during the
reduction condition, have attracted many interests in a wide
range of applications. Many in situ and operando spectroscopic
characterization techniques such as DRIFTS, Raman
spectroscopy, and X-ray spectroscopy (i.e., AP-XPS, XAS) have
also been applied to characterize surfaces and adsorbed species
and investigate MSI comprehensively. With the understanding
of their interactions with water and CO, one could have insights
into selecting appropriate mesoporous oxide-supported metal
catalysts.

Potential future directions for studying or using the knowledge
featured here on interactions of CO and/or H,O with
mesoporous oxide-supported metal catalysts include but not
limited to the following:

(1) Catalysts optimization, to create more active sites on
metal-support interfaces, by focusing on the support’s
selection and preparation methods to adjust metal
loading and to control phase and facets of components
in a catalyst. Table 1 shows that SBA -15 doped with
two active metals is a better catalyst, with Ni/Zr-Ce on
SBA-15 the best, than any other catalysts made of
mesoporous support with monometallic clusters for
WGS; 2.9 nm CeO,-Pd NP on SBA-15, or high entropy
alloy made of five kinds of metals show better CO
oxidation activity; and 0.25% Sn doped on mesoporous
Co304-Al,03 demonstrated the highest CO conversion
in F-T synthesis. All these suggest that mixed oxides,
mixed doped metals and high-entropy materials’?
deserve to be further studied for optimizing catalysts
tailoring to specific reactions.

(2) In situ and operando characterization techniques
during catalytic reactions, such as the ones that
involve CO and H,0; and/or post-reaction analysis of
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the designed catalysts above, to obtain a more
comprehensive picture of surface interaction with
water and CO. Those advanced techniques include but
are not limited to X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine
structure (EXAFS) for electronic structure of catalysts
under operando conditions as they are closely related
to the actual reaction condition. Probing molecules
such as CO can be used to detect the changes of
oxidation states and particle sizes of active metals on
the catalysts in situ. When needed, one can apply high
energy monochromatic light such as synchrotron as
the radiation source, to reach higher resolution of
spectra by reducing background noise under high
pressure/operando conditions.

(3) Machine-learning prediction of interested reactions
with CO/H,O on, specifically, mesoporous oxide-
supported metal catalysts, is lacking but will provide
important guidance on their applications. In fact,
machine-learning studies have been conducted on
nano, but not mesoporous, materials!®? for reactions
such as WGS193, CO oxidation%* and F-T reaction, to
predict the new catalysts with better performance.

(4) Tandem reactions'®® by carefully designing selections
of metal supported on OMMs due to the coexisting of
CO, H,, H,0 in syngas; and emerging reactions involve
CO and H,0 on OMMS in energy storage such as fuel
cell, battery etc.11,21,107

Short acronyms

AP-XPS: ambient-pressure X-ray photoelectron spectroscopy
DRIFTS: diffuse reflectance infrared Fourier transform
spectroscopy

EMSI: electronic metal-support interaction

FDU: Fudan University

HEA: high entropy alloy

KIT: Korean Advanced Institute of Science and Technology
MA: mesoporous alumina

MCM: Mobil Composition of Matter

MMOs: mesoporous metal oxides

MSI: metal-support interaction

MSU: Michigan State University

NPs: nanoparticles

OMC: ordered mesoporous carbon

OMMs: ordered mesoporous materials

OMMOs: ordered mesoporous metal oxides

OMS: ordered mesoporous silica

PGM: platinum group metal

SBA: Santa Barbara

SDA: structure directing agent

TMO: transition metal oxides

TOF: turn-over frequency

XAFS: X-ray absorption fine structure

XANES: X-ray absorption near-edge structure
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XAS: X-ray absorption spectroscopy
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