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1 INTRODUCTION

Catalysis plays a pivotal role in energy production, chemical industry, and environmen-
tal remediation. More than 60% of chemical products and 90% of chemical processes in
the world are either based or substantially dependent on catalysis. These proportions will
steadily increase to satisfy our ever-growing demands for sustainable processes with supe-
rior atom-economic impacts and inferior environmental impacts.

Catalysis is significant due to the unique capabilities of catalysts in accelerating chemi-
cal reactions by reducing the energy barrier (i.e., activation energy) of their transition states
and in controlling reaction pathways toward selective synthesis of target products. Catalysts
can be homogeneous or heterogeneous, depending on whether they exist in the same phase
as the substrates or not. Because homogeneous catalysts are readily soluble and accessible
to the substrates in reaction media, they possess high catalytic activity and selectivity under
mild conditions. Moreover, their structures are well defined at the molecular level. These
features render these molecular catalysts capable of rationally tuning their catalytic proper-
ties by modification of their ligands and metals and tuning the reaction pathways. However,
homogeneous catalysts are employed in<20% of industrial processes due to the tedious and
expensive separation of catalysts from the final products. Conversely, heterogeneous cata-
lysts are extensively employed in industry due to their easy separation and recovery, as well
as their high stability even exposed to harsh reaction conditions. However, heterogeneous
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catalysts usually exhibit lower activity than their homogeneous counterparts mainly due to
diffusion limits and the reduced number of active sites that are accessible to reactants.

To overcome these limitations, which are associated with homogeneous and heteroge-
neous catalysts, new catalytic systems need to combine their advantages with respect to high
efficiency, selectivity, stability, and separability. Nanocatalysts are examples of this new
catalytic system, which links homogeneous catalysis and heterogeneous catalysis. They are
composed of nanosized particles (nanometals or nanometal oxides that are self-supported or
dispersed on other surfaces) with a large exposed surface area of active components, which
enhances the accessibility of the active sites to reactants andmimics homogeneous catalysts.
Their insolubility in reaction solvents and reactants renders them easily separable from reac-
tion mixtures, which enables their resemblance of heterogeneous catalysts. The activity and
selectivity of nanocatalysts can be rationally tuned by changing their chemical and physical
properties, such as size, shape, composition, and morphology. Therefore, nanocatalysts and
nanocatalysis have received intensive attention over the past two decades, especially since
the discovery of the unique activity of nanosized Au catalysts in low-temperature CO oxida-
tion. Consequently, nanocatalyst-involved reactions have experienced exponential growth
in chemical manufacturing, energy harvesting, conversion and storage, and environmental
protection.

In this chapter, the properties and functions of nanocatalysts are first discussed to provide
insights into the fundamental relationships among the activity, selectivity, and/or recycla-
bility of the nanocatalysts and their structures and compositions. Then, the methods of the
state-of-the-art for syntheses of metal nanoparticles (MNPs) and supportedMNPswith con-
trollable sizes, shapes, and surface structures are summarized. Finally, the recent advances
of nanocatalysis in different organic transformations, new energy conversion, and environ-
mental remediation are also presented.

2 NANOCATALYST: SIZE, SHAPE, AND SURFACE CHEMISTRY

2.1 What is Nanocatalyst

Since the end of the 1990s and with the development of nanoscience, nanocatalysis has
emerged as a domain at the interface between homogeneous catalysis and heterogeneous
catalysis. The main focus is the synthesis, characterization, exploration, and exploitation
of well-defined nanostructured catalysts, which include nanoparticles (NPs) and nanoma-
terials. NPs, which are considered to be the building blocks for nanotechnology, refer to
particles with at least one dimension that is <100 nm. Metallic NPs are formed by atom
clusters at the nanometer scale with intermediate properties between molecules and bulk
metals. This characteristic defines new chemical and physical properties that are advanta-
geous for various applications, particularly for catalysis. The term nanomaterial refers to
any solid that has a nanometer dimension. A specific definition of “nanomaterials” was cre-
ated by the European Commission (EC) in 2011: “nanomaterial means a natural, incidental
or manufactured material containing particles, in an unbound state or as an aggregate or as
an agglomerate and where, for 50% or more of the particles in the number size distribution,
one or more external dimensions is in the size range 1−100 nm.” Despite these differences
in nomenclature, NPs are always implicated and “nanocatalysts” or “nanocatalysis” ade-
quately summarizes these cases.

Because nanocatalysts are composed of small particles of a catalytically active material,
typically with a diameter range of 1–100 nm, they have attracted intense interest during
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recent decades. They can be applied in different areas, such as catalysis, electrocatalysis,
sensors, filters, nanoscale electronics, fuel cells, cosmetics, energy, environment, engines,
water purification, and optoelectronics. The first scientific goal and challenge is associated
with the synthesis of these particles withmaximum control over size and shape to tailor their
physical and chemical properties and to optimize their performance in a specific reaction.
The second challenge is to understand how the composition and atomic-scale structures
of NPs produce optimal catalytic reaction performance. Recent developments in nanotech-
nology and material science will aid research in the characterization, rational design, and
engineering of new types of multifunctional nanocatalysts for the achievement of green and
sustainable chemical processes. This research provides new opportunities to understand the
nature of the active sites, the metal-support interaction mechanism, and the origin of the
structure–reactivity relationship by careful design and synthesis of specific size and shape
catalyst particles at the nanoscale.

2.2 General Properties of Nanocatalyst

The unique physical and chemical properties of NPs that were introduced with the devel-
opment of nanoscience render them very promising candidates for various applications,
including catalysis. Valence electrons in bulk metals form continuous bands. When a bulk
material is reduced in a certain direction to the nanometer scale, the emotion of electrons
in this direction is subjected to confinement. Compared with bulk metals, NPs exhibit sub-
stantially larger total exposed surface areas and various combinations of surface structures,
and effects of electronic confinement within NPs may cause major changes in an electronic
structure. This effect raises the possibility of tuning the catalytic process. Nanotechnology
can provide an effective means for effectively and quantitatively controlling the surface
structure and electronic properties of nanocatalysts without changing their composition.
Adsorption and catalytic reactions can be optimized by continuously adjusting the size of
catalysts at the nanometer scale.

2.2.1 Electronic Structure The description of bulk materials applies the laws of classi-
cal physics. A metal particle will present properties that are different from the properties of
bulkmetals due to the reduction in size (quantum effect). In very small crystals of nanometer
dimensions, which are referred to as nanocrystals, assumptions about translational symme-
try and infinite sizes of crystals are not valid; thus, these systems cannot be described with
the same model that is employed for a bulk solid. We can imagine that the electronic struc-
ture of a nanocrystal should be intermediate between the discrete levels of an atomic system
and the band structure of a bulk solid [1], as evidenced in Figure 1. The energy levels of
a nanocrystal are discrete, and the density and spacing of the energy levels of a nanocrys-
tal are significantly larger and smaller, respectively, than the corresponding levels of one
atom or a small atomic cluster. Due to their discrete energy levels, these structures are also
referred to as quantum dots. The concept of energy bands and band gap remains appropri-
ate. The highest occupied atomic levels of the atomic (or ionic) species interact with each
other to form the valence band (VB) of a nanocrystal. Similarly, the lowest unoccupied
levels combine to form the conduction band of a nanocrystal. The energy gap between the
VB and the conduction band produces a band gap of the nanocrystal. As an example, for
a metallic quantum dot, its level spacing at the Fermi level is approximately proportional
to ∼EF/N, where N is the number of electrons in the quantum dot. Given that EF repre-
sents a few electronvolts and N is close to 1 per atom, the band gap of a metallic quantum
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Figure 1 Density of states for metal and semiconductor nanocrystals. In each case, the density of
states is discrete at the band edges. The Fermi level is in the center of a band in a metal; thus, kT may
exceed the electronic energy level spacing even at room temperatures and for small sizes. Conversely,
the Fermi level in semiconductors is located between two bands; thus, the relevant level spacing
remains large even for small sizes. The HOMO/LUMO gap increases in semiconductor nanocrystals
of smaller sizes. (Reprinted with permission from Ref. [1]. © 2002 Wiley.)

dot becomes observable only at very low temperatures. Conversely, the band gap of semi-
conductor quantum dots is large and its effect can be observed at room temperature. The
size-tunable fluorescence emission of CdSe quantum dots in the visible region of the spec-
trum is, for instance, an explanatory illustration of the presence of a size-dependent band
gap [2].

2.2.2 Geometric Structure The first and foremost issue of nanoclusters to be determined
is their structure. In most cases, the structures of NPs cannot be described by the bulk crys-
tallography of a material. When considering atom clusters of nanometric dimensions, they
are usually densely packed; thus, they are expected to display high symmetry and consist of
shells of atoms that are specific to the corresponding symmetry [3]. Considering a cluster
that contains a small number of atoms, the bonding (i.e., highest compactness) should be
maximized and the surface energy should be minimized (i.e., to be close to a sphere). Small
clusters that contain up to tens of atoms of diverse forms (tetrahedron, hexahedron, octa-
hedron, decahedron, dodecahedron, trigonal, trigonal prism, and hexagonal antiprism, with
and without a central site) have been investigated [4]. In a cluster of a few hundred atoms,
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clusters can adopt a new atomic arrangement, which may be forbidden in a bulk material.
As an example, the icosahedral structure with axes of fivefold symmetry is expected to be
the most stable structure for a series of magic number of atoms – 13, 55, 147, 309 – in
closed-shell structures.

Experiments only provide indirect information about the geometric structure of nan-
oclusters. Conversely, the computational tools for analyzing a cluster enable the direct
analysis of a large number of atoms. To determine the stability of the structures from an
energetic point of view, the embedded atom method (EAM) was employed to determine
the structures for the transition metals Cu, Pd, Ag, and Ni [5]. For sizes smaller than 2000
atoms, the icosahedron is the most stable structure, whereas for larger sizes, the cubooc-
tahedron is the most stable structure. In a latter study that is based on the same metals,
small clusters of fewer than 100 atoms with regular polyhedron geometries were employed.
Tetrahedral clusters exhibited the highest stability for sizes of fewer than 18 atoms, whereas
icosahedrons exhibited the highest stability for larger sizes. For gold, the EAM calculations
predicted that the icosahedron transforms to a decahedron at approximately 30 atoms.

2.2.3 Melting Temperature In an extensive variety of materials that range frommetals to
semiconductors to insulators, a decrease in solid-to-liquid transition temperature has been
observed with a reduction in nanocrystal size [6–8]. An understanding of this depression
can be obtained by considering the factor that contributes to the total energy of a nanocrys-
tal. A large surface energy is associated with a system that only contains a few hundred
atoms because surface atoms tend to be coordinatively unsaturated. The key to understand
this depression of melting point is the fact that the surface energy in liquid phase is always
lower than the surface energy in solid phase. In dynamic fluid phase, surface atoms move
to minimize surface area and unfavorable surface interactions. In the solid phase, rigid
bonding geometries cause stepped surfaces with high-energy edge and corner atoms. By
melting, the total surface energy is reduced. The liquid phase is stabilized over the solid
phase. The smaller is the nanocrystal, the larger is the contribution to the total energy of
the system by surface energy and the more significant is the depression of melting temper-
ature. The relationship between the particle size and melting point of CdS NPs distinctly
reflects the notion that the melting point decreases as the size of the particles decreases.
As an example, minimum melting point depressions of 50% was observed for sufficiently
small-sized nanocrystals [9].

2.2.4 Surface Energy Due to the dangling or unsatisfied bonds that are exposed to the
surface, surface atoms or molecules are subjected to an inwardly directed force, and the
bond distance between the surface atoms is smaller than the bond distance between interior
atoms. For very small solid particles, this decrease in bond length between the surface
atoms and the interior atoms becomes significant and the lattice constants of the entire
solid particles show an appreciable reduction. The extra energy possessed by the surface
atoms is described as surface energy, surface free energy (SFE), or surface tension. Surface
energy 𝛾 is defined as the energy that is required to create a unit area of “new” surface as
shown in Equation 1.

𝛾 =
(
𝜕G
𝜕A

)
ni,T ,P

(1)

where A is the surface area. The SFE of solid materials is a fundamentally important ther-
modynamic quantity for characterizing the surface effect by which a large number of basic
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phenomena, such as crystal growth, surface faceting, and growth and stability of thin films,
can be well understood. The SFE is the key to understand these properties at the nanoscale.

For NPs, the values of surface energy have been reported to exceed the values of surface
energy of a bulk material [10–12]. For example, the surface energy of palladium nanopar-
ticles (Pd NPs) in a polymer matrix is 6.0± 0.9 Jm−2 [12], whereas the surface energy
of Pd NPs in a bulk material is 1.808 Jm−2. Lu developed a model that considers the
size effect of SFE for nanomaterials and discovered that SFE decreases with particle size
[13]. Conversely, Medasani calculated the SFE of Ag NPs and discovered that it increases
with decreasing particle size according to density functional theory (DFT) for small sizes
(r< 1 nm) and the empirical embedded-atom method for larger sizes (1 nm < r< 50 nm)
[14]. In contrast to the results obtained by Lu and Medasani, Nanda obtained a SFE of
7.2 Jm−2 for Ag NPs by studying the size-dependent evaporation temperature, which is
related to the Kelvin effect, where the value was significantly higher than the value of the
corresponding bulk material and independent of particle size [15].

A significant challenge in the fabrication and processing of nanomaterials is to overcome
the immense surface energy and to prevent an increase in the sizes of nanostructures or
nanomaterials, which is thermodynamically driven by a reduction in total surface energy.
For a given surface with a fixed surface area, the surface energy can be reduced via the
following four methods: (i) surface relaxation, the surface atoms or ions inwardly shift,
which occurs more readily in liquid phase than in solid surface due to the rigid structures
of solids, (ii) surface restructuring by combining surface dangling bonds into strained new
chemical bonds, (iii) surface adsorption by chemical or physical adsorption of terminal
chemical species onto the surface by forming chemical bonds or weak attraction forces,
such as electrostatic or van der Waals forces, and (iv) composition segregation or impurity
enrichment on the surface via solid-state diffusion.

2.3 Structure–Reactivity Relationship

Nanomaterials that preferentially expose the reactive crystallographic facets via size
and shape control provide the possibility of finely tuning catalytically active sites. The
structure−reactivity relationship for metal catalysts has been conventionally and qualita-
tively interpreted in terms of electronic and geometric properties, which are caused by the
size effect, morphology effect, chemical composition and high surface-to-volume ratio.

2.3.1 Size Effect Nanocatalysts are characterized by their unique nanoscale properties,
which originate from the highly reduced dimensions of their catalytically active domains.
The effect of particle size in the context of nanocatalyst has beenwell understood. The lowly
coordinated atoms that are located in defects in solid catalyst particles, such as terraces,
edges, kinks, and vacancies, have been considered to be active sites. By reducing the domain
size of catalyst particle as far as possible, the number of active sites can be maximized.
The effect of particle size is frequently employed to describe the relationship between the
reaction and the particle size of catalyst, especially in the size ranging from 1 to 10 nm.

The relationship between the size of NP and turnover frequency (TOF) for a given com-
bination of reaction and NP catalysts is frequently broken into three primary groups, as
proposed by Somorjai’s group: positive size-sensitivity reactions, negative size-sensitivity
reactions, and size-insensitive reactions. A fourth category is composed of reactions for
which a local minima or maxima in activity exists at a particular NP size, as shown in
Figure 2 [16, 17]. The TOF for positive size-sensitivity reactions exponentially increases
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Figure 2 Major classes of size sensitivity, which describe the relationships between nanoparticle
size and turnover frequency for a given combination of reaction and nanoparticle catalyst. (Reprinted
with permission from Ref. [16]. © 2013 Wiley.)

as the particle size decreases. The prototypical reaction demonstrating positive size sensi-
tivity is the activation of methane. Dissociative bond cleavage via activation of 𝜎-bond as
the rate-limiting step is a common feature in reactions with positive size sensitivity. The
TOF for negative size-sensitivity reactions decreases with decreasing particle size. In this
case, the formation or dissociation of a 𝜋-bond is often the rate-limiting step. The proto-
typical reactions for this group include the dissociation of CO and N2 molecules, which
require step-edge sites and contact with multiple atoms. These sites do not always exist on
very small NPs, in which step–edges approximate at atom sites. These reactions sometimes
fall into the fourth category of reactions with a local maximum in TOF versus particle size
because certain particle sizes geometrically favor the formation of these types of sites. The
third type of reaction is the size-insensitive reaction, for which no significant dependence
of TOF on NP diameter exists. The prototypical size-insensitive reaction is hydrocarbon
(HC) hydrogenation on transition metal catalysts, for which the rate-limiting step is com-
plementary associative 𝜎-bond formation.

For both supported and unsupported particles, considerable efforts have been dedicated
to the elucidation of the influence of metal particle size on catalytic reactivity [17–19].
Gold nanoparticles (Au NPs) are a classic example of this topic. Although bulk gold has
been considered to be catalytically inert, 2−5 nm particles that are dispersed on reducible
oxides are highly active toward CO oxidation at low temperatures [20, 21]. This prominent
size-dependent effect has been interpreted based on the variations in the geometric and/or
electronic properties of active gold atoms at smaller particle sizes. The Somorjai Group
demonstrated an exponential increase in TOF in CO oxidation on Rh NPs as the size of
NP decreased from 7 to 2 nm [22]. Another prime example for the effect of particle size
is displayed in the Fischer−Tropsch (FT) reaction, which is catalyzed by supported cobalt.
Studies by Iglesia and coworkers showed that the surface-specific activity (TOF) is inde-
pendent of the size of cobalt particle in the size range of 9 to 200 nm [23]. For smaller
(<10 nm) Co particles, however, a decrease in FT reaction performance has been reported.
Barbier et al. determined that Co particles that are smaller than 6 nm were less active in
TOF per accessible site compared with large particles [24].
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2.3.2 Morphology Effect Because heterogeneous catalysis intrinsically involves the
cleavage and formation of chemical bonds between the reactant and product at the surface
of catalyst, these elementary steps can be reasonably assumed to be intimately associated
with the coordination environment of surface or active atoms. This dependence can be
attributed to the exposed crystal facets that are predominantly determined by the shape of
catalyst particle. Control of the morphology of catalyst particle enables a selective exposure
of a larger fraction of the reactive facets on which the active sites can be enriched or tuned.
This desirable surface coordination of catalytically active atoms or domains substantially
enhances catalytic activity, selectivity, and stability. The adsorption/activation of the reac-
tion molecules and desorption of the products are strongly dependent on the surface atomic
arrangement. This phenomenon is termed morphology-dependent nanocatalysis: a catalyst
particle with an anisotropic shape can significantly mediate the reaction performance
if specific crystal facets are selectively exposed. Therefore, morphology-controllable
synthesis of catalyst particles at the nanometer level, especially <10 nm, offers an efficient
approach to modifying the proportion of crystallographic planes and the number of atoms
on the corners and edges and consequently adjusts the catalytic behavior. Surface science
studies of single crystals or model catalysts have demonstrated that the catalytic activity or
selectivity is substantially dependent on the crystal facet or the coordination of the surface
atoms. To some extent, the conceptual morphology-dependent nanocatalysts bridge the
materials gap between the real catalysts for practical applications and the model catalysts
that are employed in surface science.

Currently, the concept of morphology-dependent nanocatalysis has been primarily
explored for metal nanostructures. A well-known example involves iron crystals that are
industrially applied for ammonia synthesis. The formation rate of ammonia on Fe crystal
follows the order (111) ≫ (1 0 0) > (11 0) [17], which suggests that the production rate
of ammonia can be highly promoted if the iron catalyst particle can expose more reactive
(111) facets. The impact of morphology on the catalytic properties was also demonstrated
for Pt NPs [25, 26]. Tetrahedral Pt particles with their (111) facets exposed were more
active for the electron-transfer reaction between hexacyanoferrate and thiosulfate than
cubic Pt particles with their (10 0) facets exposed, even when the diameters of both
materials ranged from 4 to 5 nm. Enhanced chemical activity of surfaces for stepped Au
(211) [27] and Au (332) [28] has been observed compared with smooth Au (111) surfaces.
The roughness of the surface, that is, the presence of highly undercoordinated atoms,
is important for the dissociation of O2. Morphology-dependent nanocatalysts on metal
oxide NPs have also been observed. A few recent examples convincingly demonstrate
the morphology-dependent behaviors of oxide particles with definite shapes. Rod-shaped
Co3O4 with a higher exposure of the reactive (110) planes, for which catalytically active
Co3+ species are abundant, showed particularly high activity toward low-temperature CO
oxidation [29].

2.3.3 Composition Effect The need for promoters or multimetallic catalytic systems has
emerged due to several factors, including a reduction in the price of active catalysts and an
increase in their activity, selectivity, and long-term stability. As an example, bimetallic NPs
with core–shells, heterostructures, or intermetallic and alloyed structures are emerging as
a new class of nanocatalysts. They are expected to display not only a combination of prop-
erties that are associated with two distinct metals but also new properties due to a synergy
between the two metals. Bimetallic nanocrystals usually have a composition-dependent
surface structure, atomic segregation behavior, and more interesting potential applications.
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In recent years, many research groups have made substantial efforts in the preparation of
bimetallic nanocrystals with controllable structures. For example, Pt is the most common
and generally accepted as the best electrode catalyst used in polymer electrolyte membrane
fuel cells. Over previous years, numerous efforts to develop alternative catalysts to Pt have
primarily focused on Pt-based bimetallic alloys, in which Pt is partially replaced by less
expensive metals, such as Fe, Ru, Co, and Ni. The oxygen reduction reaction (ORR) on Pt
and Pt-based alloys has been extensively investigated by experimental and computational
methods [30–33]. The formation of a Pt-skin layer is accompanied by a lower Pt-depleted
layer inmany Pt-3d alloys. Several studies of O adsorption on Pt-skin surfaces have revealed
that the binding strength on Pt-skin surfaces is weaker than the binding strength on a pure
Pt(111) surface, which may facilitate the removal of adsorbed O and increase the ORR rate.
Recently, Hyman et al. examined the Pt3Ni(111) surface and determined that the first layer
only consists of Pt and the second layer is strongly Pt depleted (48% of Pt compared with
75% of Pt in a bulk material) [34]. Stamenkovic et al. proposed a thermodynamic procedure
for estimating the potential shift of surface alloys using periodic DFT [35]. They suggested
a positive potential shift for Pt-skin surfaces of Pt3Fe, Pt3Co, and Pt3Ni, indicating that
the skin structure is electrochemically more stable than pure Pt surfaces. This information
indicates that the adsorption and electrochemical stability properties can be significantly
modified with changes in the compositions of surface structures. Among other distinct ben-
efits, such as a decrease in the cost of a catalytically active element, the use of alloys in NP
catalysis can cause the following effects: (i) decreased poisoning effects, (ii) the opening of
new reaction pathways, which cause distinct selectivity, (iii) the enhancement of catalytic
activity due to synergistic effects and changes in the electronic properties of nanocatalysts,
and (iv) an improved thermal stability of catalytically active elements.

2.3.4 Surface-To-VolumeRatio Two key factors that control the properties of nanomate-
rials are their size and surface characteristics. Nanocrystals of finer sizes provide an increase
in surface-to-volume ratios (A/V), which cause higher catalytic activity compared with large
crystals of the same mass on surface and higher chemical reactivity. If Nt denotes the total
number of atoms in a particle and Ns represents the number of atoms that reside on its sur-
face, the higher Ns/Nt ratio is an important factor for catalytic performance of particle due
to its higher A/V ratio.

Full-shell clusters are constructed by hexagonal close-packed (hcp) or cubic
close-packed (ccp) atoms. This notion assumes that the particles are constructed on
a center atom by adding one, two, or three dense-packed shells. The number of surface
atoms per shell is Ns = 10n2 + 2, where n is the number of shell. The total number Nt
of atoms of the nth shell is Nt = (10n3 + 15n2 + 11n+ 3)/3. When the smallest full-shell
cluster consists of 13 atoms, the surface atom ratio is 12/13= 92.3%. The calculated
surface/volume ratio for a thickness per shell of 6Å is shown in Figure 3 [36]. By
decreasing the particle size, the number of atoms on the surface or the Ns/Nt ratio is
increased, that is, in the regime of fewer than 10 layers, which corresponds to ∼3 nm.

Certain properties of materials that are composed of nanometer-sized particles are sub-
stantially dependent on the surface area. The surface atoms are chemically more active
compared with bulk atoms because they usually have fewer adjacent coordination atoms
and more unsaturated sites or more dangling bonds. With the reduction in the size of mate-
rials, the surface-to-volume ratio increases and the surface effect becomesmore apparent. In
addition, the surface states near the gap can substantially mix with the intrinsic states; these
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Figure 3 Variation in the calculated Ns/Nt ratio as a function of particle size. (Reprinted with per-
mission from Ref. [36]. © 2005 American Chemical Society.)

effects may also influence the spacing of the energy levels of NPs [2, 9, 37, 38]. The chem-
ical reactivity of a heterogeneous catalyst is proportional to the total specific surface area
per unit volume; thus, the high surface areas of NPs provide the possibility of functioning
as efficient catalysts.

2.4 Case Study: Gold Nanocatalysts

Nanoscale effects, which have been pervasive in heterogeneous catalysis, can be well
illustrated by the remarkable catalytic activity of Au NPs. Gold was previously regarded
as catalytically inert. Since the discovery of its surprisingly high catalytic activity for
low-temperature CO oxidation, Au NPs have been proven to be extraordinarily effective
for many reactions, ranging from the partial oxidation of HCs to water–gas shift reactions
and the reduction of nitrogen oxide. We focus on recent advances in the understanding
of structural sensitivity (e.g., Au particle size and shape and metal oxidation state) of
Au nanocatalysts for CO oxidation and the applications of Au nanocatalysts in selective
oxidation and hydrogenation reactions.

2.4.1 CO Oxidation on Oxide-Supported Au Catalysts

Structure Sensitivity of Low-Temperature CO Oxidation With the exception of H2 oxi-
dation and HC hydrogenation, most reactions are structure sensitive over supported Au
catalysts, among which CO oxidation is the simplest and most intensively analyzed type
of oxidation [39]. Au particles with a minimum diameter of approximately 5 nm exhibit
unique catalytic properties, which have stimulated explorations for understanding this unex-
pected activity and chemical reactions that are catalyzed by Au [39]. Several explanations
for the catalytic activity of these particles have been proposed [40–46], including factors
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that are related to gold particles and factors related to the underlying oxide support. The
size, thickness, or shape of gold particles falls in the first category. In the second category,
the oxide support is considered to contribute to the catalytic activity of Au via several mech-
anisms: (i) charge transfer to/from the oxide support to/from the gold particle, (ii) supply of
adsorption sites for reactants, in particular, oxidants, which may migrate to the Au particle
surface, and (iii) formation of a reactive gold–oxide interface and the particle perimeter.
Several of these effects simultaneously occur.

Studies of CO oxidation on supported Au NPs reveal that smaller particles are more
active on a variety of oxide supports. The CO oxidation rate at 273K for small gold particles
(2–4 nm in diameter) was more than two orders of magnitude larger than gold particles
with diameters in the range of 20–40 nm irrespective of a reducible or refractory oxide
support [47]. These results strongly indicate that the size of Au particles has a major effect
on their activity for CO oxidation. Although the particle size is an important factor for
determining reactivity, the shape of the particles, that is, the available coordination sites, is
also important. The shapes of the particles are dependent on the metal oxide support. For
example, a recent study of gold particles with almost identical size distributions (∼3 nm)
was performed on different oxide supports using the colloidal deposition method [43]. The
differences in the measured rates of CO oxidation for different supports were attributed to
the differences in shapes of the Au particles on various oxide supports. Specifically, gold
particles that were supported on Al2O3, which was reported to be inactive [39, 48], are more
active than the gold particles supported on the reducible oxides [48].

The thickness of gold particles is another critical structural parameter that affects its
catalytic properties. As suggested by scanning tunneling microscopy (STM) and scanning
tunneling spectroscopy (STS) measurements, the band gaps of one-atom-thick gold par-
ticles were significantly larger than the gap measured for two-atom-thick gold particles,
which had band gaps in the range 0.2–0.6V. Larger particles with a minimum thickness of
three atoms were metallic in STS. The onset of catalytic activity of small gold particles sup-
ported on TiO2(110) correlated with a metal-to-nonmetal transition [49]. The proposal that
the thickness of the gold is important was reinforced by the same group based on studies
of well-ordered monolayer and bilayer films of Au on a Ti2O3 thin film grown on Mo(112)
[39]. The highest reactivity for CO oxidation at 5 Torr has been observed for a bilayer
gold film by analyzing the rate of CO2 formation obtained from different Au structures.
Hutchings has employed aberration-corrected scanning transmission electron microscopy
(STEM) to analyze several iron oxide-supported catalyst samples [50], including active and
inactive Au species that present within supported Au/FeOx and Au/Fe2O3 catalysts. High
catalytic activity for CO oxidation is correlated with the presence of bilayer clusters with
diameters of ∼0.5 nm that only contain ∼10 gold atoms. The activity of these bilayer clus-
ters is consistent with the activity that was previously demonstrated with the use of model
catalyst systems.

An alternative explanation of the origin of the catalytic activity of small gold particles
is the presence of undercoordinated Au atoms, possibly as sites for binding or dissociation
of O2 [39, 51–53]. On the smallest nanometer-sized NPs, these atoms are located at the
edges and at the corners of the particles. Evidence of the scaling of the catalytic activity
of Au NPs with the number of corner atoms has been provided by Overbury et al. [54].
They correlated the CO oxidation activity of an Au/TiO2 catalyst with Au particle size
by combining an extended X-ray absorption fine structure (EXAFS) with in situ activity
measurements. The results indicate that the corners and the edge sites contribute to the
active site. Theoretical calculations of the structures of small Au particles supported on
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TiO2 predict a significant number of undercoordinated gold atoms [55]. As anticipated, the
fraction of atoms in a particle with seven or fewer neighbors continuously increases as the
particle size decreases. The theoretical calculations indicate that gold particles that serve
as bilayers maximize undercoordinated gold sites for a given particle size, which support
the hypothesis that the previously proposed thickness is a proxy for the presence of a large
fraction of undercoordinated sites in small gold particles.

Role of Oxide Supports for CO Oxidation

anchoring sites for gold particles Although metallic Au is active for CO oxidation,
the oxide support serves an important role. The oxide support provides sites for anchoring
gold particles to maximize surface area (and therefore, the fraction of uncoordinated Au
atoms). The support may also affect the dispersion and shape of the Au particles. The pres-
ence of defects on oxide surfaces is known to provide sites for the nucleation and growth
of metal particles [56–61]. As an example, the role of oxygen vacancies on TiO2(110) in
the nucleation and growth of gold particles was clearly demonstrated by STM studies [56].
Theoretical results also support this experimental observation by demonstrating that the
adsorption energy of a single gold atom on an oxygen vacancy site is more stable by 0.45 eV
compared with the stoichiometric surface. The nucleation and growth features of gold parti-
cles on TiO2(110) vary depending on the density of oxygen vacancies on the terrace, which
are usually influenced by sample preparation conditions. In some cases in which the density
of oxygen vacancies on terraces is low, gold particles preferentially nucleate and grow on
the extended defects, such as step edges of the oxide surfaces [60].

interface effects The interface sites between gold particles and the oxide support have
been regarded as adsorption and reaction sites for CO oxidation. This effect was proposed
by Haruta et al. using high-surface-area gold catalysts, based on their infrared (IR) absorp-
tion data, where two distinct CO vibrational features were observed [62]. They assigned the
CO vibration peak at a higher frequency to a linearly bonded carbonyl on gold particles,
whereas the vibration peak of lower frequency was assigned to CO adsorbed on the inter-
face perimeter. The dissociation of molecular oxygen at the interface was also suggested in
a study of Au supported on Fe2O3 [48]. On the basis of the CO–O2 titration experiments,
a significant amount of molecular oxygen can be adsorbed on the Fe2O3 support; this oxy-
gen readily migrates to the interface followed by a subsequent reaction with CO. Atomic
oxygen formation in these reaction conditions was detected by diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS), which indicates that the dissociation of molec-
ular oxygen occurs at the interface [63]. Liu et al. investigated the active oxygen species
and mechanism for catalytic CO oxidation with O2 on a highly active TiO2-supported Au
catalyst (denoted as Au/Ti(OH)*4), which was prepared by supporting an Au–phosphine
complex on as-precipitated wet titanium hydroxide followed by calcination at 673K. From
the systematic oxygen isotope-exchange experiments and O2-TPD, electron spin resonance
(ESR), and Fourier transform-infrared (FT-IR), it is most likely that CO adsorbed on Au
metallic particles and O−

2 adsorbed on oxygen vacancies at the oxide surface adjacent to
the Au particles contribute to low-temperature catalytic CO oxidation [64].

Several theoretical studies have shown that O2 can be adsorbed at the interface between
the gold particle and oxide support and that the reaction barrier for CO oxidation is very
low at the interface [65–69]. For example, the adsorption energy and reaction barrier were
calculated for CO oxidation on Au/TiO2(110) and nonsupported Au using DFT [69]. Three
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important points were derived from these studies: (i) CO adsorption on Au is very strong
(1.7 eV), irrespective of the presence of oxide for models that contain two layers of Au, (ii)
O2 can be dissociated with a low barrier (0.52 eV) at the Au/TiO2 interface (however, O2
dissociation is not favorable on unsupported Au (Ea > 2 eV)), and (iii) CO oxidation via a
CO–O2 complex has a relatively low barrier (0.1 eV) at the Au/TiO2 interface but a higher
barrier for the unsupported Au.

Positively/Negatively Charged Gold Particles The degree and direction of charge transfer
to/from Au particles supported on metal oxides are controversial. Apparently, both nega-
tively (Au𝛿−) and positively charged gold particles (Au𝛿+) can serve a role in CO oxidation;
however, their specific roles are not clearly defined [70–75].

In addition to the stabilization of particle size and agglomeration minimization,
the synergism between Au NPs and the TiO2(110) surface seems to be an essential
factor in Au-NP catalyzed CO activation. One of the main reasons for this syner-
gism is the generation of positive Au ions on the surface of NPs. To address this
issue, an MgO-supported Au(III) complex in which the oxidation states can be varied
using different reducing conditions was employed, and the reaction rate was mea-
sured as a function of the surface concentration of positively charged gold (Au+)
or metallic gold (Au0) [76, 77]. Each oxidation state of the catalyst was subse-
quently characterized by EXAFS and X-ray absorption near-edge structure (XANES).
Higher concentrations of positively charged gold (that correspond to a lower par-
tial pressure of CO in the reaction mixture) generate higher catalytic activity, which
suggests that the simultaneous presence of metallic gold atoms adjacent to cationic
gold is crucial in the catalytic activity of gold. These support-stabilized cationic
species may serve as soft Lewis acids or participate in reactions that involve gold
redox catalysis and have been proposed to be responsible for the catalytic activity of
Au NPs.

In addition to the role of the oxide support for anchoring gold particles, many stud-
ies have noted that defect sites (e.g., oxygen vacancies) may play an important role in the
transfer of charge to gold particles, which facilitates the formation of negatively charged
gold particles and enhances the catalytic activity for CO oxidation [78–81]. This asser-
tion contradicts proposals that positively charged Au is most active. These differences
may be attributed to differences in the model versus realistic catalysts, which are prepared
very differently. The study of low-temperature CO oxidation using gold octamers (Au8)
supported on MgO(0 0 1) indicated that gold octamers bound to a MgO surface that is
abundant in oxygen vacancies (F centers) can catalyze CO oxidation, whereas gold par-
ticles deposited on MgO surfaces that are nearly free of oxygen vacancies are catalytically
inactive [78]. This phenomenon was attributed to partial electron transfer from the F center
to the gold particles, which promotes activation of adsorbed reactant molecules according
to both experimental investigations and theoretical investigations.

In brief, in addition to the primary role of oxide supports for providing anchor sites
for gold particles, the oxide supports – particularly their surface defects and interface
sites – serve a crucial role in the enhancement of catalytic activity of gold in CO oxidation
via their transfer of charge to gold particles. This role may be related to the direct
activation of molecular oxygen by gold because electron-rich gold is expected to cause
either increased binding of molecular oxygen to the gold surface or facile activation of
molecular oxygen (i.e., O–O bond breaking or formation of peroxo or superoxo species)
because more charge can be transferred to the antibonding 2𝜋* orbital of O2.
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2.4.2 Nanogold Catalysis in Selective Oxidative Reactions Following the mild aerobic
CO oxidation methodology, Au NPs have been applied as powerful catalysts for various
oxidative transformations, such as the oxidation of alcohols, aldehydes, amines, HCs, and
the epoxidation of alkenes that utilizes oxygen or air as oxidants. The development of green
oxidation systems is an important goal in catalysis. Due to the specific activity in selective
oxidation reactions, nanogold catalysts may offer a suitable choice for constructing clean
and economic-selective oxidation methods.

Benzylic and Allylic C–HBondsOxidation Selective oxidation of benzylic and allylic C–H
bonds was initially performed by Hutchings et al. with Au/C or Bi–Au/C [82]. Dapurkar
et al. tested the Au/TiO2-catalyzed selective oxidation of primary C–H bond in benzylic
compounds at 1 atm O2 [83]. For selective oxidation reactions of different benzylic com-
pounds, 85−100% selectivities to the corresponding ketones were obtained with 12−65%
conversions. Recently, the solvent-free oxidation of primary C–H bonds in toluene and its
derivatives was realized using Au−Pd alloy NPs that were immobilized on carbon or TiO2
[84]. The major product was benzyl benzoate with >80% selectivity.

Epoxidation Reactions The selective epoxidation of olefins with air, oxygen, or H2/O2
using nanogold catalysts is one of the most prominent achievements in gold catalysis.
Haruta al. presented the titania-immobilized nanogold catalyst in selective oxidation of
propylene to propylene oxide with a mixture of H2 and O2. After optimization, a 90% selec-
tivity of propylene oxide was attained at 1−2% propylene conversion with carbon dioxide
as the major by-product [85]. With TEM characterization, it was shown that the size of Au
NPs on titania is the crucial factor that affects the catalytic activity.

Alcohol Oxidation Recently, supported Au NPs have been demonstrated as extremely
active catalysts for aerobic oxidation of alcohols. Employment of nanoceria-supported
nanogold in selective oxidation of allylic alcohol to the corresponding 𝛼,𝛽-unsaturated car-
bonyl compounds was explored [86]. This nanogold catalyst exhibited better performance
than the performance of Pd−apatite, Au−Pd/TiO2, and Au−Pd−CeO2 catalysts. Normally,
>90% conversion and selectivity were obtained with Au/CeO2 but the selectivities with
other catalysts were <60%. Au/TiO2 was an acceptable catalyst for the synthesis of acetic
acid via ethanol oxidation with high efficiency [87]. The nanogold particle has a very
narrow size distribution, and the yield to acetic acid was higher than 80%. The higher
ethanol concentration rendered ethyl acetate as the major product.

2.4.3 Nanogold Catalysis in Selective Hydrogenation Reactions Catalytic hydrogena-
tion is an important reaction that is extensively employed in industry. When the particle
size of gold metal was minimized to nanoscale and immobilized onto different supports
with proper methodology, it serves as a very promising catalyst, especially in selective
hydrogenation reactions.

An unexpected catalytic property of Au/TiO2 was uncovered in the clean and highly
regioselective isomerization of tri- and tetrasubstituted epoxides into allylic alcohols
[88]. The isomerization of an epoxide into an allylic alcohol requires the synergism of a
bifunctional acid/base catalyst, such as amphoteric aluminum alkoxides or amides. For the
Au/TiO2-catalyzed isomerization, the soft Lewis acidic sites are provided by ionic gold
species on the surface of the catalyst, whereas the basic sites could possibly be the oxygen
atoms of the support.
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The alkylation of aromatics by alcohols is a typical Friedel−Crafts-type reaction
catalyzed by Lewis or Bronsted acids, and homogeneous Au(III). Hardacre and coworkers
[89] employed heterogenized Au NPs supported on silica (0.5–1.5% mol) to achieve
good to excellent selectivity in the benzylation of substituted benzenes with benzyl
alcohol.

Historically, the first known catalytic property of gold is its involvement in the
hydrogenation of 𝜋-systems (alkenes, dienes, alkynes, and aromatics). This topic was
reviewed by Hashmi and Hutchings in 2006 [90]. Compared with the extensively
employed Pd catalysts that typically operate at ambient conditions, gold-catalyzed
hydrogenations require higher temperatures (100–250 ∘C), which give this catalytic
property low synthetic importance. In the most efficient example from previous stud-
ies, Au/SiO2 (0.01 wt%) and less-efficient Au/Al2O3 or Au/boehmite catalyze the
hydrogenation of pentene, 1,3-butadiene, and 2-butyne at 100 ∘C [91]. A significant
improvement in the efficiency of 1,3-butadiene hydrogenation was reported by the
group of Xu [92], who employed Au NPs supported on ZrO2 (<0.1% Au) as a cat-
alyst and proposed that isolated Au(III) ions on the support are the active catalytic
sites.

The reduction of nitro compounds into amines, which is an important process for chem-
ical industry, is generally achieved by hydrogenation over supported Pt and Pd catalysts,
or more traditionally, by Fe or Sn/HCl. These procedures have several drawbacks, such
as the requirement of stoichiometric reagents, whereas the selectivity of metal-catalyzed
catalytic protocols is low if other reducible functionalities are present (e.g., halides, C–C,
and C–O double bonds). In 2006, Corma and Serna reported that supported Au catalysts
(Au/TiO2 or Fe2O3) promote the reduction of functionalized nitro arenes into anilines
in yields near 100% [93]. A significant observation is the selective reduction of nitro
functionality in the presence of other reducible functionalities (C–C double bond, carbonyl,
nitrile, or amide), in sharp contrast to supported Pd and Pt catalysts or homogeneous
Au(I or III) and Pd(II) complexes, which provide either unselective reduction or different
chemoselectivities.

2.4.4 Conclusions AuNPs can be well prepared and manipulated with controllable size,
shape, and even structure in ambient conditions; they have exhibited unique catalytic prop-
erties in an extensive range of reactions. Therefore, applications of Au catalysts with supe-
rior efficiency in organic synthesis and energy conversions will increase as they become
commercially available and their properties are closely uncovered.

3 SYNTHESIS OF NANOPARTICLES

MNPs exhibit unique physical and chemical properties when their dimensions are
reduced to the nanoscale. MNPs, especially noble MNPs, have a characteristic high
surface-to-volume ratio, and consequently, a large fraction of surface atoms that are
exposed to reactant molecules, renders them a promising catalyst in chemical synthesis.
Controlling the size, shape, and structure of MNPs is technologically important due
to the strong correlation between these parameters and optical, electrical, and catalytic
properties. Promising synthetic methods that provide suitable NPs that are responsible for
target catalytic reactions are extremely important.
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3.1 Wet Chemical Reduction

Various methods to synthesize MNPs are reported in the literature. These methods can
be generally classified into gas-phase and liquid-phase-based methods. In the gas-phase
method, bulk material is evaporated to obtain a supersaturated gas phase, which subse-
quently produces nuclei and becomes MNPs. In the liquid-phase method, which is also
known as the wet method, precursors react to form a supersaturated solution of zero-valent
metal atoms, which nucleate and further grow to MNPs.

The preparation of MNPs can generally be prepared via “bottom-up” and “top-down”
synthetic routes. In “top-down” methods, bulk metals are mechanically ground to nano-
size and stabilized using a suitable stabilizer [94, 95]. The problem with this method is the
difficulty in achieving the narrow size distribution and control over the shape of the par-
ticles. Bimetallic NPs with core–shell structures cannot be obtained by this method. For
a “bottom-up” approach, the corresponding metal precursors are reduced to atoms with
reducing reagents, such as hydrides, citrate, hydrazine, and hydrogen or by electrochemi-
cal reduction or irradiation with high energetic radiation. Metal salts are usually reduced
in the presence of suitable capping agents, such as thiols, amines, surfactants, or polymers,
which stabilize the NPs from agglomeration. The chemical reduction of transition metal
salts in the presence of stabilizing agents to generate zero-valent metal colloids in aqueous
or organic media was published by Michael Faraday in 1857 [96]. The first reproducible
synthesis was performed by Turkevich and coworkers, who prepared 20-nmAu particles by
citrate reduction of [AuCl4]

− [97–100]. They also proposed a mechanism for the stepwise
formation of NPs based on nucleation, growth, and agglomeration, as shown in Figure 4.

Stabilization of the metal particles is governed by two main factors: electrostatic repul-
sion among particles and steric hindrance from stabilizer molecules. Note that the majority
of the methods are usually performed in solution phase (wet chemical reduction). With
these methods, the core size and the surface properties of metal nanoclusters can be effec-
tively controlled by adjusting the experimental parameters, such as themetal-to-ligand ratio,
chemical structure of the protecting ligands, the nature of the reducing agent, reaction tem-
perature and time, and pH of the solution.

The pioneering study by Brust et al. in 1994 [101] provides an easy and effective method
to synthesize monolayer-protected metal clusters. Since 1994, the Brust–Schiffrin method
has been extensively applied to various areas of nanoscience and nanotechnology. In the
past decade, different types of modified Brust–Schiffrin methods have been developed to
prepare metal and semiconductor nanoclusters. Generally, the following two variants have
been extensively employed: the original two-phase system in water and an organic solvent

Reduction Stabilization

Metal atoms
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Metal cations
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Figure 4 Formation of MNPs via reduction of metal salt precursors. (Reprinted with permission
from Ref. [96]. © 2008 Wiley.)
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(primarily toluene) and a modified one-phase system. In the two-phase Brust–Schiffrin
synthesis method, the metal precursors are dissolved in an aqueous solution and trans-
ferred to an organic solvent by phase-transferring reagents, such as tetraoctylammonium
bromide. Subsequently, organic protecting ligands and reducing reagents are added to the
solution to generate metal nanoclusters. In early reports on the synthesis of Au nanoclusters,
the accepted assumption was that Au(III) is reduced to Au(I) and forms [Au(I)SR]n-like
polymers after the addition of alkanethiols [102]. However, Goulet and Lennox recently
proposed a revised view for two-phase reactions of Brust–Schiffrin synthesis [103]. They
proposed that metal precursor is shown to be a metal(I)–tetraoctylammonium halide com-
plex ([TOA][MX2], M=Au, Ag, Cu) instead of the [M(I)SR]n-like polymers prior to the
addition of reductant NaBH4.

In addition to the two-phase reaction, a one-phase synthetic method has also been
extensively applied to the synthesis of various subnanometer-sized metal clusters. Au
nanoclusters with different core sizes [104–106] and other metal clusters, such as Pt [107],
Ag [108], and Cu [109], have been successfully synthesized with different protecting
ligands and reducing reagents. For example, Lu et al. reported a wet chemical method
for synthesizing monodispersed Ag7 nanoclusters (Ag7(DMSA)4) that were stabilized by
meso-2,3-dimercaptosuccinic acid (DMSA) ligands in high yield [110]. In their designed
one-phase synthetic route, silver salt (AgNO3) that was dissolved in ethanol was cooled to
∼0 ∘C in an ice bath. With a low stirring speed (∼ 60 rpm), DMSA was added to the cold
Ag(I) solution. After the complete formation of Agx(DMSA)y aggregates, NaBH4 was
slowly added to the solution with vigorous stirring. The DMSA-protected Ag7 nanoclusters
were obtained after a ∼12-h reaction.

Nienhaus and coworkers recently reported the synthesis of Au nanoclusters using
tetrakis(hydroxymethyl)phosphonium chloride (THPC) as a mild reducing reagent instead
of the strong reductant NaBH4 [111]. Negishi et al. synthesized palladium nanoclusters
with core sizes approximately 1.0 nm via a simple one-pot method [112]. In their exper-
iment, palladium chloride was added to the toluene solution of n-alkanethiols (RSH:
R=n-C18H37) with the concentration ratios [RSH]/[Pd] of 2.0. Note that no additional
reducing reagent is needed, and alkanethiols act as both the reducing agent and protecting
ligands of the resultant Pd nanoclusters.

3.2 Stabilization of Metal Nanoparticles (MNPs)

Because “naked” NPs are kinetically unstable in solution, all preparation methods must
use stabilizing agents, which adsorb at the particle surface. Three types of NP stabilization
exist, that is, electrostatic stabilization, steric stabilization, and electrosteric stabilization.
In electrostatic stabilization, anions and cations from the initial materials remain in solu-
tion and associate with the NPs. The particles are surrounded by an electrical double layer,
which produces a Columbic repulsion that prevents agglomeration. In steric stabilization,
aggregation is prevented by the adsorption of large molecules (e.g., polymers or surfac-
tants). The electrosteric stabilization combines both the steric effect and the electrostatic
effect. Alternatively, the NPs can be anchored on a solid support. This approach, which
is popular as a method for catalyst preparation and heterogenization, is discussed in the
following section.

3.2.1 Polymer-Stabilized MNPs MNPs can be stabilized by polymers due to steric
effect of polymer framework and the binding to the surfaces of MNPs by the heteroatom
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Figure 5 Major polymer families employed as metal NP supports for catalysis.

(assume the role of ligands). Polyvinyl pyrrolidone (PVP) is the most common polymer
for MNP stabilization (Figure 5). Part of the PVP adsorbs on the NP surface, whereas the
remaining part freely dissolves in the suspension to create a second protective shell. This
method provides stability to Ag and Au hydrosols, and simple variations of the PVP–metal
ratio yield structures with very different shapes and sizes [113–115]. Many other polymers
have been recently employed for efficient catalysis: polyurea [116], polyacrylic acid [117],
and polysiloxane [118]. Classic surfactants such as sodium dodecylsulfate (SDS) are also
employed as NP stabilizers for catalysis [119].

The disadvantage of using PVP is the separation of catalytic particles from the product
and the unused reactants at the end of reaction [119], 120]. To solve this problem, Mu
et al. employed PVP-stabilized Pt, Pd, and Rh NPs that were immobilized in an ionic
liquid (IL)–1-n-butyl-3-methylimidazolium hexafluorophosphate [121, 122]. These NPs
were synthesized by reducing the corresponding metal halide in refluxing ethanol, which
yields a narrow size distribution that depends on the metal–PVP ratio. They exhibited rea-
sonable catalytic activity and stability in hydrogenation of olefins under mild conditions.
The hydrogenation products were easily isolated from the IL phase by decantation. The
catalyst was recycled several times without loss of activity.

A very important concept that was pioneered in the 1970s involves two different metals,
such as Au and Pd, in the same NP [123]. This idea has been developed by Toshima’s
group, who used PVP to stabilize core–shell bimetallic Au–Pd NPs, that is, NPs in which
the core is Au and the shell is Pd [124]. After coreduction, the structure is controlled by
the order of reduction potentials of both ions and the coordination abilities of both atoms to
PVP. The location of Au in the core and Pd on the shell was demonstrated by EXAFS; the
results indicated that these heterobimetallic Au-cored Pd NPs are more active in catalysis
than simple PVP-stabilized Pd NPs.

3.2.2 Dendrimer-Encapsulated MNPs Dendrimers, which were proposed by Tomalia
in 1985, are tree-like polymers that have a structure in which branching is repeated in an
orderlymanner from the core outward [125]. Dendrimers can be synthesizedwithmolecular
weights of over 10 000 when they have a high generation number (typically more than four
generations) and comprise single-molecular-weight materials via a convergent synthetic
route, which is important for their use as functional materials. An interesting characteristic
of dendrimers is their “shell effect” [126]. In a high-generation (more branching) dendrimer,
the molecular chain density of the outer layer significantly increases; therefore, mass trans-
fer between the inside of the dendrimer and the outside of the dendrimer is restricted. With
backbones that are sufficiently rigid to retain the entire morphology, the dendrimer can
retain a “dense-shell” configuration with a sufficient inner nanospace, which may be suit-
able for certain interior chemical conversions.
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To produce metal particles in the internal space of a dendrimer, a precursor metal
salt is formed and chemically reduced. Complex formation between a dendrimer and
a metal salt is utilized to incorporate the metal salt into the dendrimer. The first den-
drimer – poly(propyleneimine) (PPI) – was synthesized in 1978 [127]. Since then, many
new classes of dendrimers have been reported. The synthesis of NPs primarily involves
polyamidoamine-type (PAMAM) dendrimers due to a large number of nitrogen atoms
in the molecular chain. Crooks et al. prepared MNPs with sizes that ranged from 1 to
4 nm by conducting a chemical reduction after introducing metal ions into a PAMAM
dendrimer via a complex formation [128, 129]. To convert the precursor metal salt to NPs,
reduction using a reducing agent, such as NaBH4, is generally performed. Because the
molecular weight distribution of dendrimers is very narrow, the statistical distribution of
the assembled metal precursors would be minimized compared with the case of ordinary
macromolecular ligands. The most recent literature reported fine size-controlled NPs with
only a ±10% standard deviation over a 1.5–3.0 nm region [130, 131].

3.2.3 Ligand-StabilizedMNPs The introduction of ligands as NP stabilizers is of special
interest because it enables the creation of an asymmetric environment. The first example of
enantioselective catalysis by NPs was reported in 1994 by Nasar et al. [132]. They demon-
strated that Rh NPs catalyzed hydrogenations of disubstituted aromatic rings that were
induced by the chiral amine R-dioctylcyclohexyl-1-ethylamine as the ligand. Pd NPs sta-
bilized with special ligands, such as polyoxometalates [133] and cyclodextrins [134], were
also active as catalysts in hydrogenation of unsaturated substrates and in the Suzuki, Heck,
and Stille reactions. For example, perthiolated 𝛽-cyclodextrin-Pd NPs catalyzed the cou-
pling of iodo and bromoarenes and iodoferrocene with phenyl boronic acid in MeCN/H2O.

Thiol chemistry was extensively employed for attaching different functionalities as lig-
ands and for synthesizing NPs [135, 136]. Recently, Ananikov et al. reported the synthesis
of Pd NP using alkynethiol as a stabilizing ligand [137]. Note that the range of metals
for which thiol NPs can be prepared is limited by the stability of the metal–sulfur bond.
Schiffrin and coworkers proposed a new route to Au and Pt NPs via metal–carbon bonds
[138]. The synthesis is based on the reduction of diazonium salt derivative of a long-chain
alkyl benzene that acts as a phase-transfer reagent and a stabilizing ligand. Another simple
mode of stabilization involves the addition of silanes, such as tert-butyldimethylsilane, to
PdCl2 or Pd(OAc)2. The formed NPs can catalyze the selective cross-coupling of the silane
with phenyl and vinyl thioethers to yield the corresponding thiosilanes and silthianes [139].

3.2.4 MNPs in Ionic Liquids ILs, in particular imidazolium-based ILs, have proven to
be suitable media for the generation and stabilization of soluble MNP. The IL forms a
protective layer, which is probably composed of imidazolium aggregates that are imme-
diately located adjacent to the NP surface, which provides both steric and electronic pro-
tection against aggregation and/or agglomeration. These stable transition MNPs, which
are immobilized in the ILs, have proven to be efficient green catalysts for several reac-
tions in multiphase conditions and novel materials for chemical sensors. For example, very
fine and stable noble MNPs (Ir0 and Ru0, 2.0–2.5 nm in diameter) can be synthesized
in 1-n-butyl-3-methylimidazolium hexafluorophosphate ILs by chemical reduction [140,
141]. The colloidal system MNP/IL stabilizer is extraordinarily stable and no ligands are
required; extraordinarily high turnover numbers (TONs) are achieved with this system in
catalytic hydrogenation.
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Although imidazolium ILs are considered to be suitable stabilizers for NPs, agglom-
eration causes loss of activity in some cases. Adding other materials to ILs can combine
different types of stabilizing effects, which produce more stable NPs. For example, sta-
ble metal Pd NPs with diameters of 2–5 nm were obtained from the hydrogen reduction
of [Pd(OAc)2] in [BMI][PF6], followed by addition of phenanthroline. The phenanthroline
binds to the metal surface, which is akin to the interaction that is observed with classi-
cal giant Pd clusters [142, 143], and provides extra stabilization to NPs without impair-
ing its catalytic activity for hydrogenation reactions in multiphase conditions. Using the
same approach, stable bipyridine [Rh(0)]n NPs with diameters of approximately 2 nm in
[BMI][PF6] were prepared and employed as arene hydrogenation catalysts [144, 145].

Transition MNPs have also been synthesized in several functionalized ILs via chemical
reduction of metal precursors. Different groups, such as thiols, amines, carboxylic acids,
and ethers, can be attached on the cationic and/or anionic component of IL, to provide addi-
tional stabilization of the NPs due to its coordination on the metal surface. For example, Pd
NPs that are immobilized in both N-butylpyridinium and nitrile-functionalized ILs demon-
strated suitable catalytic activity for Suzuki, Heck, and Stille coupling reactions; however,
recycling and reuse are simpler in the nitrile-functionalized IL [146].

3.3 Template-Based Synthesis Methods

In previous decades, template-based methods have proved to be efficient synthetic tech-
niques for preparing nanosized metal nanoclusters [147]. In these techniques, polymers
[148], polyelectrolytes [149], proteins [150], dendrimers [151], and DNA [152] have been
employed as templates. These various types of templates can provide different config-
urations and spaces to synthesize metal nanoclusters with the desired morphology and
tunable core size. In contrast with other synthetic methods, template-based techniques pro-
vide predetermined environments for cluster formation, which is favorable for producing
nanoclusters with well-controlled size and shape. After Crooks and coworkers [153] and
subsequently Balogh et al. [154] prepared copper nanoclusters using a PAMAM starburst
dendrimer as the template, template-based techniques have attracted considerable attention
in the synthesis of Au, Ag, and other transition metal nanoclusters.

Noble metal nanoclusters that are synthesized with traditional wet chemical reduction
methods are usually larger than 2 nm. Template-based methods have been successfully
employed to synthesize Pt clusters on subnanometer scale. Yamamoto et al. synthesized
dispersed Pt12 (0.9± 0.1 nm), Pt28 (1.0± 0.1 nm), and Pt60 (1.2± 0.1 nm) clusters using a
spherical macromolecular template (phenylazomethine dendrimer) [155]. The cluster size
can be precisely controlled via stepwise complexation of platinum (IV) chloride (PtCl4)
with the dendrimer.

Thus, template-based methods exhibit several crucial advantages for the preparation of
fluorescent subnanometer-sized metal clusters, such as simplicity, precise cluster size con-
trol, high stability of clusters against aggregation, and potential biocompatibility. Because
no stabilizing ligands exist around the nanoclusters, the clusters in the templates can provide
nonblocked active surfaces when they are employed as catalysts.

3.4 Unprotected Metal Colloids

Some results for the preparation of nanoscopic metal colloids in organic media without
traditional protective agents have been reported; the products can be referred to as “unpro-
tected” metal colloids. “Unprotected” metal colloids do not indicate that theMNPs are truly
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bare. They are stabilized by means of solvents or simple anions that are adsorbed on them
or by both. Curtis and coworkers prepared an “unprotected” copper colloid in methanol
by the reduction of copper(II) salts with hydrazine hydrate [156]. The copper colloidal
particles have a mean diameter of 13.3 nm. Wang et al. reported an effective preparation
method for stable “unprotected” Pt, Ru, and Rh metal nanoclusters with small particle sizes
and narrow size distributions in organic solvents [157]. The resultant “unprotected” Pt nan-
ocluster in ethylene glycol (EG) can be easily separated from the solvent as a precipitate
that is “soluble” in many types of organic solvents. These metal nanoclusters have a valu-
able advantage: many polymers or organic ligands can easily modify the nanoclusters to
form various protected metal nanoclusters with the same metal core.

3.5 Preparation of Supported Metal Nanoparticles

Supported NP catalysts are extensively recognized as an important class of industrial
catalysts that are closely related with versatile key technologies in petrochemical
industries, conversion of automobile exhausts, chemical sensors, and manufacturing of
fine and specialty chemicals. There are numerous criteria for practical supported metal
catalysts, including specific catalyst–support interactions, resistance to agglomeration, site
isolation, excellent accessibility of substrate molecules, mechanical robustness, and low
synthetic cost.

The approaches for the preparation of supported MNPs can be generally divided into
chemical, physical, and physicochemical routes, including impregnation, coprecipitation,
precipitation–deposition, ion exchange, microemulsions, chemical vapor deposition, sono-
chemistry, microwave irradiation, supercritical fluids, pulsed laser ablation, electrochemical
reduction, flame spray pyrolysis, and solid grinding. The general routes and main tech-
niques that are employed in the preparation of supported MNPs are summarized in Table 1.
Because the chemical method is extensively applied in practical applications, the most com-
mon chemical approaches for the preparation of supported MNPs are discussed with an
emphasis on the colloid supported on oxides, carbonaceous materials, and polymers.

3.5.1 Conventional Methods The traditional chemical synthesis methods that
are employed in industrial catalysis include impregnation, coprecipitation, and
deposition–precipitation. Some novel greener routes have been recently developed,
including precipitation from reverse-micelle emulsions, chemical vapor deposition, and
electrochemical reduction.

Wet Impregnation Wet impregnation, generally known as impregnation, is a preparation
technique in which a solution of metal precursor(s) is properly mixed with the support,
which includes dry impregnation (pore volume impregnation) and wet impregnation
according to the volume of solution. In dry impregnation, the volume of precursor solution
is equal to the pore volume of the support. In wet impregnation, the support is impregnated
into a volume that exceeds the pore volume of the support. Both the solubility of metal
precursors and the pore volume of the support determine the loading that is available
during each time of impregnation in dry impregnation. Therefore, successive impregnation
steps are needed to prepare catalysts of higher metal loading. If bimetallic or multimetallic
active sites are needed, the metals can be impregnated into the support in one pot or in
successive steps. After impregnation, the catalyst will be dried, calcined, and reduced
to obtain the active catalysts. The structure and property of the as-prepared catalyst are
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TABLE 1 Techniques that are Generally Employed for the Preparation of Supported Metal
Nanoparticles

Preparation routes Impregnation
Coprecipitation
Precipitation–deposition
Ion exchange
Microemulsions
Chemical vapor deposition
Sonochemistry
Microwave irradiation
Supercritical fluids
Plasma
Pulsed laser ablation
Electrochemical reduction
Flame spray pyrolysis
Solid grinding

Reduction approaches NaBH4, H2, formaldehyde, and hydrazine hydrate
NPs stabilizers Polymers (PVP, polyacrylamide, and polyaniline), ligand, dendrimer,

and ionic liquid
Stabilizers removal

methods
Oxidation, high-temperature treatment, and low-temperature solvent

extraction
Supports Oxides

Carbon materials
Functional organic polymers

influenced by the metal precursor, support, and metal loading, as well as the condition
of the impregnation, drying, calcination, and reducing processes. The majority of the
industrial supported metal catalysts are produced in this manner.

Coprecipitation Coprecipitation involves the simultaneous precipitation of metal precur-
sor and supporting material at constant pH or via an increase in pH. The supporting materi-
als generally consist of metal oxides or silicon precursors. The particle size and the property
of the as-prepared catalysts are usually affected by the precipitation reagent and the oper-
ation conditions. MNP catalysts that are prepared by coprecipitation have been employed
in an extensive range of reactions, such as oxidation and hydrogenation reactions.

Deposition–Precipitation Deposition–precipitation is the precipitation of metal hydrox-
ide to the surface of support by adjusting the pH of the metal precursor solution. After
deposition, solid-supported metal hydroxide is washed, dried, calcined, and sometimes
treated with H2 at elevated temperatures to obtain the active catalyst. This method is exten-
sively used in the preparation of supported Au NPs. Unfortunately, the waste of Au is
inevitable because Au precursors cannot be completely precipitated to the support in its
best activity.

These chemical methods are very simple and easy to scale up for industrial production.
However, these methods frequently provide a NP of broad size distribution, and the control
of particle size hinders the fulfillment of a particular application. Particle agglomeration is
a common phenomenon, which reduces the availability of active sites. An excess amount
of reductant (e.g., NaBH4, H2, formaldehyde, and hydrazine hydrate) is used to ensure the
complete formation of MNP, which hinders the removal of the reagent after the reaction.
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However, recent studies have indicated that somemodifications to the impregnation method
can provide MNPs of small size with narrow size distributions.

3.5.2 Deposition of Preformed Metal Nanoparticles onto Supports Metal nanoclusters
are very promising building blocks in preparation of heterogeneous catalysts with a control-
lable structure, which can be synthesized in a solvent and deposited on a support without
distinct aggregation.

The preparation of supportedMNPs via the deposition of preformedMNPs onto supports
is shown in Figure 6. As previously mentioned, the synthesis of MNPs with well-defined
properties involves colloidal sols and the stabilization by surfactants, ligands, polymers,
dendrimers, and ILs, which ensure that the MNPs do not aggregate. This precise control
of particle size can be achieved during metal colloid preparation by tuning the conditions
that affect particle size and shape, including the selection of a reducing agent (hydrazine
hydrate, ascorbic acid, hydrazine hydrate, formaldehyde, NaBH4, H2, alcohol, and polyol),
stabilizer (polymer or surfactant), and solvent (water or alcohol). Initial particle size is
controlled by the initial concentration, reaction temperature, concentration of stabilizer,
and metal particle agglomeration and sintering was prevented by the addition of a stabilizer
(protective agent). The proper selection of the reagents and a suitable synthesis procedure
can create reproducible protocols for producing stabilized NPs with specific structures. The
stabilized reduced MNPs are typically deposited onto a solid surface to enable the MNPs
to have utility in a selected reaction.

The deposition of preformed MNPs on the functional support is highly advantageous.
The particle size of the NPs that are synthesized by the colloidal sols is less affected by
the support than the case in which other methods such as impregnation are employed.
Intensive research is currently devoted to this methodology for the findings of MNPs with
well-defined size, shape, composition, and surface chemistry. Metal nanoclusters, which
are dispersed across the surface of an oxide or other support, can be much more active and

Metal
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Functionalized
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Zeolite

Metal oxide

Metal from
VIII, VIIB,

VIB, IB

Functionalized
support

Nanoparticle
size control

Reduction

Metal
nanoparticles

Assembling

Impregnation
Calcination
Reduction

M/S Promoter

P-M/S

M = transition metal nanparticles

1 2

Catalyst
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Catalyst
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Figure 6 Fabrication of the supported catalysts.
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Calcination
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Calcination
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in situ sol–gel synthesis

Adsorption of nanoparticles
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Figure 7 Catalyst preparation routes.

selective as catalysts than larger metal particles. The schematic representation of the steps
in the preparation of the catalysts is shown in Figure 7.

3.5.3 Nature of Solid Supports The use of supports with defined pore sizes and charac-
teristics for MNPs enables the dispersion and stabilization of active sites, which inhibits the
growth of MNPs and the reduction of particle aggregation. The support can also generate
specific adsorption sites in some reactions. Among the extensive range of solid supports that
are employed for the deposition of MNPs, metal oxides, carbonaceous materials, and poly-
mers are the three major families of extensively reported solid supports. Zeolites also served
a crucial role in the preparation of a bifunctional catalyst and as a support for shape-selective
catalysis.

Oxide Supports The number of reports concerning MNPs supported on metal oxides, that
is, SiO2, Al2O3, TiO2, ZrO2, CeO2, MgO, and ZnO, has increased. Generally, metal oxides
are highly thermal stable and the feasibility of well-developed porous structures and high
surface areas can fulfill the requirements for most applications. They can also be easily
prepared and functionalized. For example, the introduction of another metal may change
the acidity and basicity of a metal oxide. The surface structure and properties can also be
altered by the preparation procedure and thermal treatment. Depending on the chemical
reactivity of the support, metal oxides can be subdivided into inert supports (e.g., SiO2)
and reactive (e.g., TiO2) metal oxides. Among the metal oxides, Al2O3, TiO2, ZrO2, and
CeO2 are the most commonly employed supports. Superparamagnetic oxides (e.g., Fe3O4
and Co3O4) have recently emerged as new materials for the immobilization of MNPs with
easy separation capabilities.
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The catalytic reactions that were examined with these supported MNPs are
hydrogenation reactions of unsaturated bonds, Heck and other C–C coupling reactions, and
oxidation of CO and alcohols using molecular oxygen. The heterogenization of stabilized
NPs on a solid support permits the reaction to benefit from the classic advantages of
heterogeneous catalysis, that is, stability to high temperatures and easy removal from the
reaction medium and the bottom-up approach of NP synthesis.

Carbonaceous Supports Carbonaceous materials offer numerous advantages as supports
to ensure that the groups on the surface can be easilymodified via different approaches, such
as ozonolysis, doping with heteroatoms, acid or basic treatment, and thermal treatment.

Charcoal is a classic support for noble metals, such as Pd, Ru, Rh, and Ir. Activated
carbons (ACs) that are suitable as support materials in catalytic processes need to be pre-
pared and modified to obtain adequate surface area, porosity, and pore size distribution.
Purification by acid treatment and elution processes is required to remove ash, extractable
material, and contaminants. These supports require pretreatment and conditioning for the
preparation of a suitable surface chemistry to optimize precious metal/support interactions
during impregnation and dispersibility in the reaction media. Despite the conventional use
of microporous carbons as supports for MNPs, recent advances in the preparation of a
range of carbonaceous materials as flexible supports have been achieved. Budarin et al.
have recently reported the preparation of an extensive range of supported MNPs [158] on
a novel family of mesoporous carbonaceous materials known as Starbon [159], which was
prepared from controlled carbonization (in a nitrogen atmosphere) of mesoporous starch.

Recent advances in nanofiber, nanotube, and graphene have enabled the preparation of
carbon-based catalysts with MNPs dispersed at defined porosities. Their intrinsic proper-
ties include high surface areas, unique physical properties andmorphologies, high electrical
conductivity, and inherent size and hollow geometry, which render them extremely attrac-
tive as supports for heterogeneous catalysts.

Polymers for Metal Nanoparticles Polymers are another group of extensively
employed supports for MNPs. They have been extensively employed due to their
availability, enhanced stabilization properties of MNPs, and resistance to particle
sintering/agglomeration. Recently, the use of novel engineered polymers, such as poly-
organophosphazenes with an inorganic backbone [160], polyvinylpyridine, fibers, and
dendrimers [161] as supports, has increased. Alternative supports including biopolymers
and biomass-related polymers have also been recently employed for the preparation of
supported MNPs [162]. Biopolymers are attractive candidates for the use as supports for
catalytic applications. They offer several advantages compared with traditional supports,
including low toxicity and cost, as well as high biocompatibility, availability, and abun-
dance. Substantial research has been devoted to the preparation of different MNPs on
various biopolymers, including the study of mesoporous starch, which afforded highly
dispersed Pd MNPs with a narrow particle size distribution and natural porous materials
(Figure 8).

3.6 Conclusions

Recent advances in the design and preparation of nanocatalysts have proven that a variety of
MNPs can currently be synthesized via different preparation routes and supports with tai-
lored size andMNP distribution to overcome the limitations of traditional synthetic method-
ologies. These materials will have a significant impact in many areas, including increasing
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applications in industrial catalytic processes. We must not forget that the preparation of
MNPs and supported MNPs must be approached in a sustainable manner with the aim of
reducing waste and the use of toxic compounds, promoting room temperature aqueous solu-
tion protocols, and improving manufacturing safety, as well as decreasing production costs.
The preparation of these nanomaterials must be assessed from as many different points of
view as possible (e.g., transport, waste, food chain biomagnification, and potential toxicity).

4 NANOCATALYSTS FOR ORGANIC TRANSFORMATIONS

4.1 Transformations to Form New C–C and C–Heteroatom Bonds

The formation of C–C and C–heteroatom bonds is of fundamental importance in organic
chemistry and other related areas. Transition metal-catalyzed cross-coupling reactions
have become one of the most powerful methods in modern pharmaceutical, agrochemical,
and fine-chemical industries for the formation of new C–C and C–heteroatom bond. Many
well-known cross-coupling reactions are dependent on the reactants involved, such as
Suzuki, Heck, Negishi, Sonogashira, Stille, and Buchwald–Hartwig reactions. These reac-
tions are typically homogeneously catalyzed in organic media; however, some reactions
are catalyzed in water by transition metal complexes with different ligands. Because
the chemistry arena has shifted toward the greener way of synthesis, nanocatalysis is a
promising alternative to the homogeneous catalysis. Nanostructured catalysts are attractive
candidates as heterogeneous catalysts for various organic transformations [163–165].

The potential use of nanocatalysts has attracted significant attention since the last
decade. Cao and coworkers prepared Pd NPs using cucurbit[n]uril (CB[n], n= 4–10) as
both protecting agents and supports. By changing the reducing agents and the ratio of
feedstock, well-defined CB[n]–Pd NPs (n= 5–8) with various shapes have been obtained.
The results of morphological analysis demonstrate that CB[6] serves a key role in guiding
the formation of Pd nanostructures and is responsible for the high catalytic activity in
Suzuki and Heck reactions. CB[6] serves as stabilizer for preventing the Pd nanostructures
from agglomeration via electrostatic interaction between CB[6] and metal nanostructures.
These relatively weak electrostatic interactions can maintain the active sites exposed on
the surface of nanocatalyst, which demonstrates high catalytic activity. In mild conditions
(40–80 ∘C), aryl bromides with both electron-withdrawing and electron-donating groups
at the para-position can couple with arylboronic acids to afford the corresponding products
in high yields. Even sterically hindered o-MeOC6H4Br is able to react with phenylboronic
acid to afford the product in 94.5% yield. CB[6]–Pd NPs also show reasonable catalytic
activity toward deactivated aryl chlorides, and a maximum yield of 92.9% biphenyl is
obtained. The inductively coupled plasma (ICP) results of the filtrate indicate that the
amount of Pd that leaches into the reaction system is negligible and the concentration of
Pd in the filtrate is very low (0.12 ppm). The filtrates yield no coupling products after the
removal of catalysts from the reaction systems, whereas high yield is obtained even after
five cycles using iodobenzene and phenylboronic acid as substrates. These results suggest
that the catalytic process may occur on the surface of MNPs [166].

Heterogeneous palladium nanocatalyst that is supported on metformin-grafted
single-walled carbon nanotubes (SWCNTs) (SWCNT-Met/Pd(II)) has been prepared and
applied to Suzuki coupling. The results showed that the new catalyst retained the reactivity
characteristic of a homogeneous catalyst while simultaneously facilitating separation and
reuse. The yields of the products ranged from 80% to 95% [167]. Pd NPs supported on
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zirconium oxide (Pd/ZrO2) were also demonstrated to be a very efficient catalyst in Heck,
Ullmann, and Suzuki reactions of aryl halides in water. Tetra(alkyl)-ammonium hydroxide
was employed as both base and PTC (phase-transfer catalyst) agent. High activity and
turnover numbers (TONs> 3× 103) have been achieved for the Heck reaction of iodoben-
zene and styrene within 7 h, and the catalyst can be easily recovered and reused many
times. The studies also revealed that the palladium that leaches into the solution during the
reaction is negligible, and therefore, the catalysis is heterogeneous in nature [168].

To investigate whether the proposed catalyst implies a homogeneous or heterogeneous
mechanism, a hot filtration test was conducted. The hot filtration test entails filtering a por-
tion of the reaction solution to remove the catalyst once the reaction is initiated and before
the reactants are consumed. After filtration, the reaction proceeds in both portions, and the
conversion in both samples is determined. Typically, the conversion of the unfiltered por-
tion that contains the suspended catalyst proceeds to completion while the filtered (catalyst
free) portion continues to provide a final conversion that should provide information about
a possible homogeneous pathway.

The elemental analysis of the filtered portion by inductively coupled plasma-optical
emission spectrometry (ICP-OES) also provides useful information about the Pd leaching
process from the support. The test can produce an inaccurate conclusion if rapid redepo-
sition of soluble species occurs. Consequently, the distinction between heterogeneous and
homogeneous catalyses cannot be solely based on the hot filtration test. If an induction
period is observed, the immobilized species is not the active catalytic species due to acti-
vation of the catalyst.

Philippot and coworkers reported a comparative study of Pd complexes and Pd NPs
as catalysts in C–C coupling reactions [169]. The most important feature of this study is
dependent on the differences that were observed in the output of C–C coupling reactions
depending on the colloidal or molecular nature of the employed catalyst. Thus, molecular
systems perform typical Suzuki–Miyaura cross-coupling with dehalogenation of the
substrate in different proportions. Conversely, Pd NPs catalyze either Suzuki or C–C
homocoupling reactions depending on the halo-derivative. Pd NPs catalyze the quantitative
dehalogenation of 4-iodotoluene. The differences observed in the chemoselectivity of
these two catalytic systems support the notion that reactions with Pd NPs stabilized with
the hybrid pyrazole ligands occur on the surface of the colloids.

Over the course of the past decade, cross-coupling reactions of aryl (pseudo) halides with
amines or thiophenols have emerged as highly effective C(aryl)–N or C–S bond forming
methods for the construction of aryl amine or diaryl sulfide derivatives [165]. The immobi-
lization of Pd on the magnetite surface afforded Fe–Pd nanocatalyst. C–N bond formation
was achieved in moderate to excellent yields, and the catalyst can be separated and recycled
as many as five cycles by magnetic decantation without a significant loss in yield [170].

Tobisu and Chatani recently reported catalytic C(aryl)–N bond cleavage reactions of
electronically neutral and structurally simple aryl amine derivatives via nickel-catalyzed
reduction and borylation of N-aryl amides. Several experiments of adding mercury to
the reaction were conducted to investigate the nature of the novel nickel catalyst. When
the nickel-catalyzed reductive cleavage reaction was conducted with HB(pin) complexes
(hydroborane reagent) in the presence of an excess of mercury, the reaction was completely
suppressed, whereas the addition of an excess of mercury to the borylation reaction that
involves diboron proceeded, albeit to a lesser extent. Although these data do not provide a
precise mechanism of this C–N bond cleavage reaction regarding whether the catalysis is
homogeneous or heterogeneous, it is likely that the reactions described in this study were
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mediated by soluble or nanosized (∼10 nm) nickel species rather than larger sized nickel
aggregates [171].

Compared with the conventional organic halides, less toxic and more available alco-
hols have been explored as the alkylating reagents. For example, this green alternative has
been employed for the direct 𝛼-alkylation of ketones, and H2O was produced as the sole
by-product. A very simple and convenient Pd/C catalytic system for the direct 𝛼-alkylation
of ketones with primary alcohols in pure water has been reported (Scheme 1). TEM analy-
ses revealed that some Pd particles aggregated after the reaction but considerable amounts
of Pd particles dispersed well in the supports. In recycling experiments, the aqueous phase
was analyzed by atomic absorption spectroscopy (AAS) after centrifugation. The concen-
tration of Pd in water was detected to be <1 ppm (below the detection limit). Combined
with TEM analyses, the leaching and redeposition of some Pd particles possibly occurred
during the reaction [172].

A magnetically recoverable, efficient, and selective copper-based nanocatalyst has
been synthesized via covalent grafting of 2-acetylthiophene on a silica-coated magnetic
nanosupport followed by metallation with copper acetate. The obtained organic–inorganic
hybrid nanomaterial was active in transformation of various aromatic amines to indus-
trially important alkylated amines using alcohol as the alkylating reagent in aerobic
conditions. Activated alcohol and normal aliphatic alcohol, such as 1-butanol, 2-butanol,
and methanol, can be applied to alkylate various aniline derivatives with electron-donating
and electron-withdrawing substituents. The heterogeneous nature of the catalyst enables
easy magnetic recovery and regeneration. The catalyst can be reused 10-fold with no
significant detrimental effect on the chemical yield [173].

4.2 Hydrogenation and Oxidation

4.2.1 Hydrogenation Hydrogenation of organic substrates is important for the syn-
thesis of various fine chemicals. The application of heterogenized metal-based catalysts
in selective catalytic hydrogenation processes remains challenging. Pd NPs with a
mean size of 2.5± 0.6 nm was prepared by direct decomposition of [Pd2(dba)3] on the
terpyridine-modified magnetic support. In the hydrogenation of 𝛽-myrcene, this nanocat-
alyst is highly selective for the formation of monohydrogenated compounds. When com-
pared with a similar nanocatalyst that consists of Pd NPs supported on an amino-modified
magnetic support or on carbon, the activity and selectivity of the nanocatalyst are signif-
icantly increased [174]. Other examples, such as the precise hydrogenative cleavage of the
C–O–C bonds in cellobiose over ruthenium NPs, have been reported by Liu et al. [175].

O

+ OH

O

NH2

R

+ R′ OH NH

R R′

93% yield

82–92% conversion, 95–99% selectivity

Scheme 1 The formation of C–C and C–N bonds using alcohol as the alkylating reagents.
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Structurally stable and readily available WO3 crystallite is efficient in the acceleration
of the hydrolysis of cellulose to sugar intermediates and the selective cleavage of the
C–C bonds in these sugars. The size of WO3 crystallites and the type of support have an
important role in this transformation. Combined with the hydrogenation step on Ru/C,
controllable synthesis of EG, propylene glycol, and sorbitol from cellulose can be achieved.

Anilines are important feedstock for the synthesis of various chemicals, such as dyes,
pigments, pharmaceuticals, and agrochemicals. The chemoselective catalytic reduction of
nitro compounds represents the most important and prevalent process for the manufac-
ture of functionalized anilines. Consequently, the development of selective catalysts for
the reduction of nitro compounds in the presence of other reducible groups is a major
challenge (Scheme 2). By immobilization and pyrolysis of the corresponding cobalt and
iron–phenanthroline complexes on Vulcan XC72R carbon powder, Beller and coworkers
prepared highly selective catalysts for the hydrogenation of nitroarenes to anilines. Apply-
ing these catalysts, a series of structurally diverse and functionalized nitroarenes have been
reduced to anilines with unprecedented chemoselectivity tolerating halide, olefin, aldehyde,
ketone, ester, amide, and nitrile functionalities. The iron oxide particles of the active cata-
lyst are surrounded by a shell of three to five nitrogen-doped graphene layers. The majority
of oxide particles have a size range between 20 and 80 nm but occur with smaller particles
in the size range 2–5 nm. XPS analyses revealed that the FeNx centers are formed during the
catalyst preparation. The comparison of the characterization and catalytic results suggests
that these particular FeNx centers are formed at a pyrolysis temperature of approximately
800 ∘C, which govern the unique catalytic activity. The size of the iron oxide particles seems
to have a minor role as long as their growth does not reduce the exposed catalytically active
surface [176, 177].

4.2.2 Oxidation The selective oxidation of alcohols to aldehydes and ketones represents
one of the most essential transformations in organic synthesis. Conventional technology
for the transformation of alcohols to aldehydes or ketones is oxidation using stoichiometric
quantities of inorganic oxidants, which is highly toxic and environmentally polluting due
to the production of a large amount of waste solutions that contain heavy metals.

Recently, soluble MNPs have been reported to be applicable to the aerobic oxidation of
alcohols in water [178, 179]. Bases such as KOH or K2CO3 are frequently required for the
oxidation of primary aliphatic alcohols (e.g., 1-octanol) in water. The use of bases is not
green and causes problems such as corrosion and waste base treatment. Liu and cowork-
ers reported soluble Pt NPs that exhibit excellent activities in the absence of any bases for
aqueous-phase aerobic oxidation of nonactivated alcohols with high recyclability in mild
conditions. Primary and secondary alcohols were oxidized to the corresponding carboxylic
acids and ketones, respectively. Pt-GLY (prepared by reducing H2PtCl6 with glycol to stabi-
lize the reduced Pt clusters with poly(N-vinyl-2-pyrrolidone)) was capable of catalyzing the
aerobic oxidation of various nonactivated alcohols. Under this condition, oxidation of ali-
cyclic alcohols gave ketones in reasonable yields of 78.4–97.1%. Oxidation of a secondary

NO2

R

Fe or Co-Phen/C

H2

NH2

R

Usually over 90% yield

Scheme 2 Chemoselective reduction of nitro compounds using cobalt and iron catalysts.
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aliphatic alcohol, that is, 2-octanol, afforded a 94.2% of 2-octanone. Note that Pt-GLY was
highly active for the oxidation of primary aliphatic alcohols – the most inactive alcohols – in
the absence of any bases.

This catalyst can be readily recycled after simple extraction by diethyl ether. The yields
remained constant during the five successive cycles and no Pt deposits were observed, which
reflects high stability and reusability of the catalyst. This finding is consistent with the
characterization results for this catalyst. The TEM and XPS characterizations reveal the
formation of metallic Pt nanoclusters with a mean diameter of 1.5 nm and a narrow size
distribution and no variation in the mean diameters of Pt NPs and the metallic state of Pt,
respectively, after five successive runs. The extracted diethyl ether layers after each run
were also analyzed by ICP; leaching of Pt was not detectable.

Detailed studies on the effect of Pt NP size, the catalytic activities of otherMNPs, includ-
ing noble metals Ru, Rh, Ir, and Pd, as well as Au and Ag, and the mechanistic examinations
suggested the unique properties of Pt NPs [180]. The superiority of the soluble NPs may be
closely related to their controllable sizes and unique nature, which are freely rotational and
three dimensional compared with the traditional supported metal clusters that are restricted
by support surfaces.

Spherical Pt NPs with different mean diameters (1.5–4.9 nm) and narrow size distribu-
tions exhibit different activity. The activity that was normalized by total Pt atoms in the
aerobic oxidation of 1-butanol gradually increased from 4.1 to 8.3 h−1 with a decrease in
the particle size from 4.9 to 2.1 nm and substantially increased to 24.5 h−1 for a particle
size of 1.5 nm. The activity that was normalized by exposed surface Pt atoms (estimated
using the mean diameters of the Pt particles and assuming that the particles are spherical),
that is, TOF, was also much higher at 1.5 nm than the TOFs at other sizes. This effect has
been generally ascribed to the existence of more coordinately unsaturated sites on smaller
particles and the changes in their electronic properties. Au was only active for the oxida-
tion of aliphatic alcohols in the presence of strong bases, which was presumably required
for H abstraction from the alcoholic OH groups. Conversely, the activity of the Pt catalyst
remained unchanged in the presence of K2CO3. This difference between the Au catalyst
and the Pt catalyst reflects their intrinsic difference in activating the alcoholic OH groups
to form alcoholate intermediates.

The oxidative reactivity of different primary and secondary aliphatic alcohols on the Pt
catalyst (1.5 nm) was systematically examined. The TOFs for 1-propanol and 1-butanol
were lower than the TOFs for 2-propanol and 2-butanol, whereas 1-hexanol and 1-octanol
converted more rapidly than 2-hexanol and 2-octanol because these alcohols were indi-
vidually employed as reactants in identical conditions. This difference in reactivity was
more distinct based on the TOF ratios of the primary alcohols to the secondary alcohols,
which increased from 0.88 to 2.84 with an increase in carbon number of the alcohols from
three (i.e., propanols) to eight (i.e., octanols). The reactivity of the primary and secondary
alcohols is dependent on their chain length and steric hindrance: the primary alcohols with
longer carbon chains tend to react more preferentially over the corresponding secondary
alcohols. These steric effects of the alcohols are consistent with the alcohol oxidation
mechanism, which generally involves alcoholate intermediates that are derived from
dissociative chemisorption of the alcohol molecules on the catalyst surfaces, and their
subsequent conversion to carbonyl products in the presence of O2.

To probe the kinetic relevance of the elementary steps, which involve the formation of
alcoholate and abstraction of hydride from the alcoholates, the oxidation of 1-butanols,
which are fully deuterated (1-C4D9OD) and only deuterated at the hydroxyl group
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(1-C4H9OD), was examined. The TOFs and kinetic isotope effects (KIEs, denoted as
kH/kD) were measured at 40 ∘C on the Pt catalyst (1.5 nm) with similar conversions of
∼5%. These conditions were selected to maintain the reactions in the kinetic region.
Undeuterated 1-butanol (1-C4H9OH) and 1-C4H9OD showed similar TOFs with a KIE
of 0.94. Conversely, a significantly smaller TOF was obtained with 1-C4D9OD relative
to 1-C4H9OH, and the maximum corresponding KIE was 2.50. These measured KIE
values suggest that the dissociative chemisorption to form the alcoholate intermediates is
quasi-equilibrated and the hydride abstraction from the alcoholates is kinetically relevant
step during the oxidation of 1-butanol on Pt.

The involvement of radical intermediates was suggested by the inhibiting effect of a rad-
ical scavenger on TOFs in aerobic oxidation of 1-butanol on Pt. After addition of a slight
amount of radical scavenger (i.e., 1-butanol : hydroquinone = 10 : 1), the TOF significantly
decreased from 37.1 to 18.9 h−1, which became negligible (3.3 h−1) in the presence of an
equivalent amount of the scavenger. This marked scavenger effect indicates that the kinet-
ically relevant hydride abstraction from the alcoholates forms radical-type intermediates
that are involved in the oxidation mechanism of 1-butanol.

5-Hydroxymethylfurfural (HMF) is an important biomass-based platform chemical, and
its selective aerobic oxidation to 2,5-diformylfuran (DFF) remains a formidable challenge.
AC-supported Ru clusters (Ru/C2) efficiently catalyzed HMF oxidation to DFF with a high
yield of ∼96% at 383K and 2.0MPa O2 in toluene. Ru/C exhibited activities and DFF
selectivities that were superior to the activities of Ru clusters with similar sizes (about 2 nm)
on oxide supports, including Al2O3, ZSM-5, TiO2, ZrO2, CeO2, MgO, and MgAlOx, as
a consequence of their different surface acidity, basicity, and reducibility, which tend to
facilitate degradation and polymerization of HMF and DFF [181, 182].

The presence of O2 may cause over oxidation and explosion or flammability of organic
solvents or alcohol reactants. The safety problem becomes critical for the practical
large-scale transformation of alcohols to carbonyl compounds. Thus, the dehydrogenation
of alcohols in the absence of an oxidant is a fascinating route. The dehydrogenation of
alcohols in the presence of a hydrogen acceptor, such as alkenes or ketones, can proceed
over supported Pd and Cu catalysts; however, this route consumes the hydrogen acceptor
and produces organic by-products and is not atom economical. With respect to atom
economy, the dehydrogenation of alcohols in an inert atmosphere is the most desirable
route to produce carbonyl compounds and H2.

Hensen and coworkers prepared Au nanocatalysts with particle sizes that varied between
1.7 and 15 nm by varying the support and gold-loading procedure. A strong influence of
the size of gold particle on nonoxidative dehydrogenation of ethanol is noted: Au NPs of
approximately 6 nm exhibit higher activity than the activity of smaller or larger particles.
This optimal catalytic activity is attributed to the existence of surface steps with a suitable
geometry for the removal of 𝛽-H atoms from adsorbed ethoxide. These stepped sites are
expected to be present with maximum density for intermediate particle size [183].

Wang and coworkers also reported that Au NPs supported on hydrotalcite (HT), which
possesses both acidity and basicity, efficiently catalyze the oxidant and acceptor-free
dehydrogenation of alcohols to aldehydes or ketones and H2. Pd/HT can also catalyze the
oxidant-free dehydrogenation of alcohols but Au/HT showed higher activity and selectiv-
ity. The nature of the support and the size of Au particles served key roles in determining
the catalytic behaviors in Au-catalyzed dehydrogenation reactions. The selectivity is
primarily determined by acid–base property of the support, whereas the size of Au NPs
controls the activity. The support may influence chemical state of the active phase via
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interaction between the active phase and support. The TOF for benzyl alcohol conversion
increases with a decrease in the mean particle size of Au. Particularly, TOF substantially
increases when the Au particle size decreases from approximately 4 nm. The Au atoms on
the coordinatively unsaturated surface are more active for the activation of C–H bond (𝛽-H
abstraction) in alcohol molecules, which is believed to be the rate-determining step [180].

The size effect can provide deep insights into the true active sites that work for the
conversion of reactants and formation of different products. These insights into the effect
of Pd or Au NP size will undoubtedly be helpful for rational design of highly efficient
catalysts not only for alcohol dehydrogenation but also for other reactions.

4.3 Transformations to Generate Heterocyclic Motif and Others

Heterocyclic motif is an important scaffold that has both industrial and pharmaceutical
applications [184]. Thesemotifs can be prepared using a variety of reaction conditions, such
as expensive catalysts, toxic solvents, harsh reaction conditions (e.g., base and high temper-
atures), and multistep reaction (Scheme 3). Considering the green synthesis, nanocatalyst
constitutes an important role in formation of heterocyclic ring and other important func-
tionalization over the ring. Nanocatalyst can also be applied to the synthesis of various
heterocycles, which are very difficult to prepare by conventional methods.

Quinoxaline is an important chemical entity that has interesting biological properties.
The synthesis of quinoxalines was performed by oxidative coupling of 1,2-diamines and
1,2-dicarbonyl compounds using Au NPs supported on ceria (Au/CeO2) or hydrotalcite
(Au/HT) as catalysts. The use of NPs created mild reaction conditions, such as base-free
reactions, using mild temperatures and air as an oxidant. The catalyst can be reused with
only a little loss in activity.

The mixture of aldehyde, malononitrile, and enaminones was heated to 50 ∘C for
30–45min in the presence of solid base catalysts, bulk CuO, and CuO NPs to synthesize
quinoline derivatives, such as imidazo[1,2-a]quinoline and quinolino[1,2-a] quinazoline.
All catalysts underwent reactions for a long time with moderate to poor yields, with the
exception of CuO NPs.
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Scheme 3 Examples of the synthesis of heterocycles.
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The use of nanocatalyst can also be applied to the synthesis of various heterocycles,
which are very difficult to prepare by conventional methods. The use of green nanocatalyst
for synthesis of various heterocycles has advantages, such as short reaction time, high yield,
inexpensive chemical usage, easy work-up procedure, and very specific reactions. In the
majority of reactions, the spent catalyst can be easily separated from the reaction mixture
and reused without noticeable change in its catalytic activity.

4.4 Conclusions

Researchers have made significant advances in the synthesis of well-defined nanostructured
materials in recent years. Among these advances are novel approaches that have permit-
ted rational design and synthesis of highly active and selective nanostructured catalysts by
controlling the structure and composition of active NPs and manipulating the interaction
between catalytically active NP species and their supports. The ease of isolation and sep-
aration of heterogeneous catalysts from the desired organic product and the recovery and
the reuse of these NPs enhance their attractiveness as green and sustainable catalysts.

Selected examples show case principles of NP design, such as the enhancement of reac-
tivity, selectivity, and/or recyclability of nanostructured catalysts via control of structure
and composition of catalytically active NPs and/or nature of the support. Although the pre-
vious decade has brought many advances, challenges in the area of nanocatalysis, such as
loss of catalytic activity during operation due to sintering, leaching of soluble species from
nanocatalysts in harsh reaction conditions, loss of control over well-defined morphologies
during the scale-up synthesis of nanocomposites, and limited examples of enantioselective
nanocatalytic systems, need to be addressed. The future of nanocatalyst research is depen-
dent on judicious design and development of nanocomposite catalysts that are stable and
resistant to sintering and leaching but are highly active and enantioselective for the desired
catalytic organic transformations, even after multiple runs. Successful applications of these
multifunctional nanocatalysts, especially in tandem, domino, or cascade reactions, provide
a versatile platform for the development of green and sustainable processes [185].

5 NANOCATALYSTS FOR NEW ENERGY APPLICATIONS

To demonstrate the impact of recent achievements in nanoscience in the field of
energy-related processes, we present four specific examples, namely, the FT process,
methane conversion, biomass conversion, and photocatalysis.

5.1 Fischer–Tropsch Synthesis (FTS)

5.1.1 Overview of FTS Fischer–Tropsch synthesis (FTS) is an exothermic catalytic pro-
cess that transforms a mixed gas of CO and H2 (syngas) into a wide spectrum of HCs. It
has been one of the most important chemical processes in chemical industry. As syngas can
be obtained from coal, natural gas, and biomass, the establishment of syngas conversion
routes might help us develop an alternative carbon-neutral industry to replace the current
petroleum-based economy.

The search for suitable catalysts for FTS reactions can be dated back to the 1920s when
the FTS process was invented [186]. Varieties of transition metals have been employed
for the syngas conversion, and it is confirmed that Fe-, Co-, and Ru-containing catalysts
are the most efficient to catalyze the transformation of syngas to desired liquid HCs.
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Usually, saturated HCs are preferably formed on Ru and Co catalysts, while more olefins
are produced on Fe-based catalysts. However, because of the relatively high price of Ru,
the much cheaper Fe and Co have attracted more attention from a practical point of view.
Indeed, the catalysts used in commercial plants are all based on Co and/or Fe. Many
reviews have been published from different perspectives [187, 188].

The reaction mechanism for FT synthesis is quite complicated, and many reviews have
made efforts to describe it [189–191]. It is now generally accepted that FT synthesis pro-
ceeds through a surface-catalyzed polymerization mechanism where CHx monomers are
formed by hydrogenation of CO. Recent DFT calculations over model Ru or Co surfaces
suggest that both direct CO dissociation and hydrogen-assisted CO dissociation via HCO
intermediates may occur, depending on the type of surface or site (i.e., terrace or step sites)
[192, 193]. Adsorbed O can be efficiently removed by H to form water, whereas adsorbed
C can recombine with H to yield various CHx intermediates (x= 0–3). Then, chain growth
through C–C coupling starts, in competition with chain termination through hydrogenation,
hydrogen abstraction, or insertion of nondissociatively adsorbed CO to produce alkanes,
alkenes, or alcohols, respectively [194]. The mechanism for the C–C coupling is still an
open question, and many potential reactive monomers, such as adsorbed CH2 [195], CH
[196], C [197], and CH𝛿+, have been proposed. Both experimental and theoretical studies
may play important roles in elucidating the coupling mechanism.

Selectivity control is one of the most important and difficult challenges for FT syn-
thesis. As a result of the polymerization mechanism, the products of FT synthesis gener-
ally follow a statistical HC distribution, which is known as the Anderson–Schulz–Flory
(ASF) distribution (Figure 9) [198]. Therefore, the distribution of product is determined by
the chain-growth probability (𝛼) value. Such a statistical distribution is nonselective for a
desired range of HCs. For example, the maximum selectivities to C5−C11 (gasoline range)
and C12−C20 (diesel range) HCs are approximately 45% and 30%, respectively.

Recent progress on the design/fabrication of nanostructured metal catalysts with
altered product selectivity or increased reaction activity for the conversion of syngas
is one of the most important topics in heterogeneous catalysis research. Apparently,
those nanostructured materials not only provide a platform for improving the selectivity
of product but also offer new insights on the FTS reaction mechanism. In this section,
we will focus on the influences of catalyst factors, especially the chemical state of the
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active components and the nature of the supports and promoters on FTS activity and
selectivity.

5.1.2 Key Factors of FTS Nanostructured Catalysts

Size Effect A variety of transition metals have been applied in the conversion of syngas.
In general, FTS catalysts include unsupported Fe, Co, and Ru metal catalysts or those sup-
ported on oxides or other supports. The metals play crucial functions in the CO dissociation
and subsequent important reaction steps such as C–C coupling. In other words, it is their
intrinsic electronic structures that determine the activity toward CO activation and the prod-
uct distribution.

It is widely accepted that reactions containing the decomposition or formation of C–C
bonds are structure-sensitive reactions, while reactions containing decomposition or forma-
tion of only C–H bonding are structure-insensitive reactions. Therefore, the FTS reaction
is recognized as a structure-sensitive reaction. de Jong and coworkers have developed an
excellent Fe-based catalyst for the Fischer–Tropsch to olefins (FTO) process [199] and
investigated the Fe NP size effect in this system [200]. Carbon nanofiber (CNF) was used
as an inert support. The apparent TOF corresponding to initial activity of the unpromoted
Fe/CNF catalysts decreased by six to eight times when the average size of iron increased
from 2 to 7 nm, although the selectivity for methane and lower olefins was almost constant.
In contrast to the behavior observed for the unpromoted catalysts, the product selectivity
of Na, S-promoted Fe/CNF samples exhibited a clear effect of iron particle size. The lower
olefin selectivity increased, while the CH4 selectivity showed a decreasing trend when the
iron size increased from 2 to 7 nm. It is suggested that the sites at the corners and edges
play different roles than sites on terraces in activity and selectivity. The former is associated
with size, while the latter is independent of size. These results provide a rigorous and novel
elucidation of the size effect and make some important suggestions for the design of FTO
catalysts.

Chemical State of Active Component Insights into the chemical state of the active sites
and phases are crucial for design of highly active and selective FT catalysts. It is generally
accepted that the metallic Ru0 and Co0 NPs are the active phase in FT synthesis [201].
Unlike Ru and Co catalysts, Fe catalysts usually undergo reconstruction under FT reac-
tion conditions, and long reduction periods are often required to reach the steady states.
Many studies indicate that iron carbides are the active phase, but the nature of the active
and selective carbides is still unclear. Schulz and coworkers studied the construction of a
Fe–Al–Cu/K2O catalyst in H2/CO and concluded that the FT activity was related to the
formation of iron carbide (Fe5C2), while the metallic iron was less active [202]. Recently,
De Smit et al. reported an in situ characterization of a K- and Cu-promoted Fe catalyst
supported on SiO2 using scanning transmission X-ray microscopy (STXM) combined with
a nanoreactor [203]. They detected Fe2O3 as the sole iron phase in fresh catalyst, and this
hematite phase was transformed to Fe3O4 and Fe2SiO4 (a Fe

II silicate) after H2 reduction.
After reaction in syngas (0.1MPa) at 523K, the Fe3O4 was further converted to Fe0 and
Fe2SiO4, and iron carbides (FexCy) were also formed after the reaction. It should be noted
that the Fe-based catalysts are usually sensitive to the pretreatment conditions, which may
be due to the formation of different structures of iron and/or iron carbides.

Co-based materials represent an important catalyst for FTS. However, traditional
Co-based catalysts usually operate at a temperature > 473K to obtain acceptable activ-
ity and selectivity, especially for those working under liquid-phase or slurry-phase
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reaction conditions, so it is desirable to develop a new catalytic system that could
allow working at a relatively low reaction temperature. Ma et al. presented a one-step
hydrogenation-reduction route for the synthesis of Pt–Co NPs, which were found to
be excellent catalysts for aqueous-phase FTS at 433K. Coupled with atomic-resolution
scanning transmission electron microscopy (STEM) and theoretical calculations, the
outstanding activity is rationalized by formation of Co overlayer structures on Pt NPs or
Pt–Co alloy NPs. The improved energetics and kinetics from change of the TSs imposed
by the lattice mismatch between the two metals can be used as the basis for rational design
of bimetallic catalysts with low-temperature activities [204].

Nature of Catalyst Support The choice of a catalyst support with a proper interaction with
the active metal (or metal precursor) is crucial because the balance between the reducibil-
ity and the dispersion determines the FT catalytic performance. Oxides, particularly SiO2,
Al2O3, and TiO2, are probably the most extensively investigated supports for Co catalysts,
and the specific activity of CO hydrogenation decreases in the order of Co/TiO2 > Co/SiO2
> Co/Al2O3 > Co/C > Co/MgO. CNFs or carbon nanotubes (CNTs) with high external
surface areas are another type of promising support for FT synthesis. The key parame-
ters influencing the product selectivity of CNF- or CNT-supported catalysts are the size of
MNPs, the location of active metals, and the pretreatment of CNFs or CNTs [205–207]. Bao
and coworkers performed an interesting study to elucidate the confinement effect of CNTs
on the structural and catalytic properties of Fe catalysts [205]. They developed techniques
to selectively prepare Fe NPs with similar sizes (4–8 nm) but with different locations, inside
and outside the CNTs (denoted as Fe-in-CNT and Fe-out-CNT, respectively). Through in
situXRD studies under near-reaction conditions (543K, 0.1–0.95MPa), the transformation
of metallic Fe and Fe3O4 to iron carbides (FexCy, most likely Fe5C2 and Fe2C) and FeO
was observed. The relative ratio of integral XRD peaks of FexCy/FeO suggests that the for-
mation of FexCy was facilitated inside the CNTs. The C5+ selectivity was also enhanced by
confining the Fe-in-CNTs. The Fe-in-CNT was also very stable, and the size of Fe particle
was not significantly changed even after 200 h of reaction. In contrast, the size of Fe particle
for Fe-out-CNT grew significantly during the reaction.

Zeolites have also attracted much attention for FT synthesis. In addition to the
shape-selective feature of zeolites, their acidity has resulted in the development of a
series of bifunctional or modified FT catalysts that can produce isoparaffins or aromatics
in the gasoline range. The combination of an H-form zeolite (typically H-ZSM-5) with
an Fe catalyst to form a hybrid catalyst working at temperatures higher than 573K can
provide C6−C12 aromatics with high selectivity [208]. The development of core–shell-type
catalysts containing a FT-catalyst core, such as Co/SiO2 or Co/Al2O3, and a zeolite shell
further enhances the bifunctional process, producing more concentrated C4−C10 isoparaf-
fins [209]. Further modification of the bifunctional catalysts may lead to commercialization
of this novel FT process with tailored product selectivity in the near future.

Nature of the Promoter Promoters are essential for modifying the selectivity to target
products, especially in the case of Co and Fe catalysts. Noble metals such as Ru and Re
can enhance the reducibility and/or dispersion of the Co species and thereby increase the
C5+ selectivity of Co catalysts [187, 210]. Transition metal oxides, particularly ZrO2 and
MnOx, may decrease the selectivity of CH4 and increase that of C5+ HCs by decreasing
the hydrogenation ability and/or increasing the CO dissociation, probably via regulating
the electronic state of the Co species [211]. For Fe catalysts, alkali metal ions are typically
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required for decreasing the CH4 selectivity and increasing the probability of chain growth.
The alkali metal ion is expected to function as an electronic promoter to affect the electronic
character of Fe and can modify the activity and selectivity by enhancing the chemisorption
of CO and inhibiting that of H2 [212]. Recent studies indicate that most promoters cannot
affect the intrinsic activity (TOF) of the Fe site but are capable of enhancing the reduction
and carburization of Fe species or facilitating the dispersion of active iron carbide species.
To achieve the goals of decreasing the selectivities to CH4 and CO2 and of promoting the
C5+ or light olefin formation, we have to combine different modifiers with different func-
tions in one catalyst. Thus, the interactions among the different modifiers should also be
considered for rational design of an efficient Fe-based catalyst. Such information as the
synergistic effect between different promoters is still lacking.

5.1.3 Summary andOutlook FTS has received renewed interest because of its important
position in the transformation of nonpetroleum feedstocks to environmentally benign fuels
and valuable chemicals. However, very wide product distributions are generally obtained
over conventional FT catalysts. Selectivity control remains one of the most important and
difficult challenges in the research area of FTS. The development of efficient catalysts with
controlled selectivity or tuned product distribution is a highly desirable goal.

Several important issues need to be addressed in the development and study of nanostruc-
tured FTS catalysts. (i) It is necessary to design new synthetic approaches that are simpler
and can be conducted under relatively mild conditions to gain production cost advantage
compared to traditional FTS catalysts. (ii) Another important aspect is to explore novel FTS
nanostructured catalysts such as the bimetallic catalysts. The combination of their different
characteristics could lead to enhanced catalytic activities and versatile product distributions
compared to the individual components on the bimetallic catalysts or multimetallic cata-
lysts. (iii) It is important to use combined approaches, such as theoretical modeling and in
situ techniques, to disclose the FTS reaction mechanism and the nature of catalyst active
phase. The theoretical descriptions of the FTS reaction provide information that cannot
be generally obtained through practical experiments, but the gap between the modeling and
experiments needs to be bridged to shed light on the FTS process under working conditions.
On the basis of these considerations, we could expect that insights into the atomic-scale pro-
cesses can guide the design of nanostructured catalyst for the FTS reaction to develop more
energy-efficient and environmentally benign catalysis.

5.2 CH4 Conversion

The current status of this research field is discussed with an emphasis on the activation of
C–H bond and future challenges.

5.2.1 Direct Oxidative Methane Coupling The direct conversion of CH4 is potentially
more economical and environmentally friendly but is challenging because CH4 exhibits
high C–H bond strength (434 kJmol−1), negligible electron affinity, large ionization energy,
and low polarizability [66]. In the pioneering work of Keller and Bhasin in the early 1980s,
CH4 was activated with the assistance of oxygen using reducible oxides [213]. This finding
initiated a worldwide research surge to explore the high-temperature (>1073K) oxidative
coupling of methane (OCM) to C2 HCs. Hundreds of catalytic materials have once been
synthesized and tested, principally during the 1990s, as well as in recent years [214–216].
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Lunsford [217], using matrix isolation, demonstrated that on Li/MgO, one of the most
studied catalysts for OMC, the main role of the catalyst was to produce methyl radicals
(CH3⋅), which recombined to yield C2H6. This led to a unselective reaction pathway of
free radical in which ethane was further dehydrogenated to form C2H4 and oxidized to
form carbon oxides that limited the C2 yield. Such a pathway was generic for most oxide
catalysts and their mixtures, which under reaction conditions often resulted in complex
multiple phases. Given the above mechanistic information, current strategies, therefore,
concentrate upon the synergetic effects among (i) strongly basic oxides, for example, MgO
and La2O3, which provide the catalyst with intrinsic ability to cleave the C–H bond, (ii)
dopants that are incorporated into the host oxide at low concentrations, for example, Ce,
Na, Li, Mn, and W, which assist in the activation of dioxygen or reoxidation of reduced
metal oxide, and (iii) promoters that assist the catalyst in terms of stability and/or lifetime
(e.g., Al2O3 or halogen anions).

Following the seminal studies of Lunsford, a wide variety of alkali, alkaline earth, rare
earth, and transition metal oxides have been studied in recent decades, predominantly
for their intrinsic ability to homolytically cleave the methane C–H bond [218]. Among
host metal oxides, nonreducible metal oxides account for the majority of recent catalysis
research. It was recently stated by Baiker et al. that rare earth oxides, mainly M/La2O3
or Sm2O3 (M = Ca, Sr, Ba, etc.), appear to be the most active materials in this group of
catalysts [219]. This was exemplified in a pioneering study by Deboy and Hicks using
Sr-doped La2O3, which resulted in a C2 yield of almost 20% at a C2 selectivity of 69%
[220, 221].

Unfortunately, the presence of O2 irreversibly leads to the overoxidation of methane,
resulting in a large amount of thermodynamically stable end products CO2 and H2O. Thus,
the efficiency of carbon utilization in OCM remains relatively low. Slow progress in dis-
covering new catalysts to circumvent this problem has hindered further development, and
no economically viable process has been put into practice so far.

5.2.2 Nonoxidative Methane Dehydroaromatization (MDA) Nonoxidative methane
dehydroaromatization (MDA) provides a simple, straightforward, and economical pathway
from methane to aromatic HCs without intermediate steps. Intensive efforts have been
devoted to the development of suitable catalysts, such as Zn/HZSM-5 [222], Fe/HZSM-5
[223], and Ga/HZSM-5 [224], and encouraging progress has been made, especially in
bifunctional catalysts based on Mo/zeolites, such as Mo/MCM-22 [225], Mo/HMCM-49
[226], and Mo/HZSM-5 [227–229], which catalyze the conversion of CH4 to aromatics
(benzene and naphthalene) nonoxidatively, thereby avoiding formation of CO2. In this
process, CH4 is activated on the metal sites to form CHx species, which dimerize to C2Hy.
Subsequent oligomerization on the acidic sites located inside the zeolite pores yields
benzene and naphthalene, as well as copious amounts of coke [230–232]. The commercial
prospects for this process are further hampered by the instability of zeolites at very high
reaction temperatures.

To achieve direct conversion of CH4 efficiently, the challenges lie in cleaving the first
C–H bond while suppressing further catalytic dehydrogenation and avoiding both gener-
ation of CO2 and deposition of coke. Bao recently reported that these conditions can be
met using lattice-confined single iron sites embedded in a silica matrix [233]. These sites
activate CH4 in the absence of oxidants, generating methyl radicals, which desorb from the
catalyst surface and then undergo a series of gas-phase reactions to yield ethylene, benzene,
and naphthalene as the only products (with ethylene dominating at short space times for a
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selectivity of ∼52.7% at 1293K). A methane conversion as high as 48.1% is achieved at
1363K, whereas the total HC selectivity exceeds 99%, representing an atom-economical
transformation process of methane. The lattice-confined single iron sites deliver stable per-
formance, with no deactivation observed during a 60-h test.

5.2.3 Partial Oxidation of Methane The partial oxidation of methane is an area of great
interest and may yield commodity or bulk chemicals such as methanol, formaldehyde, or
formic acid, or methanol precursors such as methyl bisulfate. Of these potential processes,
the oxidation of methane to methanol is the most attractive one, at least on paper. Given
its popularity and potential to revolutionize the chemical industry, a number of approaches
have been investigated to partially oxidize methane, and these may broadly be classified
into two main categories, partial oxidation at both high (>250 ∘C) and low temperatures.

A large number of studies have focused on the partial oxidation of methane at high
temperature (600–800 ∘C) and low pressures (≈1 atm), typically over metal oxide cata-
lysts [234–236]. However, it should be noted that under such reaction conditions, a number
of competing consecutive reactions are prevalent, including methyl radical coupling and
deeper oxidation, which reduce the yield of useful oxygenates and result in rather poor
reproducibility. More crucially, significant methanol selectivity has only been observed at
extremely low (<1%) levels of methane conversion.

Recent work has instead been focused on the oxidation of methane at lower reaction
temperatures in an attempt to avoid the overoxidation of methanol to formaldehyde and
COx. However, the major challenge with a low-temperature pathway is the necessity of
designing an exceptionally active catalytic system. To aid this, low-temperature approaches
typically require more reactive oxygen-donor species to successfully oxidize methane.
One of the most efficient low-temperature approaches involves the electrophilic activation
of methane over high-valent (soft) electrophiles, for example, PtII, PdII, AuI/III, TlIII, or
HgII, typically performed in highly acidic reaction media (H2SO4, CF3COOH, or H2SeO4)
[237, 238]. Another area of improvement concerns the oxidant. In this instance, a Fe-
and Cu-containing MFI-type zeolite was used to selectively oxidize methane to methanol
with H2O2 via methyl hydroperoxide [239]. Outstanding levels of methanol selectivity
(>90% at 10% conversion) and higher catalytic rates were observed (>14 000 h−1). The
key to this incredibly efficient and selective catalytic system is the formation of a unique
diferric active site containing one ferryl (FeIV=O) and one Fe–hydroperoxy (Fe–OOH)
component.

In spite of the significant breakthroughs achieved toward the low-temperature-selective
oxidation of methane, it is clear that some of the greatest challenges remain, such as the
low overall yields of methanol, the isolation of dilute quantities of methanol from a solvent
and improvement of the catalytic rates. However, perhaps the most significant limitation
is the economics of catalytic system. Indeed, the low value increase between methane and
methanol makes it imperative that the catalytic system, and particularly the oxidant, be as
cheap as possible.

5.3 High-Value-Added Chemicals from Biomass

The development of new technologies for producing energy and chemicals from sustain-
able resources has rendered biomass conversion an important research area. Biomass has
been proposed as an ideal alternative to petroleum for the production of fuels and chem-
icals. Starch (as well as sugars), triglycerides, and lignocellulose are the general classes
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of feedstocks derived from biomass used for the production of renewable biofuels and
chemicals. Among them, lignocellulose biomass is the most abundant and is an inexpensive
nonedible biomass that can be an excellent source of fuels and chemicals without affecting
food supplies.

The development of processes to convert lignocellulosic biomass to fuels and
value-added chemicals, however, remains a great challenge. The complex chemical com-
position of lignocellulosic biomass makes it difficult to yield target fuels and chemicals
in a high yield and quality. Lignocellulose is composed of lignin (15–20%), hemicel-
lulose (25–35%), and cellulose (40–50%). Lignin is a class of complex, cross-linked,
three-dimensional biopolymers with phenyl-propane units with relatively hydrophobic and
aromatic properties. Cellulose is a polymer of glucose units linked by 𝛽-glycosidic bonds,
while hemicelluloses contain many different sugar monomers. Although biomass is the
most abundant plant material resource, its exploitation has been limited by its composite
nature and rigid structure. Most technical approaches to convert lignocellulosic material
to chemicals and fuels have been focused on an effective pretreatment to liberate cellulose
from the lignin composite and break down its rigid structure. Once isolated, cellulose can
be hydrolyzed into glucose monomers under harsher conditions, at elevated temperature
and using acid as a catalyst.

In addition to the complexity of biological sources, the inert chemical structure and the
compositional ratio of carbon, hydrogen, and oxygen in lignocellulosic biomass pose addi-
tional difficulties to its chemocatalytic conversion to valuable fuels and commodity chem-
icals. Celluloses are highly oxygenated compounds, and their conversion into liquid HC
fuels requires oxygen removal reactions (e.g., dehydration, hydrogenolysis, hydrogenation,
and decarbonylation/decarboxylation), in some cases in combination with the adjustment
of molecular weight via C–C coupling reactions (e.g., aldol condensation, ketonization, and
oligomerization) of reactive intermediates. In this context, the development of a new family
of highly active and selective catalyst systems is an essential prerequisite for the chemos-
electively catalytic conversion of lignocellulosic biomass to the desired products. As such,
we focus on recent advances in different catalytic processes for the conversion of lignocel-
lulosic biomass, in particular cellulose, into potential fuels and commodity chemicals.

5.3.1 Hydrolytic Hydrogenation of Cellulose Cellulose conversion into polyols, among
the various primary conversion routes explored to date [240], is evolving as a very viable
option in terms of energy efficiency and atom economy. The biomass-derived polyols, such
as sorbitol and glycerol, are being considered as new bioplatform molecules [241–244] that
can be efficiently converted into H2, synthesis gas, alkanes, liquid fuels, and oxygenates.
The direct conversion of cellulose involves hydrolysis, hydrogenation, and hydrogenolysis,
and the product distribution can be tuned via selective cleavage of C–C and C–O bonds at
specific positions using different catalysts.

Cellulose, a linear polymer of d-glucose with 𝛽-1,4-glycosidic bonds, can be readily
hydrolyzed by mineral acids into glucose, which is then hydrogenated to form sorbitol
and other polyols [245]. However, this process is not green and suffers from the com-
mon problems associated with the use of liquid acids, for example, corrosion and acid
recovery or disposal. In attempts to solve these problems, Fukuoka and Dhepe recently
showed that solid acids can replace liquid acids for conversion of cellulose into sorbitol
and mannitol, but at relatively low yields [246]. In parallel with this work, Liu reported a
one-step approach to convert cellulose into polyols by hydrogenation on soluble Ru clus-
ters in ILs [247], but it encounters difficulties associated with the separation of Ru clusters
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and polyol products from the ILs. These problems render the two processes unfeasible
for industrial practice. For these reasons, it is apparent that the hydrolysis of cellulose by
liquid acids is currently the best method, provided that the existing acid problems can be
circumvented.

It is known that liquid water at elevated temperatures (above 473K) can generate H+ ions
capable of performing acid-catalyzed reactions. The hydrolysis of cellulose catalyzed by in
situ-generated reversible protons produced by high-temperature liquid water was first com-
bined with hydrogenation for the production of sugar alcohols in Liu’s research [248]. Ru/C
was chosen as the hydrogenation catalyst for its superior glucose hydrogenation activity.
After 30min, the yield of hexitol was 39.3% at a conversion of 85.5% under conditions of
518K, 6MPaH2. In their study, small amounts of low-carbon glycols such as propylene gly-
col and EG were produced because glucose is more active than the corresponding hexitols.

Zhang and coworkers performed the hydrogenation of cellulose under the catalysis of
tungsten carbide to replace the high-priced noblemetal catalysts used previously [249, 250].
Tungsten carbide was found to give a higher yield of EG than platinum and ruthenium
catalysts under reaction conditions of 518K, 6MPa H2, and 30min. Furthermore, the yield
of EG increased significantly from 27% to 61% with the promotion of a small amount of
nickel. When using a 3D mesoporous carbon scaffold to support tungsten carbide NPs, the
selectivity toward EG could be improved further to 72.9% [251].

Zhang also developed a series of transition metal-W bimetallic catalysts capable of
EG formation from cellulose in one step [252]. Among the catalysts they employed,
Ni5-W15/SBA-15 catalysts give a yield of EG as high as 75% at 518K, 6.0MPa H2.
In their subsequent studies [253], they found that the homogeneous tungsten bronze
species functioned as a uniquely active species for the C–C scission of glucose during the
formation of glycolaldehyde, which was further hydrogenated to EG catalyzed by a metal
active site. Tungsten trioxide promoted ruthenium catalysts were also proven to show
high activity in the hydrogenolysis of cellulose to yield glycols by Liu [175, 254], where
WO3 was found to promote the hydrolysis of cellulose as well as the efficient C–C bond
cleavage of the sugar.

To explore a catalyst that can effectively convert cellulose at low cost, Mu and coworkers
evaluated Ni-based catalysts supported on various supports (Al2O3, kieselguhr, TiO2, SiO2,
ZnO, ZrO2, andMgO in previous investigations) [255]. It was found that a 20%Ni/ZnO cat-
alyst can convert the cellulose completely and give a 70.4% yield of total 1,2-alkanediols.
The main drawback of this catalyst lies in its poor hydrothermal stability. They also pre-
pared a series of Ni–Cu/ZnO bimetallic catalysts that have been successfully applied to the
hydrogenolysis of cellulose and real biomass substrates (including cornstalk and corncob)
for the purpose of producing 1,2-alkanediols as the major products [256]. 2Ni3Cu5ZnO cat-
alyst displayed the best 1,2-alkanediol selectivity (72.5%), with 74% cellulose conversion
at 518K, 4MPa H2.

5.3.2 Conversion of Biomass via Platform Molecules The selection of the platform
molecules was initially performed by the US Department of Energy (DOE) [257] in 2004
and revisited recently by Bozell and Petersen [258], including sugars (glucose and xylose),
polyols (sorbitol, xylitol, and glycerol), furans (furfural and HMF), and acids (succinic,
levulinic, and lactic acids). They were selected considering several indicators such as the
availability of commercial technologies for their production and their potential to be simul-
taneously transformed into fuels and chemicals in facilities called biorefineries.
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5-Hydroxymethyl furfural (5-HMF), a Versatile Platform Chemical The development of
efficient methods for HMF production from carbohydrates has been ongoing for almost a
century. On the basis of the solvent system used, synthesis of HMF from carbohydrates can
roughly be divided into three types of processes: traditional single-phase systems, biphasic
systems, and IL-based systems.

It was shown earlier that the dehydration of aqueous solutions of fructose in the pres-
ence of liquid or solid acid catalysts resulted in modest yields of 5-HMF because of the
formation of levulinic acid, formic acid, and humins. The use of organic molecules such
as methyl isobutyl ketone (MIBK), acting as an extracting solvent, increases the yield
of 5-HMF. Thus, a 74% yield was obtained in batch mode in a mixture of water and
MIBK in the presence of dealuminated mordenites at 165 ∘C [259]. Binder and Raines
reported a 92% yield of 5-HMF when fructose was dehydrated with an H2SO4 catalyst in
a N,N-dimethylacetamide (DMA) solution with an additive of LiBr or KI [260].

Cheap and abundantly available glucose is the desired starting material for the produc-
tion of HMF, although yields are typically low for this feedstock. In 2007, Zhang and
coworkers made an important advance in the synthesis of HMF from glucose [261]. Using a
system of 10mol% of CrCl2 in an IL (1-ethyl-3-methylimidazolium chloride, [EMIM]Cl),
they were able to obtain a 70% yield of HMF at 95% conversion. Pidko and coworkers
combined X-ray absorption spectroscopy (XAS), DFT, and kinetic experiments to confirm
the role of Cr in the isomerization of glucose to fructose [262], in which the ring opening of
glucose is catalyzed by a mononuclear Cr complex and the actual isomerization to fructose
proceeds through a binuclear Cr complex.

The use of ILs combined with catalysts to obtain much higher 5-HMF yields comes
not only from glucose but also from cheaper carbohydrates such as sucrose, inulin, starch,
cellulose, and even lignocellulosic materials [263, 264]. However, furfural and HMF are not
attractive fuel components because of their melting point and stability. They can be used
as starting materials to produce a variety of high-value-added furan derivatives, as well as
to produce liquid alkanes and fuel additives. Plentiful work has already been carried out on
the conversion of HMF into fuels and chemicals.

One of the most attractive furan derivatives as an alternative to gasoline blending is
2,5-dimethylfuran (DMF). The most general method to obtain DMF is the reduction of both
formyl and hydroxyl groups of HMF using supported metal catalysts in an organic solvent
such as butanol. 2,5-DMF was obtained with a 71% yield by vapor phase hydrogenolysis
of 10 wt% 5-HMF in 1-butanol solution in a flow reactor loaded with a Cu–Ru/C catalyst
[265]. A 95% yield of 2,5-DMF was obtained by heating a solution of 5-HMF in refluxing
tetrahydrofuran in the presence of formic acid, H2SO4, and Pd/C catalyst [266].

The efficient hydrogenation of HMF into 2,5-bis-hydroxymethylfuran (BHMF) was per-
formed using a Cu/SiO2 catalyst [267], obtaining as high as 97% BHMF yield. In the
presence of acidic ZSM-5 zeolite, the synthesized BHMF further reacted with methanol,
leading to a 70% yield of corresponding 2,5-bis-methoxymethylfuran (BMMF). The target
product BMMF is an excellent cetane number improver for diesel, as proven by its cetane
number of 80, high flash point (90 ∘C), and low cold filter plugging point (<−37 ∘C).

To upgrade furan platform molecules into liquid alkanes with higher numbers
of carbons able to be used in gasoline, diesel, and jet engines, different strategies
for C–C coupling have been proposed. Dumesic et al. [268] proposed a process for
obtaining diesel fuels of high quality from the Aldol condensation of HMF or fur-
fural with acetone, followed by hydrogenation and deep dehydrodeoxygenation. The
condensation of HMF with acetone was carried out in a biphasic reactor where furan
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dissolved in THF is contacted with aqueous NaOH solution at room temperature. The
single condensation product (4-(5-(hydroxymethyl)furan-2-yl)but-3-en-2-one), a C9
intermediate, can additionally react with a second molecule of HMF to produce a C15
oxygenated fuel precursor. Finally, the hydrogenated Aldol compounds are subjected
to a hydrogenation/dehydration/ring-opening process in the presence of bifunctional
catalysts such as Pd/Al2O3 (at 373–413K and 25–52 bar of H2) and Pt/NbPO5 (at
528–568K and 60 bar of H2), producing a mixture of linear C9 and C15 alkanes in 73%
yield. Very recently, Xia and coworkers reported a direct and efficient approach for
the production of liquid alkanes from biomass-derived Aldol adducts (furfural-acetone
(FA), 5-hydroxymethylfurfural-acetone (HMFA), di-furfural-acetone (DFA), and
di-5-hydroxymethylfurfural-acetone (DHMFA)) over a multifunctional Pd/NbOPO4
catalyst under mild conditions [269]. Octane is obtained in very high yield (94%) from
the direct conversion of FA, and the catalyst can be used for 256 h without deactivation at
170 ∘C and 2MPa, which is the best performance reported so far.

The hydrogenolysis of C–O bonds in furan and its derivatives has been studied more
and more in recent years. One typical example is the hydrogenolysis over Rh or Ir cat-
alysts modified with ReOx, which we discovered recently [270]. The systems selectively
dissociate the C–O bond neighboring another –CH2OH group in the substrate, enabling the
conversion of tetrahydrofurfuryl alcohol to 1,5-pentanediol in high yield. Yao et al. reported
an one-step conversion of HMF over Ni–Co–Al mixed oxide catalysts derived from corre-
sponding HT-like compounds [271]. 1,2,6-Hexanetriol was obtained in 64.5% yield under
mild reaction conditions.

Levulinic Acid/𝛾-Valerolactone Platform Levulinic acid (4-oxopentanoic acid) can be con-
sidered one of the most important compounds on the selected list of platform molecules
derived from biomass due to its reactive nature along with the fact that it can be produced
from lignocellulose wastes at low cost. The biorefinery process was developed at the indus-
trial scale for the production of levulinic acid from cellulose and hemicellulose present in
agricultural or forest residues. The raw material was hydrolyzed and dehydrated by acidic
treatments in a first reactor, yielding 5-HMF, which was recovered and converted in a sec-
ond reactor to levulinic acid with a 60% yield with respect to the monomers contained in
the starting cellulosic materials [272].

𝛾-Valerolactone (GVL) has been identified as a renewable platformmolecule with poten-
tial impact as a feedstock in the production of both energy and fine chemicals. GVL is
obtained by hydrogenation of levulinic acid. The reduction of levulinic acid to GVL using
external H2 has been typically performed using a metal catalyst, such as Ru, Pd, Pt, Ni, Rh,
Ir, or Au, on different supports. Among them, Ru catalysts have shown high performance
to reduce levulinic acid or its esters to GVL. Manzer showed that GVL was obtained with
a 97% yield by the hydrogenation of levulinic acid at 150 ∘C over a 5 wt% Ru/C catalyst
[273]. Pt/TiO2 or Pt/ZrO2 catalysts afforded a continuous hydrogenation of levulinic acid
with marginal deactivation over 100 h, yielding 95% GVL [274]. Deng has demonstrated
that an inexpensive, recyclable RuCl3/PPh3/pyridine catalyst system can be used to convert
a 1 : 1 aqueous mixture of levulinic acid and formic acid into GVL in high yields [275].

GVL retains 97%of energy content of glucose and performs comparably to ethanol when
used as a blending agent (10% v/v) in conventional gasoline [276]. GVL suffers, however,
from several limitations for widespread use in transportation sector, such as high water
solubility, blending limits for use in conventional combustion engines, and lower energy
density compared to petroleum-derived fuels. Although these limitations can be at least
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partially alleviated by reduction of GVL with hydrogen to methyltetrahydrofuran [277],
which can be blended up to 70% in gasoline, the limitations would be completely eliminated
by converting GVL to liquid alkenes (or alkanes) with molecular weights targeted for direct
use as gasoline, jet, and/or diesel fuels.

Bond et al. reported a strategy by which aqueous solutions of GVL, produced from
biomass-derived carbohydrates, can be converted to liquid alkenes with a range of molec-
ular weight appropriate for transportation fuels by an integrated catalytic system that does
not require an external source of hydrogen [278]. The GVL feed undergoes decarboxylation
at elevated pressures (e.g., 36 bar) over a silica/alumina catalyst to produce a gas stream
composed of equimolar amounts of butene and carbon dioxide. This stream is fed directly
to an oligomerization reactor containing an acid catalyst (e.g., HZSM-5 and Amberlyst-70)
that couples butene monomers to form condensable alkenes with molecular weights that
can be targeted for gasoline and/or jet fuel applications.

Polyol Platform for Liquid Hydrocarbon Fuels The aqueous-phase reforming (APR) of
alcohols and polyols (glycerol, EG, glucose, and sorbitol) using platinum-based catalysts,
first introduced by Dumesic and coworkers [242, 279], is an interesting approach for the
production of renewable hydrogen that can be used directly as energy, in hydrogen fuel
cells or as an external source of hydrogen for biomass-upgrading processes. However,
through the adequate selection of metal, support, and reaction conditions, the selectivity
of the APR process can be tuned toward the production of light alkanes [280]. For instance,
the aqueous-phase reforming of methanol and EG over Pt-black or Pt supported on TiO2,
Al2O3, or ZrO2 favors the C–C bond cleavage selectively producing hydrogen [281], while
other metals such as Rh, Ru, and Ni favor the C–O cleavage, rather than C–C, leading to
the production of alkanes. Another strategy for the removal of the oxygenated groups of
polyols, such as sorbitol, is through the dehydration of hydroxyl groups followed by hydro-
genation of the resulting unsaturated compounds. The process, denoted as aqueous-phase
dehydration–hydrogenation (APDH), can be performed over bifunctional catalysts bearing
acidic and metal sites such as Pt/SiO2–Al2O3 [243, 282] or Pt supported on niobium-based
solid acids at 520K and near 50 bar [283]. The dehydration of hydroxyl groups takes place
on the acid sites, producing unsaturated species such as alkenes or carbonyl compounds and
even heterocyclic ring structures, which are subsequently hydrogenated to alkanes. How-
ever, this strategy is limited to the production of alkanes with the number of carbon atoms
same as the starting feedstock. An alternative approach that allows obtaining higher alka-
nes was developed by Kunkes et al. [284], consisting of a two-step cascade process that
combines removal of oxygen and a C–C coupling reaction. First, sugars and polyols are
partially deoxygenated (up to 80%) by C–O hydrogenolysis over a Pt–Re (10 wt%)/C cata-
lyst at approximately 573K. A mixture of different monofunctional organic compounds in
C4–C6 range that contains acids, alcohols, ketones, and heterocycles and separates sponta-
neously from the aqueous phase is obtained. An important point is that hydrogen required
for deoxygenation is internally supplied by the aqueous-phase reforming of a part of the
feed on a multifunctional Pt–Re/C catalyst. In a subsequent step, this mixture of mono-
functional compounds is upgraded to higher HCs through different C–C coupling reactions
such as Aldol and ketonization processes. However, a limitation of the process is high cost
of the catalyst.

5.3.3 Concluding Remarks and Prospects In conclusion, nanocatalysts show great
potential for the production of biofuel and biochemicals. To improve the reaction efficiency
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to make it competitive with the current oil refining, a number of challenges need to be
addressed: (i) the design of more active and selective nanosized catalysts with high
hydrothermal stability for tailoring the reactions to target fuels and chemicals and (ii) the
development of more versatile catalytic systems, based on nanosized catalysts and green
solvents, able to process a range of biomass, especially raw lignocellulosic feedstocks.

5.4 Nanomaterials for Photocatalytic Applications

Photocatalysis, in which solar photons are used to drive redox reactions to produce chem-
icals, is a sustainable, nonhazardous, and economically viable route to utilize abundant,
clean, and safe solar light energy. Enormous efforts have been devoted to heterogeneous
photocatalysis after the pioneering discovery of ultraviolet (UV)-light-induced photoelec-
trochemical water splitting on TiO2 surfaces in 1972 [285].

Many semiconductor materials were developed as active photocatalysts. Photocatalysts
are usually photostable and chemical inert solid semiconductors that are able to absorb vis-
ible/UV light. The semiconductors such as TiO2, ZnO, CeO2, WO3, Fe2O3, GaN, CdS,
and ZnS could act as photoactive materials for redox/charge-transfer processes due to their
electronic structures, which are characterized by a filled VB and an empty conduction band
[286]. Among them, TiO2-based materials have shown great potential as ideal and powerful
photocatalysts due to its unique physical and chemical characteristics with high thermal and
chemical stability, nontoxicity, and high reactivity. So far, TiO2-based photocatalysts have
been widely used in applications of the removal of organic compounds from environment,
dissociation of water, solar energy conversion, and disinfection. The photocatalytic perfor-
mance can be improved by adjusting the optical, electronic, structural, morphological, and
surface properties as well as its size and crystallinity.

5.4.1 Properties of TiO2 Nanomaterials

Structure of TiO2 TiO2 has three crystalline polymorphs in nature: rutile, anatase, and
brookite, as shown in Figure 10. The three phases can be described in terms of TiO6 octa-
hedral chains. They differ by the distortion of each octahedron and the assembly pattern of
resulting octahedral chains. Anatase TiO2 has a structure of edge-sharing TiO6 octahedra,

(a) (b)

Rutile Anatase Brookite

(c)

Figure 10 Schematic unit cell structures of three TiO2 polymorphs: (a) rutile, (b) anatase, (c)
brookite.
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while the rutile and brookite frameworks have both corner and edge-sharing configura-
tions. The different characteristics of Ti–O bonds play an important role in structural and
electronic features of different phases. Brookite TiO2 is a more exotic titania polymorph
with a layered structure. The crystal structures of TiO2 nanomaterials depend largely on
the preparation method, especially the temperature. Nano-TiO2 anatase is usually prepared
by a low-temperature synthesis method. Nano-TiO2 rutile is more easily obtained from
high-temperature calcination. Brookite phases are less common and are mainly obtained
from solution-based methods at low temperature. Different phases have significantly differ-
ent properties and performance. Rutile is the most stable phase in bulk form, while anatase
and brookite are common in fine-grained natural and synthetic samples. The anatase and
brookite will be transformed into rutile upon heating under high temperature. This relation-
ship of phase stability also exists in TiO2 nanomaterial formations. The surface enthalpies
of the three polymorphs are sufficiently different that crossover in thermodynamic stabil-
ity can occur under conditions that preclude coarsening, with anatase or brookite stable at
small particle sizes. As reported by Diebold et al. [287], when heating temperature ranges
from 325 to 750 ∘C, anatase is the most stable phase between 11 and 35 nm, while the sizes
of rutile are all above 35 nm. The different phase stability is strongly controlled by physical
environment and the interaction between TiO2 and H2O [288].

Optical and Electronic Properties of TiO2 Nanomaterials The electronic and optical prop-
erties are closely related to the small size of the nanomaterials, due to size effects. The
changes of shape and lattice parameter of nanocrystals from their bulk counterparts are
also greatly influenced by the nanoscale effects. Generally, TiO2 has a band gap energy in
3.0–3.4 eV range, which depends on the crystal phases, particle size, and morphology. The
band gap energy of nanomaterials increases with the decreasing size. The shifting of the
valence and conduction bands and their alignment with certain redox potentials could be
optimized to facilitate the corresponding redox reactions occurring on the TiO2 NP surfaces.

The electronic band structure of TiO2 is very important for its applications in photocatal-
ysis. In general, in a photocatalysis process, electron–hole pairs are created inside TiO2
upon absorbing photons with energy larger than the band gap. The photogenerated charges
then separate and transfer outside to react with chemicals adsorbed on the TiO2 surfaces.
The photocatalytic efficiency is controlled by light absorption, charge transport, the num-
ber of surface reaction sites, and the redox reaction rates. The range of light absorption
wavelength can be adjusted by engineering the electronic band structure of TiO2.

5.4.2 Modification of TiO2 Nanomaterials TiO2 has attracted much research attention
in recent decades owing to its promising applications in environmental remediation and
solar energy conversion. However, its large band gap of 3.2 eV, which can only be activated
by UV light irradiation, and low quantum efficiency limit its practical application. Various
modifications of TiO2 were used to make it sensitive to visible light and also inhibit the
recombination of photogenerated charge carriers, which limits its overall photocatalytic
efficiency.

Metal Doping of TiO2 One of the main approaches to develop visible light photocata-
lysts is to dope foreign atoms into UV-active catalysts to extend their optical absorption
to visible light. Various TiO2-based materials have been developed on the basis of this
strategy [289–291]. So far, many metal ions, including transitional metal, rare earth metal,
and noble metal ions, have been used to modify the optical and photocatalytic properties
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of TiO2. Some metal ions such as V5+, Cr3+, and Fe3+ have been reported to extend the
photoactive region of TiO2 to visible light [292, 293]. Choi et al. performed a systematic
study on the photocatalytic activity of TiO2 NPs doped with 21 transition metal elements
on oxidation of CHCl3 and reduction of CCl4 [294, 295]. It was reported that the photo-
catalytic performance was closely related to the electron configuration of dopant ion, while
closed electron shells in the dopant ions had no effect on the activity. The results showed
that Fe3+, Mo5+, Ru3+, Os3+, Re5+, V4+, and Rh3+ doping of TiO2 significantly increased
the photocatalytic activity, while Co3+ and Al3+ doping decreased the photoreactivity. The
presence of metal-ion dopants in TiO2 matrix significantly influenced the charge carrier
recombination rates and interfacial electron-transfer rates.

Nonmetal Doping of TiO2 Doping with nonmetal ions is also an effective way to modify
the photocatalytic properties of TiO2. It has been proven that doping of anionic elements as
nitrogen, carbon, and sulfur into TiO2 could result in a shift in the onset of the absorption
of TiO2 to visible light, thus increasing its overall photocatalytic efficiency. Asahi et al.
reviewed the chemical synthesis, physical properties, and applications of N-doped TiO2
NPs, with a special emphasis on titania-based NPs [296]. N-doped TiO2 powder can be
prepared either by oxidation of titanium nitride (TiN) powder in an O2 gas flow or by nitri-
fication of TiO2 powder in an ammonia gas flow. N-doped TiO2 NPs can also be prepared
by employing the direct amination of nanosized titania particles [297]. Doping nitrogen into
TiO2 on nanometer scale can lead to higher nitrogen concentrations than that in thin films
and micrometer-scale TiO2 powders, resulting in enhanced catalytic activity. The amount
of N doped into TiO2 can be controlled when using an NH3 flow by changing the anneal-
ing temperature in the range of 550–600 ∘C [298]. Chen et al. found that postirradiation
annealing is a simple method for improving both activity and stability of N-doped TiO2
catalyst for photocatalytic oxidation (PCO) of ethylene under visible light. The anneal-
ing effectively minimizes surface defects, facilitates the adsorption of oxygen molecules,
and removes adsorbed NH3 from the catalyst surface, which contributes to the enhanced
photocatalytic performance of N-doped TiO2 [299].

Doping with other nonmetals including C [300], F [301], S [302], and B [303] also
cause significant improvement of the visible light photocatalytic activity. The origin of the
improvement is very intricate. The nonmetal dopant is located either at a substitutional site
in the TiO2 lattice or at an interstitial one that may bind to lattice atoms, which would
provide different states in the band gap of TiO2. For example, Sakthivel and Kisch reported
the preparation of C-doped TiO2 NPs by hydrolysis of TiCl4 with tetrabutylammonium
hydroxide, showing an efficient photocatalytic degradation of 4-chlorophenol and azo dye
Remazol Red under visible light irradiation [304].

TiO2-Based Nanoheterostructures Semiconductor nanostructures have also been widely
used for light harvesting [305] and light generation [306]. Coupling with different semi-
conductive materials with appropriate electronic band structures and band edges is another
effective way to achieve charge separation in nanostructured semiconductors. It has been
proven that the coupling of TiO2 nanostructures to a semiconductor of wide band gap,
such as SnO2 [307], SrTiO3 [308], or ZnO [309], to form a heterojunction could promote
charge separation, improving the photocatalytic performance of TiO2-based photocatalysts.
For example, Wang et al. prepared hierarchical SnO2/TiO2 nanomaterials by combining
electrospinning technique with hydrothermal method [310]. By adjusting the preparation
parameters, the SnO2 nanostructures were uniformly distributed on TiO2 nanofibers, and
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their morphology could be controlled. The resulting heterostructured SnO2/TiO2 nanoma-
terials show high photocatalytic activity. Cao et al. synthesized SrTiO3/TiO2 nanofibers by
an in situ hydrothermal method using TiO2 as both a template and reactant [311]. By simply
adjusting the concentration of precursor Sr(OH)2 and reaction temperature, the morphol-
ogy and density of SrTiO3 nanostructures can be controlled to improve the photocatalytic
properties of TiO2.

5.4.3 Photocatalytic Applications

Photocatalytic Hydrogen Production from Water Nanosized TiO2 photocatalytic
water-splitting technology offers a promising way for clean, low cost, and environmentally
friendly production of hydrogen by solar energy [312]. Presently, the efficiency of energy
conversion from solar to hydrogen by TiO2 photocatalytic water splitting is still low,
mainly due to the recombination of photogenerated electron/hole pairs, fast backward
reaction, and inability to utilize visible light. To resolve the above problems and make
solar photocatalytic hydrogen production feasible, continuous efforts have been made
to enhance the visible light response and improve the photocatalytic activity. Many
methods including the addition of electron donors, addition of carbonate salts, noble metal
loading, metal-ion doping, anion doping, dye sensitization, composite semiconductors,
and metal-ion implantation have been proved to be useful to enhance hydrogen production.
It has been reported that metals including Pt, Au, Pd, Rh, Ni, Cu, and Ag are very effective
for the enhancement of TiO2 photocatalysis. The deposited metal on the surface of TiO2
greatly reduces the possibility of electron–hole recombination, resulting in efficient
separation and stronger photocatalytic reactions. Lee et al. found that a considerable
amount of photocatalytic H2 was produced from water over NiO/TiO2 with CN− as a
hole scavenger [313]. Galinska and Walendziewski found that sacrificial reagents such as
methanol, Na2S, EDTA, and I and IO3 ions play an important role in hydrogen production
via photocatalyzed water-splitting reaction with Pt/TiO2 as a photocatalyst [314].

Photocatalytic Organic Synthesis Heterogeneous photocatalysis has been flourishing with
recent collaborative efforts of chemists and material scientists, culminating in the devel-
opment of environmentally friendly and energy sustainable strategies for selective redox
organic synthesis. The specific selective redox organic transformations in which these cat-
alysts are applicable include (i) the oxidation of alcohols, amines, alkene, and alkanes, (ii)
hydroxylation of aromatic compounds with O2, and (iii) the reduction of nitrobenzenes
to corresponding aminobenzenes or azo benzenes with sacrificial agents under O2-free
conditions.

TiO2-supported Au, Ag, and Cu NPs are excellent heterogeneous catalysts for thermally
induced redox conversions, which also facilitate the progress of the photocatalysis. For
example, Au NPs loaded at the interface of anatase/rutile TiO2 could serve as efficient
photocatalysts for aerobic oxidation of alcohols to corresponding carbonyl compounds in
toluene or water under visible light irradiation (Equation 1, Scheme 4). Au NPs alloyed
with Cu on TiO2 (Au–Cu/TiO2) can enhance the oxidation activity of benzyl alcohols with
O2 under visible light or sunlight irradiation [315]. For Au–Cu/TiO2, the oxidation and
restoration of surface Cu0 by surface plasmons of Au NPs lead to an improvement in elec-
tron transfer and promote the overall aerobic oxidation process. Parrino et al. reported that
Au/TiO2 (rutile) can function as a photocatalyst for selective oxidation of primary benzyl
amines to imines under solvent-free conditions or in CH3CN (Equation 2, Scheme 4). The
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Scheme 4 Redox conversions catalyzed by TiO2-supported metal nanoparticles.

aerobic oxidation of secondary benzyl amines to imines was also successful on Au/TiO2
under visible light irradiation (Equation 3, Scheme 4) [316].

A visible-light-absorbing surface complex can also form when colorless organic
molecule, 2,3-dihydroxynaphthalene (2,3-DN), is adsorbed on the surface of anatase TiO2
via strong bonding with ortho-dihydroxyl on the aromatic ring (Equation 4, Scheme 4)
[317]. When used in combination with a common reduction cocatalyst Pt NPs, the
surface complex could photocatalyze the reduction of nitrobenzene to aminobenzene
with triethanolamine (TEOA) when exposed to visible light irradiation (𝜆> 420 nm). The
combination of a metal complex of organic dye with a TiO2 photocatalyst could effi-
ciently reduce nitrobenzenes to aminobenzenes with TEOA under visible light irradiation
(Equation 5, Scheme 4).

5.4.4 Conclusions TiO2 nanomaterials possess a large specific surface area and unique
attributes in chemical, physical, optical, electronic, and photocatalytic fields, which could
effectively degrade organic pollutants in water and air, selectively transform organic chem-
icals in organic synthesis, and produce hydrogen from water. TiO2 nanomaterials play an
important role in environmental protection and in search for renewable and clean energy
technologies.

6 NANOCATALYSTS FOR ENVIRONMENTAL REMEDIATION

The sensitive detection and efficient removal of an increasing number of persistent and
emerging environmental pollutants are major challenges in our industrialized world. These
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challenges can be better resolved by utilizing the advantages of nanotechnology in addi-
tion to traditional methods. NPs, which have unique physical and chemical properties, are
promising materials in our overall strategies to detect and remediate environmental pollu-
tants. The large surface-to-volume ratio of NPs particularly favors sensitivity enhancement
and miniaturization. Depending on their core materials, NPs can possess unique optical,
electronic, and magnetic properties. These properties vary with their surrounding chem-
ical environment, providing a foundation for pollutant sensing. To further enhance their
sensitivity, NPs can also be decorated with a wide range of small organic molecules or poly-
mers by surface modifications. Each of these unique features allows researchers to design
novel detection or removal systems that offer significant advantages in terms of sensitivity,
selectivity, reliability, and practicality. This section provides a review on the use of NPs in
removal of environmental pollutants in recent years.

6.1 Catalytic Reduction of NOx

Nitrogen oxides (NOx) have become a major source of air pollution, which can result in
photochemical smog, acid rain, and ozone depletion and exhibit strong respiratory toxicity,
endangering human health. Stringent environmental legislation has been passed world-
wide to reduce NOx emitted from mobile and stationary resources, including vehicles and
coal-fired power plants. The selective catalytic reduction (SCR) of NOx using reductants
such as NH3, urea, or HCs in oxygen-rich exhausts is a highly efficient way to reduce NOx
emissions, although it remains one of the major challenges in the field of environmental
catalysis.

6.1.1 SCR of NOx with NH3 The selective catalytic reduction of NO with NH3
(NH3-SCR) is an effective and economical method to remove NO according to the
following reaction:

4NH3 + 4NO + O2 → 4N2 + 6H2O

Currently, the most widely used catalyst system is V2O5–WO3/TiO2 or V2O5–MoO3
/TiO2 in a relatively narrow temperature window of 350–400 ∘C [318, 319]. Vanadium-
based NH3-SCR catalysts have also been successfully used for the de-NOx process from
diesel engines since 2005. However, disadvantages remain for the vanadium-based cata-
lysts, including the low N2 selectivity in high temperature range because of N2O formation
and NH3 overoxidation, the toxicity of vanadium pentoxide to environment, high conver-
sion of SO2 to SO3 with increasing vanadium amount that results in catalyst deactiva-
tion, the easy sublimation of V2O5, and phase transformation of the TiO2 support from
anatase to rutile at high temperatures, all of which greatly restrict their further application,
especially when stricter regulations are established for NOx for diesel engines. Therefore,
many researchers have focused mainly on the exploitation of vanadium-free NH3-SCR cat-
alysts with high de-NOx efficiency, high N2 selectivity, excellent hydrothermal stability,
and insensitivity to coexisting poisoning components in the SCR atmosphere such as H2O,
SO2, HCs, or alkali metals.

Currently, metal oxide catalysts are a type of well-studied vanadium-free catalyst for the
NH3-SCR process in heavy-duty diesel engines, some ofwhich show great potential in prac-
tical use. Early in the 1980s, Kato et al. [320] used Fe2O3 as the active phase in a NH3-SCR
catalyst (i.e., Fe2O3–TiO2 mixed oxide catalyst) with high SCR activity and N2 selectiv-
ity at relatively high temperatures, and thereafter numerous types of Fe2O3-containing
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catalysts have been developed by researchers, including Fe2O3–SiO2 [321] and Fe2O3
supported on AC [322] or activated carbon fiber (ACF) [323]. Mou et al. creatively syn-
thesized novel 𝛼-Fe2O3 nanorods and 𝛾-Fe2O3 nanorods by aqueous precipitation and cal-
cination/refluxing methods [324], resulting in the same morphology but totally different
exposed crystal facets. They concluded that the 𝛾-Fe2O3 nanorods enclosed by reactive
(110) and (100) facets, simultaneously exposing Fe3+ and O2− sites, are highly active for
the activation of NH3 and NO. Fe-exchanged zeolite catalysts usually show good SCR
activity in the high temperature range with remarkable H2O and SO2 durability, such as
Fe−ZSM-5 by Ma and Grünert [325] and Fe–Ce-ZSM-5 by Carja et al. [326]. Branden-
berger et al. recently systematically studied different Fe sites located in Fe–ZSM-5 catalysts
and correlated them with measured NH3-SCR activity [327]. They concluded that below
300 ∘C, only monomeric Fe species contribute to the SCR reaction, and this type of Fe
species does not catalyze the unselective oxidation of NH3, which is beneficial to high N2
selectivity.

In practical use, the low-temperature NH3-SCR activity of Fe-based zeolite catalysts
still needs improvement to meet the diesel emission standards for cold-start and idle speed
processes. The relevant methods include the addition of catalyst promoters such as Ce, Ga,
and noble metal Pt, together with the tuning of reaction atmosphere, such as raising the
NO2 ratio in NOx to facilitate the “fast SCR” reaction [328] and adding a small amount
of NH4NO3 solution as an effective oxidant for NO, creating similar “fast SCR” reaction
conditions. In addition, to enable practical utilization of catalysts, the deactivation effects
of inorganic components (i.e., Ca, Mg, Zn, P, B, and Mo) contained in diesel exhaust on
Fe-based zeolite catalysts are also worthy of investigation.

6.1.2 SCR of NOx with Hydrocarbons (HC−SCR) Although NH3 effectively reduces
NOx, some aspects, such as storage technologies, transportation/leakage, and corrosion,
need further improvement. One possible technique circumventing these problems is
selective catalytic reduction of NOx using HCs, that is, fuel or derivatives from the fuel,
HC−SCR. The distinctive advantage of HC−SCR is that the on-board fuel can be used as
the reductant for NOx conversion, thus reducing the cost involved in the development of
infrastructure for delivering the reductant to the automotive engine exhaust system. Since
the pioneering work of Iwamoto et al. [329] and Held et al. [330], many catalysts such as
zeolitic oxide, base oxide/metal, and noble metal catalysts have been found to be effective
for the HC−SCR in the presence of excess oxygen.

Among the catalysts proposed for HC−SCR technology, zeolite-based catalysts such as
ZSM-5, Y, and Beta types have received attention for their applicability in the HC−SCR
of NOx as a result of their high activity within a wide temperature window [331–333].
Transitionmetals (e.g., Fe, Co, and Cu) embedded in a zeolite matrix show a higher catalytic
activity and selectivity in de-NOx than their parent zeolites [334–336]. In recent years,
Cu-zeolite catalysts have been extensively studied for de-NOx reaction because of their
low cost, durability, and low-temperature activity [337–339]. There is evidence that isolated
copper ions are the active sites for the HC−SCR, and small CuO crystallites can accelerate
direct oxidation of HCs [340]. Moreover, the catalytic properties of active copper phase can
be greatly influenced by the dispersion of copper species and the nature of support [341].

Up to now, alumina-supported silver (Ag/Al2O3) has been known to be one of the most
effective catalysts for HC−SCR, even in the presence of water vapor and SO2 [342, 343].
Improvement of the HC–SCR activity of Ag/Al2O3 catalysts has been shown to depend
strongly on (i) the Ag loading and, in particular, the Ag surface density of catalysts, (ii) the
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nature of reducing HC, with oxygenated and higher HCs providing better HC–SCR perfor-
mances at lower temperatures, and (iii) the preparation method.

The most spectacular low-temperature promoting effect on HC−SCR reaction undoubt-
edly lies in addition of a limited quantity of H2, generally below 1%, to the reacting feeds.
The so-called hydrogen effect has been confirmed for C3H8−SCR and for HC−SCR using
higher HCs [344]. There is an alternative solution to improve the SCR activity at low tem-
peratures. Since the first discovery by Miyadera [345] that the catalytic performance of
SCR reaction over Ag/Al2O3 was significantly improved by applying oxygenated HCs,
such as ethanol, propanol, and acetone, the SCR of NOx with these compounds has been
widely studied, in particular for ethanol due to the incorporation of ethanol into diesel fuel
[346–348]. These results indicate that oxygenated HCs could be alternatives for the SCR
of NOx with HCs contained in the exhaust or with oxygenates added prior to the catalysts
on heavy-duty vehicles by carrying on-board external tanks.

6.2 Catalytic Oxidation of Formaldehyde

Formaldehyde is emitted from building and furnishing materials and consumer products
and is known to cause irritation of eyes and respiratory tract, headaches, pneumonia, and
even cancer. It is a dominant indoor air pollutant, especially in the developing countries,
and significant efforts have gone into indoor HCHO purification to meet environmental
regulations and human health needs.

For lowering the concentration of formaldehyde in indoor environments, different tech-
niques have been developed. Among these techniques, surface treatment using reactive or
diffusion-resistant coatings and fumigation with ammonia can be applied for the treatment
of very high concentrations of formaldehyde. The reaction with ammonia, which yields
hexamethylenetetramine, has been consequently used in prefabricated houses [349]. The
design of intelligent housing construction and ventilation systems has also been proposed to
reduce pollutant levels. PCO systems for the removal of formaldehyde have become popular
recently [350].Wall paints containingmodified TiO2 are frequently recommended, but their
efficiency has not yet been proven. In addition, authors have demonstrated that under the
influence of light, photocatalytic wall paints could produce undesired secondary products,
which have toxicities as high as that of formaldehyde. Moreover, when the concentration
of volatile organic compound (VOC) decreases below 1 ppm, the conversion rates decrease
remarkably. The adsorption of HCHO on AC and other adsorbents (including potassium
permanganate, aluminum oxide, microporous zeolitic materials, and some ceramic mate-
rials) is also proposed as an efficient method of emission control [351]. However, the
effectiveness of sorbent is typically limited by low adsorption capacities, and competitive
adsorption occurs when both water (present in ambient air) and formaldehyde molecules
are present. As a consequence, adsorption of formaldehyde is reduced significantly when
relative humidity increases.

The complete catalytic oxidation (CCO) of formaldehyde is an attractive alternative to
other proposed processes because of its high effectiveness in achieving the total conver-
sion of formaldehyde into harmless CO2 and water at much lower temperatures than in
thermal oxidation [352, 353]. Therefore, the development of new catalysts (preferably free
of noble metals to achieve low cost) exhibiting high catalytic activity for complete oxida-
tion of formaldehyde at low temperatures and strong resistance to water adsorption (and
other inhibitors) is actually of high relevance. The objective of the following section is to
highlight recent research on elimination of formaldehyde by catalytic oxidation. There are
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two major classes of catalysts for complete oxidation of VOCs: supported noble metals
and supported or unsupported transition metal oxides. In the following section, a general
description of the CCO mechanism for both types of catalyst will be introduced.

6.2.1 Noble Metal-Based Catalysts The CCO of formaldehyde on supported noble met-
als was first reported by Imamura et al. [354]. The authors reported a study of the effect of
noble metal nature on catalytic properties when supported over CeO2. The authors reported
the following activity order for 90% formaldehyde conversion: Ru/CeO2> Pd/CeO2 >

Rh/CeO2 > Pt/CeO2. Ruthenium was the most active catalyst, and it completely oxidized
formaldehyde at 200 ∘C to produce only CO2 and water under the reaction conditions used.
Mao and Vannice studied silver-based catalysts for the oxidation of formaldehyde [355].
Silver dispersed on both high-surface-area alumina and silica was investigated. These cat-
alysts were active below 200 ∘C, but significant deactivation occurred.

The use of TiO2 (anatase) as a support for noble metals was investigated recently. 1%
Pt/TiO2 was shown to be effective for HCHO oxidation at room temperature [356], achiev-
ing 100% conversion of 𝛿 = 100 ppmHCHO to CO2 and H2O at a gas hourly space velocity
(GHSV) of 50 000 h−1. However, this type of catalyst is not as active as needed for practi-
cal applications and deactivates with time-on-stream catalyst. Recently, the same group
reported a novel alkali metal-promoted Pt/TiO2 catalyst for the ambient destruction of
HCHO [357]. They show that the addition of alkali metal ions (such as Li+, Na+, and K+)
to Pt/TiO2 catalyst stabilized an atomically dispersed Pt−O(OH)x–alkali metal species on
the catalyst surface and also opened a new low-temperature reaction pathway.

Huang et al. recently reported the fabrication of single-atom silver chains by thermal
processing from supported silver NPs on hollandite-type manganese oxide nanorods [358].
The single-atom silver catalyst showed a high ability to activate both lattice and molecu-
lar oxygen species at low temperatures. Because of the high mobility of oxygen in cata-
lyst, excellent activities for formaldehyde oxidation at low temperatures were measured,
and complete conversion was achieved below 80 ∘C (silver loading: 10wt%, [HCHO]=
400 ppm).

6.2.2 Transition Metal Oxide-Based Catalysts The development of less expensive but
effective catalysts without noble metals for catalytic oxidation of formaldehyde at low tem-
peratures is a real challenge. Foster and Masel were, to our knowledge, the first to report
the CCO of formaldehyde to CO2 and water over metal oxides [359]. A nickel oxide cata-
lyst was selected because of its excellent properties in catalyzing oxidation of CO. It was
highlighted that nickel oxide was an active phase for catalytic combustion of formaldehyde.
However, the combustion process is complex.

Among different metal oxides, MnOx was also studied by many research groups
because of its low volatility and low toxicity. The catalytic oxidation of formaldehyde
over manganese oxide was first reported by Sekine and Nishimura [360]. They developed
a chipboard-like air-cleaning material consisting of AC particles and manganese oxides.
The material allows the conversion of formaldehyde into CO2 even at room temperature.
The material reduced the indoor formaldehyde concentration from 0.21 to 0.04 ppm. The
effect of the morphology of manganese oxide on catalytic performance was further studied
by He et al. [361]. The combination of MnOx with other oxides generally results in an
increased catalytic performance at low temperatures. Recent studies revealed that when
MnO2 was placed in the proximity of La2O3 or CeO2, the oxygen mobility in the MnOx
structure was strongly affected [362]. In Mn–Ce mixed oxide, CeO2 provided oxygen to



�

� �

�

NANOCATALYSIS 55

manganese sites at low temperatures. Thus, CeO2 increases the activity of MnOx during
the oxidation process at low temperatures.

6.2.3 Outlook Despite the considerable progresses in obtaining active catalysts for cat-
alytic oxidation of formaldehyde, there are still many challenges for the development of an
efficient process. As already noted, typical formaldehyde concentrations used in academic
studies are at the ppm level. However, these values are far from those encountered in indoor
environments (ppb level). Future studies will have to focus on the formaldehyde remedia-
tion at low concentration levels. Under these constraining conditions, original technological
approaches have to be proposed. Hybrid systems combining selective formaldehyde adsorp-
tion followed by its selective destruction through catalytic oxidation can be an attractive
alternative to solve the problem of formaldehyde concentrations at indoor levels.

6.3 Catalytic Degradation of Organic Pollutants

Industrial plants generate increasing amounts of wastewater, which often causes severe
environmental problems. The wastewater produced in many industrial processes often
contains organic compounds that are toxic and not amenable to direct biological treatment.
There are a huge number of different types of organic pollutants, including organic dyes,
phenols, biphenyls, pesticides, fertilizers, HCs, plasticizers, detergents, oils, greases,
pharmaceuticals, proteins, and carbohydrates. Each type of pollutant has many varieties.
Organic pollutants in wastewater, being highly toxic and difficult to degrade, have become
one of the most serious global environmental issues today. Organic pollutants, once
released into the aquatic ecosystem, can cause various environmental problems, such as
clogging sewage treatment plants, adversely affecting aquatic biota, and increasing bio-
chemical oxygen. Therefore, an effective and economical technique needs to be developed
to reduce the concentration of organic pollutants before releasing the wastewater into
aquatic environment. Currently, industrially available wastewater treatment technologies
such as adsorption and coagulation merely concentrate or separate these pollutants
from water, but do not completely “eliminate” or “destroy” them into biodegradable
or less toxic organic compounds and inorganic CO2, H2O, NO3

−, PO4
3−, and halide

ions. Other water treatment methods, such as chemical and membrane technologies,
usually involve high operating costs, and sometimes generate other secondary toxic
pollutants.

Among the various physical, chemical, and biological technologies used in pollution
control, the advanced oxidation processes (AOPs), including the Fenton reaction, photo-
catalysis, sonolysis, ozonolysis, and combinations of these, are increasingly adopted in the
destruction of organic contaminants, due to their high efficiency, simplicity, good repro-
ducibility, and easy handling. Heterogeneous photocatalysis possesses some advantages
and has feasible applications in wastewater treatment, including (i) ambient operating
temperature and pressure, (ii) complete mineralization of parents and their intermediate
compounds without leaving secondary pollution, and (iii) low operating costs. This section
highlights research progress in the application of photocatalysts in the environmental
field.

6.3.1 Semiconductor Oxides for Catalytic Pollutant Degradation Photocatalysis
on semiconductor catalysts (TiO2, ZnO, Fe2O3, CdS, GaP, and ZnS) has demonstrated
efficiency in degrading a wide range of organic pollutants into biodegradable or less
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toxic organic compounds and inorganic CO2, H2O, NO3
−, PO4

3−, and halide ions. Now,
efforts have been made to improve the catalytic performance of nanostructures based on
semiconductor oxides. The unique surface area and surface activity of NPs play essential
roles in these catalytic reactions.

TiO2 for Photodegradation of Pollutants Among the explored semiconductor pho-
tocatalysts, TiO2 is the most popular, due to its durability, low cost, low toxicity,
super-hydrophilicity, and remarkable chemical and photochemical stability. Titanium
dioxide (TiO2) NPs exhibit a high photocatalytic oxidation capacity to degrade organic
pollutants in the presence of UV radiation. Lots of efforts have succeeded in finding
ways to narrow the band gap of TiO2 to use the abundant solar or visible light range
for various chemical transformations and to stabilize anatase TiO2 by doping TiO2 with
metal/nonmetal dopants [363–365]. For example, carbon-doped TiO2 NPs showed an
improved photocatalytic activity in visible light range, and methylene blue solution with
a lower initial concentration was efficiently degraded by these nanomaterials [366].
Polymer conjugation is another common strategy to extend the photocatalytic response
range of TiO2 NPs to visible light. Methyl orange was degraded by TiO2 NPs coated
with poly(3-hexylthiophene), both under UV and visible light irradiation, with a higher
efficiency than pure TiO2 NPs [367]. Novel magnetically separable TiO2-guanidine-(Ni,
Co)Fe2O4 nanocomposites (for easy recycling) have been prepared as useful catalysts to
work under visible light and potentially sunlight. These nanomaterials have proven to be
photocatalytically active in selective transformation of malic acid (renewable C4 entity)
to formic acid [368]. In addition, the magnetically separable TiO2−guanidine–NiFe2O4
exhibited a remarkable photodegradation activity, with complete removal and degradation
of microcystins, which are the most common cyanobacterial toxins found in water (algal
blooms), in particular, microcystin-LR (MC-LR) [369]. The proposed system is envisaged
to pave the way to the development of more efficient and easily separable photocatalysts
for visible light photodegradation of pollutants and toxins in water.

ZnO for Photodegradation of Pollutants ZnO NPs with different morphologies were syn-
thesized, and their catalytic activities have also been investigated [370]. Because of the
larger surface exposure of oxygen atoms, ZnO of flower-like particles showed higher effi-
cacy in photocatalytic degradation of 4-chlorophenol in aqueous solution under UV irra-
diation compared with ZnO nanorods. One-dimensional flat ZnO nanotower arrays were
also fabricated, and the improved adsorption and photocatalytic abilities on a model pol-
lutant, eosin B, were demonstrated [371]. The photodegradation of methylene blue using
manganese-doped ZnO NPs was more efficient than that using undoped ZnO in visible
light [372].

Metal Loading-Enhanced Catalytic Activity of Semiconductor Oxides Several approaches
to the preparation of semiconductor oxide–noble metal nanostructures have recently been
reported. Au NP-loaded ZnO nanorods were prepared in aqueous solution by growing Au
NPs onto ZnO nanorods [373]. Rhodamine B was completely degraded by these ZnO/Au
nanocomposites within 15min. Approximately 91% of 4-chlorophenol was removed from
water after 300 min irradiation. The high degradation activity was attributed to the large
surface areas of ZnO nanorods and the attached Au NPs. Another Au–TiO2 photocatalyst
was prepared by the deposition–precipitation method, and it showed a high photocatalytic
activity on the degradation of an azo dye (acid red 88) [374].
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However, the application of semiconductor photocatalysts for wastewater treatment
faces a series of technical challenges. One typical drawback of photocatalysis is that
the semiconductor photocatalysts that are normally used are not very photostable under
the operating conditions. Usually, the illumination of these catalysts in aqueous media
leads to their corrosion, which leads to the migration of metal ions into water, and finally
complete dissolution of solid catalysts. For example, transition metal sulfides are highly
unstable semiconductors of narrow band gap, and irradiation under light often leads to
their dissolution. Other metal oxides, such as iron oxides with various stoichiometries,
silver oxide, and copper oxides, are also susceptible to photocorrosion. In case of TiO2,
the postseparation of TiO2 catalyst is difficult after water treatment, which obstructs
practicality in industrial processes. Second, the fine particle size of TiO2, together with
its large surface area-to-volume ratio and high surface energy, leads to a strong tendency
for catalyst agglomeration. Consequently, it is urgent to look for new photocatalysts with
improved performances.

6.3.2 Application of Metal Organic Frameworks (MOFs) for Pollutant Removal and
Degradation The exploitation of new catalysts has been attracting great attention in
the related research communities. In the past two decades, a class of newly developed
inorganic–organic hybrid porous materials, namely, metal–organic frameworks (MOFs),
has generated rapid development due to their versatile applications such as in catalysis and
separation. Recent research has shown that these materials acting as catalysts are quite
effective in photocatalytic degradation of organic pollutants.

In the past decade, MOFs of d-block transition metal have attracted intense interest.
Some MOFs constructed by transition metals, such as Zn(II), Cu(I)/Cu(II), Cd(II),
Co(II)/Co(III), and Fe(II)/Fe(III), were examined as photocatalysts to degrade organic
pollutants under UV, visible or UV–vis light. MOF-5 was first proposed to behave as a
photocatalyst. The charge-separation state, with electrons in conduction band and holes
in VB, made MOF-5 behave as an efficient photocatalyst. Furthermore, MOF-5 displayed
a reverse shape selectivity toward different organic compounds, in which large phenolic
molecules (2,6-di-tert-butylphenol) that cannot diffuse freely into the microspores of
MOF-5 degraded significantly faster than the small ones (phenol) that can access the
interior of MOF-5, as found by Garcia and coworkers [375, 376].

Compared with transition metal ions, lanthanide ions usually exhibit a high coordi-
nation number and diverse connectivity, which could facilitate the formation of various
and unpredicted structures of MOFs. Lanthanide-based MOFs are very promising because
organic linker could act as an antenna-producing efficient photosensitization. Chen and
coworkers reported the use of two uranyl-based MOFs, Ag(2,2′-bpy)(UO2)(1,4-bdc)1.5 and
Ag2(phen)2UO2(btec), both of which are water-insoluble and active (compared to nano-
sized TiO2 (P-25)), in photocatalytic degradation of rhodamine B (RhB) [377].More impor-
tantly, Ag(2,2′-bpy)(UO2)(1,4-bdc)1.5 showed a remarkable photodegradation activity for
RhB when a xenon lamp (wavelength longer than 400 nm) was used as the irradiation
source.

In all, we believe that theMOFs are promising for use inwastewater treatment, and to this
end, they could serve as an ideal choice for light harvesting to achieve the photocatalytic
degradation of organic pollutants. The further development of these new photocatalysts
will require a better understanding of photochemical mechanisms in MOF materials and
the crucial structural parameters controlling their photocatalytic activity.
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6.4 Conclusions

NPs are playing an increasing role in detecting and removing persistent and emerging envi-
ronmental pollutants due to their unique size and physicochemical properties. Removal and
degradation of pollutant can be easily achieved by the high adsorptivity, magnetic property,
and catalytic activity of NPs. However, the results summarized in this chapter are mostly
obtained at the laboratory scale, and practical challenges need to be overcome to fully real-
ize the potential of NP-based methods in real life. At the same time, potential secondary
contamination needs to be considered and prevented. Therefore, the toxicological effects
of both NPs and NP-pollutant adducts need to be assessed.
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