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Preface

Nanocatalysis is a topical area of research that has huge potential. It attempts to
merge the advantages of heterogeneous and homogeneous catalysis. The collection
of articles in this book treats the topics of specificity, activity, reusability, and sta-
bility of the catalyst and presents a compilation of articles that focuses on different
aspects of these issues. Thus, the first chapter of the book introduces and overviews
the present status of understanding in the area of nanocatalysis. The tailoring

of nanostructures to combine aspects of catalysis requires understanding of the
mechanisms involved. For instance, the influence of size and shape of nanopar-
ticles on their catalytic properties is specific to a particular reaction. Multimetallic
nanoparticles provide an additional variety for inducing reaction-specific catalyst
properties. Another chapter illustrates the successful use of zirconia nanoparticles
as catalysts for the multicomponent reaction of isatin derivatives with ammonium
acetate and aromatic aldehydes under solvent-free conditions. The authors empha-
size the reusability and stability of these zirconia nanocatalysts for this class of reac-
tions, and review the catalytic properties of functionalized and core-shell-type iron
oxide-based magnetic nanoparticles. The chapter focuses on the effect of different
types of functionalization on their catalyst properties for specific organic reactions.
Platinum group-based nanoparticles are one of the most studied classes of catalysts
applied to different types of reactions. This book includes a chapter emphasizing
the use of such catalysts to facilitate reactions needed for environmental remedia-
tion. Another chapter talks about the nanomaterials that have been successfully
used as catalysts for the preparation of compounds needed in composite solid
propellants. Given the diversity of nanostructures and their applications treated
here, we believe that this book will be an active source of information for research in
the field of nanocatalysis.

Editor
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Co-editor
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Chapter1

Introductory Chapter: Salient
Features of Nanocatalysis

Alkadevi Verma, Madhulata Shukla and Indrajit Sinha

1. Introduction

Drawbacks in homogeneous and heterogeneous catalysts necessitate new
catalytic paradigms for overcoming the limitations associated with both types. The
model catalyst should combine the advantages of homogeneous with heterogeneous
catalysis. Thus, the catalyst for a particular reaction should exhibit good activity,
selectivity, and product yield. At the same time, it should be separable (recover-
able) from the reaction medium, stable and reusable. Tailored nanostructures have
displayed the potential to meet these stringent requirements.

Transition metals, specifically precious noble metals such as Pt, Pd, Rh, Ru, Au,
Ag, and Cu, are commonly used as homogeneous and heterogeneous catalysts in
majority of chemical transformations [1, 2]. The primary reason for this is the vari-
able oxidation states offered by them. They also possess good adsorption properties
essential for heterogeneous catalysis. Combination of these two properties enables
the transition metal nanoparticles to act as electron conduits for the reactants
adsorbed on the surface of the catalyst. Initial examples of nanoparticles in catalysis
were Ag nanoparticles in photography and Pt utilized in the decomposition of
hydrogen peroxide (H,0,). Thereafter, noble metal nanoparticles have been used
extensively as catalysts for many organic reactions such as carbon-carbon coupling
in Suzuki, Stille and Heck reactions, hydrogenation, dehydrogenation reaction,
oxidation, etc. [3].

Nanoparticles, owing to high surface energies, tend to get agglomerated
resulting in enhanced particle sizes with lower surface area. The latter implies
lesser number of surface active sites in the catalyst. Stabilizers such as surfac-
tants or polymers, that may also act functionalizing agents, are frequently used
to protect nanoparticles surfaces against aggregation. Such surface altering
processes also cause change in the electronic structure of the nanoparticle and
because of that in their catalytic activity as well [4]. The other approach to
circumvent this problem is by implanting these NPs on large surface area but low
density insoluble solids supports like zeolites, carbon based materials etc. The
support material may be relatively inert. Alternatively, the support could modify
the chemical and adsorption properties of the catalyst. Active supports like these
may enhance of impede the performance of the catalyst for a specific reaction by
tuning the electron density of NPs. Another possible scenario is that the support
is a better adsorbent for one of the reactants and thereby improves the perfor-
mance of the catalyst.

Currently, nanoparticles are increasingly substituting conventional heteroge-
neous catalysts [5]. Due to smaller sizes, nanoparticles have higher surface area and
increased exposed active sites. In that way nanoparticles have larger contact areas
with reactants and are catalytically more active than conventional heterogeneous
catalysts. Variations in shape and composition of nanocatalysts give access to
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Figure 1.
Dependence of catalytic activity on size, shape and composition.

different types of catalytic sites. A particular type of site displays better selectivity
towards a particular reaction pathway. Thus, from the point of view of increased
activity and selectivity nanocatalysts have properties which tend to those of homo-
geneous catalysts. On the other hand, nanocatalysts are relatively easier to separate
from the reaction mixtures and therefore, in that sense, are heterogeneous catalysts.
Furthermore, adsorption of reactant(s) on to the nanocatalyst is a necessary pre-
condition for any nanocatalyzed reaction. This is again characteristic of a heteroge-
neous catalytic process. Therefore, nanocatalysts with better activity, stability, and
selectivity can be designed and synthesized by controlling their size, shape, and
composition of nanomaterials [6-8]. Figure 1 illustrates the typical cause and effect
relation followed.

To study the size effect of catalyst, metal nanoparticles with the same shape
but different sizes are applied in a reaction. The influence of nanoparticle size on
catalytic activity and selectivity can thus be determined.

2. Effect of size
2.1 On catalytic properties

Nanocatalysts as compared to their bulk counterparts, commonly offers much
higher surface-to-volume ratio. Prominent changes in the electronic states and
coordination environment of the surface atoms of a catalyst nanoparticle might be
possible when its size decreases typically to a certain nanoregime. Therefore, change
in size of nanoparticles affects coordination environment, electronic state, and
adsorption energy of the reactant molecules.

2.2 Size-dependent coordination environment

The effect of atoms at corners and edges of nanoparticles becomes dominant
with decreasing the size of nanoparticles [9, 10]. Cao et al. summarized a relation
between surface metal atoms with different coordination numbers of cuboctahedral
and cubic geometry of nanoparticles with overall size of the nanoparticles [11]. They
concluded that the coordination numbers 9, 7, and 4 of a cuboctahedral nanoparticle
and 8, 6, and 3 in a cubic nanoparticle exhibits strong dependence on the size of the
nanoparticle. Such strong correlation of size-dependent catalytic performance (for a
particular nanocatalyst shape) was also reported by Tao et al. for room temperature
CO oxidation reaction. For instance, in Pt nanoparticles with a size of about 2.2 nm,
the Ptatoms (CN = 7) at the edge of triangular nanoclusters are active for CO oxida-
tion even at room temperature. However, Pt atoms with CN of 9 on the terrace of Pt
(111) are not active for CO oxidation at room temperature [12].
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2.3 Size-dependent electronic state

The electronic structure of metal nanoparticles of 1-2 nm (in the quantum
regime) is like that of a molecule. Thus, Au nanoparticles smaller than 1 nm,
are more molecular than metallic. Thus, molecule-like electronic states of metal
nanoparticles of 1-2 nm exhibits inherently different catalytic performance in con-
trast to a nanoparticle with a larger size [11]. This was experimentally demonstrated
for the first time by Goodman et al., in CO oxidation on Au nanocluster with thick-
ness of three atomic layers supported on TiO, [13, 14]. Analysis of Au LIII XANES
white lines by these authors revealed that supported Au nanoparticles with different
sizes have different average coordination numbers. Thus Au nanoparticle of 3 nm
has average CN = 9.5. Similarly the nanoparticles of 1 nm have average CN = 6, while
nanoparticles of 0.5-1 nm have CN = 3.6. This shows that smaller Au nanoparticles
have a size-dependent electronic environment [15-17].

2.4 Size-dependent adsorption energy

Adsorption is a primary step in heterogeneous catalysis. Size-dependent adsorp-
tion energies of reactants on catalyst surfaces with different coordination numbers
have also been suggested in literature. References [18, 19] assert that the adsorption
energy is dependent on the coordination environment of metal nanoparticles.
Usually, catalyst atom(s) with low coordination number (CN) exhibits stronger
adsorption for a given molecule than those catalyst atoms with higher coordination
number [20, 21]. For example, adsorption energy of adsorbates including *O,, *°OH,
*O0H, °0, *H,0, and *H,0, on Pt nanocatalyst decrease linearly with increase in
coordination number from 3 to 9 [20]. Similar linear relationships between adsorp-
tion energy and coordination number have been reported for other transition metal
catalysts such as Co, Ni, Cu, Rh, Pd, Ag, Ir, and Au [20].

3. Effect of shape on catalytic properties

The representative shapes of metal nanoparticles based on dimensionality
are shown in Figure 2. Spherical, pseudo-spherical, dodecahedral, tetrahedral,
octahedral, cubic shape represents 0D nanoparticles. 1D morphology of nanopar-
ticles includes nanotubes, nanorods or nanowires, nanocapsules, etc. [21, 22].
Hexagonal, triangular, quadrangular plates or sheets, belts, rings, etc. fit in to
the 2D shape NPs [23]. 3D morphologies of nanoparticles are complex such as
nanoflowers, nanostars, polygonal nanoframes, etc. [24, 25]. Compared to simple
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isotropic morphologies of nanoparticles, novel anisotropic morphologies have
unique physicochemical properties due to the different numbers of steps, edges,
and kink sites present on to the surface of catalyst in nanoscale regime. For exam-
ple, polyhedral Au NPs with high-indexed facets are found to exhibit excellent
optical and catalytic properties, [26, 27] Au rods with different ratios of length and
width display different transverse and longitudinal plasmon bands. Preicel et al.
have recently published a review on different types of anisotropic gold nanoparti-
cles used in catalysis [28]. Branched Au NPs with multiple tips adopting structures
like stars and flowers are increasingly being used for catalysis, surface-enhanced
Raman scattering, and sensing [29].

4. Composition effect

The section introduces the effect of composition on catalytic activity from
the perspective of alloy and bimetallic nanoparticles only. Commonly, bimetal-
lic nanoparticles can be categorized into alloy (ordered or random), Janus and
core-shell (core shell or cluster-in-cluster) structure types. The type of bimetallic
or alloy nanostructure formed depends on the synthesis methodology utilized
(Figure 3).

Catalytic activity of bimetallic nanomaterials is different from of its component
metals. Instead of being an average of the catalytic activities of its components,
bimetallic nanoparticles may also exhibit synergistic catalytic properties [30, 31].
One such example of composition effect was studied by Lim and co-workers in cata-
lytic activity of Pt-Y alloy for electrocatalytic oxygen reduction [32]. The addition
of various amounts of Y changes the electronic structure of Pt and thus modifies the
binding energy of the oxygen-containing species. The optimum catalytic perfor-
mance was achieved at a particular composition of Pt-Y alloy. Thus, the catalytic
activity of Pt-Y alloy catalysts follows the trend of Pt;Y30 > Pt;sY2 > PtesY36 >
PtgeY14 > Pto;Yy > Pt. Sun and co-workers also demonstrated such composition-
dependent catalytic activity of monodisperse CoPd nanoparticles for formic acid
oxidation [33].

The effect of composition also exists in core-shell bimetallic nanoparticles. Jiang
et al. established the composition-dependent activity of core-shell Cu@M (M = Co,
Fe, Ni) catalyst nanoparticles for hydrolytic dehydrogenation of ammonia borane
[34]. In core-shell Cu@M structures, collaboration of Cu with M can change the
width of surface d band, which is beneficial for catalytic enhancement. Only an
optimum Cu/M ratio in all three cases shows the best catalytic activity.

Extensive use of BNPs have been reported in catalytic oxidation of dyes [35],
glucose [29], CO [36], benzyl alcohol [37], and methanol [38] oxygen reduction
[39] propane dehydrogenation [36] hydrogenation of nitro-aromatic compounds
[40], electro-catalytic oxidation of methanol [28] as well as in desulfurization of
thiophene [41].

o

Figure 3.
Different possibilities of bimetallic nanostructures observed: (a) ovdered alloy; (b) random alloy; (c) Janus-like;
and (d) core shell.
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5. Conclusions

High surface area and consequently, enhanced surface active sites have led to
extensive use of nanoparticles (NPs) as catalysts. Altering the nature and density of
active sites can improve their catalytic activity. Change in nanoparticle size, shape,
and composition affects the active site catalytic properties. The three listed aspects
may also affect the electronic structure of the nanostructures. Moreover, appropri-
ate functionalization of the nanostructures, not improve their stability against
aggregation, but also impact their electronic structures and adsorption properties.
Low density support materials also influence the nanostructure electronic state and
the resultant properties.

Anisotropic shapes offer different densities of surface, edge, and corners in
nanoparticles. Atoms in corners and edges possess low coordination and can lead
to better interaction with the substrate and other reacting species for catalysis. On
the other hand, possible variations in composition offered by bimetallic nanopar-
ticles can not only reduce the cost of nanomaterial but may also show synergistic
properties.
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Chapter2

Platinum-Based Carbon Nanodots
Nanocatalysts for Direct Alcohol

Fuel Cells

Sandile Surprise Gwebu, Philiswa N. Nomngongo
and Nobanathi W. Maxakato

Abstract

Platinum and its alloys are regarded as best nanocatalysts for the electro-oxida-
tion of alcohol fuels especially in acidic conditions. The performance of nanocata-
lysts for alcohol fuel cells depends greatly on the support material. A good support
material should have high surface area to obtain high metal dispersion. It should
also bond and interact with the nanocatalysts to improve the activity of the overall
electrode. Most importantly, the support material should offer great resistance to
corrosion under the harsh fuel cell conditions. In this chapter, the use of carbon
nanodots as support materials for Pt-Sn and Pt-TiO, nanoparticles is discussed. The
electrochemical activity of Pt/CNDs, Pt-Sn/CNDs and Pt/CNDs-TiO, nanocata-
lysts was studied using cyclic voltammetry (CV) in acidic and alkaline conditions.
Chronoamperometry (CA) was used to investigate the long-term stability of the
nanocatalysts under the fuel cell environment. Electrochemical results demon-
strated that binary Pt nanocatalysts are more active compared to monocatalysts. It
was also observed that carbon nanodots are better support materials than carbon
black. Blending carbon nanodots with titanium dioxide (a ceramic material)
improves the corrosion resistance of the nanocatalyst. Cyclic voltammetry results
also proved that alcohol electro-oxidation is enhanced in alkaline conditions.

Keywords: nanocatalyst, platinum, carbon nanodots, alcohol fuel cell,
electrooxidation

1. Introduction

A fuel cell is an electrochemical device that transforms the chemical energy
from a fuel into electrical energy through an electrochemical reaction without
combusting the fuel [1, 2]. Fuel cell technology is one of the innovative future
energy technologies all over the world. Fuel cells are environmentally friendly and
more efficient than combustion engines. They operate at low temperatures quietly
without vibration or noise; hence, can be used for both stationary and mobile
applications. There are numerous types of fuel cells, classified according to the type
of the electrolyte they use which governs the operating temperature and the catalyst
suitable for those conditions.

Among the numerous types of fuel cells, direct alcohol fuel cells (DAFCs) are
the most attractive using liquid and renewable alcohols (ethanol and methanol) asa
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fuel [3]. DAFCs are a very promising type when fuel consumption and feed strate-
gies are taken into consideration. Unlike hydrogen fuel cells, which have safety,
storage, and distribution challenges, DAFCs employ a liquid fuel that can easily be
kept and transported [4, 5]. The electro-oxidation of alcohol fuels occurs on the
surface of the positive electrode (anode) whereas the reduction of oxygen takes
place on the negative electrode (cathode). DAFCs electrodes are made of conductive
support material with a high surface onto which platinum nanoparticles are depos-
ited. Platinum is the best electrocatalyst for alcohol oxidation reactions (AORs) in
acidic conditions, nonetheless, it is expensive and it can effortlessly be poisoned

by the intermediates that are formed during the AORs [6]. For these reasons, novel
catalyst materials and catalyst preparation methods are still key topics studied in
alcohol fuel cells. The efficiency of the electrocatalyst nanoparticles depends on the
support material and its morphology [7]. Carbon nanomaterials have been consid-
ered for use as support materials because of their large surface area, great electrical
conductivity, tensile strength, good thermal stability, corrosion resistance, ease of
recovery and recyclability [8, 9]. In this chapter, the electrochemical performance
of Pt/CNDs, Pt-Sn/CNDs and Pt/CNDs-TiO, nanocatalysts is discussed. All the
metal nanoparticles used in the studies reviewed were deposited on to the support
materials by the alcohol reduction method.

2. Direct alcohol fuel cells (DAFCs)

DAFCs belong to either polymer electrolyte membrane (PEM) or alkaline fuel
cells (AFCs) depending on the pH of the electrolyte. Low molecular weight alcohol
fuels are more attractive compared to pure hydrogen because they can be handled
and transported easily. The design of DAFCs is greatly simplified; no reformer or
humidifier is required. Figure 1 shows a simple illustration of DAFC components.

Electrochemical reactions take place in the catalyst layers, which are attached
to the sides of the membrane. The catalyst layers are designed in a way that can
facilitate the movement of protons, electrons and reactants. The membrane serves
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Figure 1.
Hllustration of divect alcohol fuel cell components.
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as an insulator for electrons and promotes the movement of protons from the anode
to the cathode. The alcohol fuel is fed into the anode compartment where it gets
oxidised, at the cathode side oxygen is reduced, both reactions produce electrons
that migrate along the circuit and serves an electric load. The protons and other ions
combine to form by-products, water and carbon dioxide.

The commercialisation of the DAFC technology has been hindered by (i) the
inflated cost of the system, (ii) slow electro-oxidation reaction kinetics and fuel
crossover. Platinum is the best electrocatalyst particularly in acid media, but it is
very expensive. It is required in both electrodes of the fuel cell. Methanol is oxidised
to produce CO, which poisons the platinum electrocatalyst. The poisoning of the
platinum catalyst surface by carbon monoxide results in sluggish electro-kinetics
of methanol electro-oxidation and this increases the rate of methanol crossover
through the membrane. Carbon monoxide is the most stable intermediate formed
during methanol electro-oxidation. It strongly adsorbs on the surface of the elec-
trocatalyst, therefore preventing further methanol electro-oxidation. The removal
of CO is the slowest reaction, hence, becomes the rate-limiting step. Ethanol is
incompletely oxidised in acidic media producing intermediates such as CH;CHO and
CH;COOH liberating only 2 and 4 electrons, respectively, in alkaline conditions it is
selectively oxidised to acetate, this greatly reduces the overall fuel cell performance.
Fuel crossover is a challenge, especially in acidic conditions. The simultaneous
electro-oxidation of fuel and the reduction of oxygen at the cathode results in mixed
potential and reduces the cell voltage. The fuel crossover also results in fuel wastage.
In addition to this, the platinum surface gets poisoned by intermediates produced
from alcohol electro-oxidation. All these factors diminish the overall fuel cell output.

2.1 Direct alcohol fuel cell working principle
At the anode side, alcohol fuel (methanol, ethanol) is oxidised with the aid of
the electrocatalyst, generating electrons (e”) and protons (H*) according to the

following equations:
In acidic conditions

CH3;0H + H,0 — 6H" + 6e” + CO, 1)

C,HsOH + 3H,0 - 2CO, + 12H" + 12¢ )

In alkaline conditions

CH;OH + 8OH - CO;* + 6e” + 6H,0 (3)

C,Hs0H +120H™ - 2CO; + 12¢” + 9H,0 4

Electrons migrate to the cathode side through the external circuit, resulting in
an electrical current. The protons diffuse to the cathode through the electrolyte and
oxygen is reduced by these electrons to form anions, which react with the protons
(H") to form water according to the following equations:

In acidic conditions

30, +12H" + 12¢” - 6H,0 5)
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In alkaline conditions

0, + 4e” +2H,0 - 40H 6)

2.2 Support materials for fuel cell nanocatalysts

Support materials play a vital role in fuel cells as they strongly impact on the per-
formance, stability and effectiveness of the electrocatalyst. Support materials can
be classified as either primary or secondary. Primary supports are novel nanostruc-
tured carbon based such carbon nanotubes and carbon nanodots whereas secondary
supports are metal oxides, which have been used mainly to modify, promote the
primary supports and improve corrosion resistance. Corrosion of carbon support
material is one of the major problems hindering the commercialization of direct
alcohol fuel cells. A good support material must exhibit the following properties:

* High surface area to obtain maximum and uniform metal dispersion.

* Satisfactory electrical conductivity so that it can serve as a path for the move-
ment of electrons.

* Suitable porosity to boost electrolyte flow.
* Electrochemical stability in the fuel cell environment.
* Availability and low cost.

* Suitable functional groups to enable bonding and interaction with the nano-
catalysts to increase the activity and durability of the metal nanoparticles.

2.2.1 Carbon supports

Carbon is unique among all elements in the periodic table. It exists in radically
different forms with variable micro-textures. This makes carbon an attractive material
suitable for wide ranges of electrochemical applications [9]. Carbon is usually used
for supporting nano-sized electrocatalyst particles for fuel cells owing to its excel-
lent electrical conductivity, huge surface area, pore diameter and pore volume [10].
Carbon exists in many allotropic forms owing to its valency of 4 electrons. The most
common types of carbon are carbon black, fullerenes, diamond, graphene and carbon
nanotubes. Carbon black, graphene and carbon nanotubes have been extensively used
as supports for fuel cell nanocatalysts. Carbon black is amorphous, usually contains
spherical shaped graphite particles, characteristically with sizes below 50 nm. These
particles combine to form aggregates and agglomerates with diameters around 250 nm
[8]. Carbon black is mainly manufactured by the “furnace black” process, this process
involves fractional oxidation of petrochemical or coal tar oils [11]. There are many
varieties of carbon blacks, the most common types are vulcan XC-72, ketjen black and
acetylene black. These carbon blacks exhibit good physicochemical properties such as
surface functional groups, electrical conductivity, porosity and a reasonable amount
of surface area. Carbon black is commonly used as electrocatalyst support material
in fuel cells but still suffers from stability issues that reduce the electro-activity of the
electrode [12, 13]. Carbon black is very unstable in highly acidic/alkaline media of
a fuel cell, it gets corroded resulting in agglomeration and detachment of platinum
catalyst, this decreases the overall fuel cell performance [14, 15].
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Carbon nanotubes (CNTs) are cylindrical and hollow graphite layers with closed
ends. They exist as either single wall or multi-walled nanotubes, with thicknesses of
a few nanometres and lengths of about 1 mm [8]. A fascinating property of carbon
nanotubes is their capability to capture other elements/nanocatalysts inside their
wall structure. CNTs (single or multi-walled) are also used as catalysts supports
in low-temperature fuel cells [16-19]. SWCNTs have huge surface areas whereas
MW(CNTs are better electrical conductors than SWCNTs [20]. CNTs have chemi-
cally unreactive surfaces making it difficult to deposit metal nanoparticles on their
surfaces, hence, metal nanoparticles on CNTs generally have poor dispersion and
large particle sizes, this decreases the electro-activity of the nanocatalyst [21].
Researchers have developed functionalisation methods in order to incorporate
oxygen-containing groups on CNTs so as to improve their reactivity and interaction
with nanocatalysts [15, 40]. These functionalisation methods include impregna-
tion [22], acid treatment (such as a mixture of HNO; and H,SO,) [23, 24], polyol
processing [25], ion-exchange [26] and electrochemical deposition [27].

Carbon nanofibers (CNFs) are industrially produced by the decomposition and
graphitization of rich organic carbon-containing polymers. CNFs are also used as
catalysts supports in fuel cells [28-30]. They have a thin cavity and some CNFs have
no hollow cavity. CNFs are much thicker than CNTs. They can be classified into six
types according to their structures which are; ribbon-like, platelet, herringbone,
tubular, faceted tubular and faceted tubular multiwall [31]. Herringbone CNFs
exhibit intermediate features of parallel and platelet types, thus providing higher
catalytic activity and better durability than the other types [32].

The major difference between CNFs and CNTs is the exposure of reactive edge
planes. Anchoring sites for the nanocatalysts resulting from the edge planes are
exposed in CNFs while the basal planes are exposed in CNTs. Recent studies reveal
that platinum electrocatalyst supported on CNFs show lower poisoning rates than
platinum electrocatalyst supported on carbon black [31].

2.2.2 Carbon nanodots

Carbon nanodots (CNDs) are a newest type in the carbon nano family with particle
diameters less than 10 nm. They were first obtained during the purification of SWCNTs
through preparative electrophoresis in 2004 [33]. CNDs have gradually attracted too
much attention because of their availability and inexpensive nature. Carbon nanodots
core is sp’ conjugated and it contains multiple oxygen moieties such as the carboxyl
(=COOH), hydroxyl (=OH), and aldehyde (=COH) groups [34]. Synthesis of carbon
nanodots can be categorised into two groups namely; top down (chemical) and bottom
up (physical) methods [35, 36]. Top-down method employs treating starting materials
such as graphitic powder or MWCNTs in harsh chemical conditions [36]. Bottom-up
approaches include ultra-sonication [37], microwave pyrolysis [38] and hydrothermal
treatment of small molecules such as starch [39], citric acid [40] glucose [37] and leeks
[41]. Carbon nanodots used in the studies described in this chapter were prepared by
the pyrolysis of oats grains [42]. Pyrolysis is a bottom up (physical) method.

In the same study we used the freshly prepared CNDs to deposit Pt nanoparticles. The
prepared Pt/CNDs electrocatalyst outperformed the platinum nanoparticles supported
on carbon black. Wei et al. prepared naked palladium nanoparticles supported on carbon
nanodots for methanol electro oxidation. It was observed that freshly prepared CNDs act
as reductants resulting in attachment of metal nanoparticles on their surfaces [37].

What makes carbon nanodots superior?

* They are easy to synthesise from various starting materials such as carbohy-
drates and waste carbonaceous sources such paper and avocado seed.
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* No need to functionalise-they contain oxygen content of about 10% wt.

¢ Unlike carbon nanotubes, carbon nanodots are non-toxic and
non-carcinogenic.

* They are biocompatible.

* Due to their small particle sizes (below 10 nm) they provide high surface area
which enhances metal nanoparticle dispersion.

* Carbon nanodots also bond with the metal nanoparticles; thus, improving the
interaction between the catalyst and the support material.

2.2.3 Inorganic support materials

Inorganic metal oxides such as TiO; [15, 43-47], WO; [48-50], CeO, [29, 30, 51],
ALO; [52] SnO, [53] and MoO; [54] are very stable under the harsh fuel cell envi-
ronment. These ceramic materials are not good conductors of electricity; hence,
they can be only utilized as secondary support materials; they cannot be used on
their own as nanocatalyst supports.

2.2.3.1 Titanium dioxide (TiO,)

Titanium dioxide commonly referred to as “titania” is a naturally occurring
oxide of titanium. Titanium oxides have been employed in numerous applications
that depend on its photo-electrochemical, catalytic and outstanding corrosion
resistance in both alkaline and acidic media. Titania generally exists in three
major forms which are; anatase, rutile, and brookite crystallography. Each of
these structures exhibits unique physical properties which make them suitable for
different applications. It has been reported that the anatase crystallography is more
effective as an electrocatalyst than rutile titania. The chemical and physical proper-
ties displayed by these crystallographic forms depend on the synthesis route [55].
Titanium dioxide nanoparticles can be produced by approaches such as the sol-gel
technique [55, 56], microwave assisted hydrolysis [57], hydrothermal method
[58], co-precipitation route [59], flame combustion method [60, 61] and chemical
vapour deposition (CVD) [62].

3. Nanocatalysts for direct alcohol fuel cells
3.1 Platinum (Pt) electrocatalyst

Platinum monometallic catalyst has been widely used in fuel cells and has shown
good results for both DMFC and DEFC in acidic media [63-69]. This is because
platinum shows better activity, selectivity, stability and resistance to poison than
other metals. Platinum catalyst allows chemical bonds to cleave but weakly enough
to yield the product when the reaction has taken place, this is a required property
for a good heterogeneous catalyst [70]. However, the crystalline orientation of
platinum is a very important factor that governs the activity and poisoning rates of
the electrode.

Platinum crystallises in face-centred cubic structure (FCC) and the shape of
the resulting facet is predicted using Wulff’s rule [71]. The surface energy increases
as follows; Pt (111) < Pt (110) < Pt (100). The (111) orientation is the energetically
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favourable growth plane of platinum crystals. Polycrystalline platinum is prone
to oxidation due to the symmetric polycrystalline structure. Reactant molecules
adsorb strongly on the Pt (111) orientation, hence, it has a lower electrocatalytic
activity compared to the Pt (110) and Pt (100) orientations. On the other hand,
Pt (111) orientation has a lower poisoning rate than the Pt (110) and Pt (100)
orientations [72, 73]. The desired crystal orientations can be obtained by adding
a shape-directing agent to modify the crystallisation process. Many researchers
have reported that platinum is the best electrocatalyst in acidic media. However,
contrary results have been observed when using carbon nanodots as supports. It was
observed that the Pt/CNDs electrocatalyst in alkaline media yields more current
compared to acidic conditions as can be seen from Figure 2.

Gwebu et al. [42] went on to study the electro-oxidation of ethanol on the Pt/
CNDs electrode in both acidic and alkaline solutions. A similar trend was observed;
high current densities were recorded in alkaline conditions. The results are shown in
Figure 3.

3.2 Platinum-tin (Pt-Sn) electrocatalyst

Researchers have demonstrated that tin (Sn) enhances the electrocatalytic
performance of platinum towards ethanol oxidation and works even better than
ruthenium. Among the platinum-based binary catalysts, the Pt-Sn/C electrocatalyst
is the most promising for EOR; due its low cost, and high current densities at low
potentials. Neto et al. [3] synthesised Pt-Sn/C and Pt-Ru/C by the alcohol reduc-
tion process using water and ethylene glycol as the solvent and reducing agent
respectively. The activity for methanol and ethanol electro-oxidation was studied at
room temperature. The Pt-Sn/C electrocatalyst yielded current values higher than
those of Pt-Ru/C for both ethanol and methanol oxidation. The superior activity
of the Pt-Sn/C nanocatalyst is brought by the “bifunctional” mechanism where Sn
provides oxygen-containing species to react with the CO poisoning intermediates
on the platinum sites [74-78].

Spinacé et al. [79] studied the effect of the synthesis method and atomic com-
position of Pt and Sn. They synthesised Pt-Sn/C nanocatalysts with Pt:Sn ratios of
50:50 and 90:10 by the alcohol reduction method, using ethylene glycol as a reducing
agent, and by borohydride reduction. The Pt-Sn/C nanocatalysts prepared by the
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Figure 2.
Comparable CV for Pt/C and Pt/CNDs in (a) 0.5 CH;0OH in 0.5 M H,SO, and (b) 0.5 M CH;0H in
NaOH. Reproduced with permission from Gwebu et al. [42]. Copyright 2017, ESG.
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Figure 3.
CV graphs for Pt/C and Pt/CNDs in (a) 3 M CH;CH,OH in 0.1 M H,SO, and (b) 2 M CH;CH,OH in 0.1 M
NaOH. Reproduced with permission from Gwebu et al. [42]. Copyright 2017, ESG.

alcohol reduction method had smaller sizes compared to the Pt-Sn nanocatalysts
prepared by borohydride method. The difference in particle sizes was attributed to
the stabilising influence of ethylene glycol that minimises nanoparticle growth. The
best activity for the electro-oxidation of ethanol was observed for the electrocatalyst
containing 50:50 Pt:Sn prepared by the alcohol reduction method. For the borohy-
dride method, higher current densities were observed for the electrocatalyst contain-
ing Pt:Sn in the ratio 90:10. Lamy and co-workers [80] demonstrated that Pt-Sn/C
nanocatalysts perform better than Pt-Ru/C nanocatalysts for ethanol oxidation. For
nanocatalysts synthesized by co-impregnation hydrogen reduction and Bonneman
methods, they found that the optimal tin composition was between 10 and 20%.

Zhou and co-workers [81, 82] prepared Pt-Ru/C and Pt-Sn/C nanocatalysts by a
polyol method and tested for ethanol oxidation. They observed that the activities of
the Pt-Ru/C nanocatalysts were inferior to those of Pt-Sn/C nanocatalysts. They also
observed that Pt-Sn/C nanocatalysts with Pt:Sn atomic ratios of 60:40 and 50:50 are
more electroactive than nanocatalysts with 75:25 and 80:20 atomic ratios. Some sci-
entists have reported that methanol electro-oxidation is low or insignificant on the
Pt-Sn/C electrocatalysts. In actual fact, such observations were later found to be due
to other intervening factors than the effect of Sn on methanol oxidation, normally
involving “ensemble” effects [83]. Colmati et al. [74] reported that the adsorption-
dehydrogenation of methanol turns out to be more difficult due to alloying of Sn
with Pt and methanol electro-oxidation occurs only at reasonable alloying ratios.

The performance of Pt-Sn/C nanocatalysts greatly depends on their preparation
procedure and composition. Carbon nanodots have been used as support materi-
als for Pt-Sn nanoparticles. It has been found that carbon nanodots supported
nanocatalysts show greater electroactivity and slow poisoning rates compared to
carbon black supported nanocatalysts as shown in Figure 4 [84]. The electrochemi-
cal activity is usually assessed by cyclic voltammetry and the poisoning rates are
normally studied by chronoamperometry.

3.3 Pt-TiO, composites

Chemical blending a carbon support material such as a CNTs, CNDs, etc., with
TiO, helps to improve the anti-poisoning and anti-corrosion properties of the
electrode. The synergistic interaction between the carbon support, TiO, and the Pt
catalyst enhances the electroactivity of the catalyst as it changes the Pt-d electronic
and geometric properties [65]. This synergistic effect causes the contraction of Pt-Pt
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Figure 4.

Cyclic voltammograms showing low onset potentials and high current densities yielded by the Pt-Sn/CNDs
nanocatalyst (a), and chronoamperometry curves showing improved poisoning of the Pt-Sn/CNDs nanocatalyst
(b). Reproduced with permission from Gwebu et al. [84]. Copyright 2018, Wiley.

bond length leading to a condition favourable for the alcohol electro-oxidation reac-
tions [44]. Titanium dioxide is a semiconductor, hence the quantity of TiO, and the
crystallography (anatase/rutile) governs the degree of the interaction between the
electrocatalyst components [85]. Previous X-ray photoelectron spectroscopic studies
reveal that when Pt nanoparticles are supported on CNDs-TiO, the electronic struc-
ture of Ptis altered by titanium from the composite support. The binding energy for
pure Pty is around 71.12 eV, however, upon addition of TiO, the binding energy of
4f;, Pt shifts to 71.53 eV. The positive shift indicates a strong metal-support interac-
tion (SMSI) between the support material and the platinum catalyst [86] (Figure5).
The enhanced electrochemical performance provided by metal oxides is brought
by their hydrophilic nature due to the availability of H,O molecules within the oxide
network. The water molecules act as a continuous reversible membrane resulting
in enhanced hydroxide transfer [43]. Bedolla-Valdez et al. [45] prepared a Pt/CNT/
TiO, composite for methanol electro-oxidation using the sonochemical method. They
concluded that the TiO, surface area can offer sites to adsorb water to form hydroxyl
groups, which then react with CO adsorbed on the Pt surface to form CO,. They recom-
mended that the functionalisation of CNT should be optimized. Gwebu et al. [86] pre-
pared a novel Pt/CNDs-TiO, nanocatalyst for methanol and ethanol electro-oxidation
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Stability curves for the Pt/CNDs-TiO, nanocatalyst. Reproduced with permission from Gwebu et al. [86].
Copyright 2018, Elsevier.

in acidic media. Observed results proved that blending carbon nanodots with TiO, not
only improves the electroactivity of the nanocatalyst but also enhances the tolerance to
poisoning and resistance to corrosion. Figure 6 shows the durability curves for the Pt/

CNDs-TiO, nanocatalyst against Pt/CNDs and Pt/C nanocatalysts.

After exposure to 50 cycles, the Pt/CNDs-TiO, nanocatalyst retained the highest
current indicating great tolerance to poisoning and resistance to acidic conditions of
the fuel cell. The improved resistance to poisoning and corrosion was credited to the
presence of ceramic TiO, nanoparticles which promote the oxidation of poisoning
species at the same time minimising the detachment of Pt nanoparticles from the
CNDs-TiO, composite support.

4, Conclusion

In this chapter, the use of carbon nanodots as primary support materials for
direct fuel cell nanocatalysts is discussed. Other carbon nanomaterials such as
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CNTs and CNFs were also reviewed. After their discovery in 2004, carbon nanodots
have not been extensively used in fuel cells. This chapter demonstrated that carbon
nanodots are potential support materials for direct alcohol fuel cells operating in
both acidic and alkaline conditions. It is demonstrated that platinum nanoparticles
supported on carbon nanodots are better anode nanocatalysts compared to plati-
num nanoparticles supported on carbon black. Alloying platinum with a cheaper
metal such a tin modifies the face centred cubic structure of platinum resulting in a
geometry which favours alcohol electrooxidation. The binary Pt-Sn catalyst yielded
higher current density at low potentials compared to the mono Pt/CNDs nanocata-
lyst. It is revealed that incorporating TiO; into the Pt/CNDs nanocatalyst improves
the nanocatalyst’s electroactivity and resistance to corrosion by acidic electrolytes.
Chronoamperometry results proved that Pt, Pt-Sn and Pt-TiO, nanoparticles
supported on carbon nanodots are more resistant to poisoning compared to Pt
nanoparticles supported on carbon black.

From the recent studies conducted, it was observed that carbon nanodots are
easily synthesized by the bottom-up (physical) methods. However, in most cases
CNDs prepared by these methods are amorphous, this compromises their resistance
to corrosion under the harsh fuel cell conditions. Further work should be done
to develop top-down methods for synthesizing carbon nanodots. Owing to great
catalytic activity exhibited by Pt binary catalysts, ternary and quaternary catalysts
should be developed to improve performance and reduce platinum loading.
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Abstract

Globalization today has helped fuel the global socioeconomic growth of the
world and reshaping the growth of the industries. While the development had been
remarkable, the rapid rise of industrialization had provoked the sustainable chain of
diversity which is reflected by rising pollution level, particularly on the water
pollution. On account of the cutting edge of water security issue, engineering
photocatalytic material remains crucial in finding new ways to combat the challenge
of water pollution through photocatalytic pollutants degradation while at the same
time acts as the frontlines for energy conversion and environmental protection. To
date, graphitic carbon nitride, g-C3N, had emerged as a promising material of
interest in photocatalytic application due to its appealing characteristics such as
excellent optical properties and high physiochemical and thermal stability. This
chapter will comprehensively discuss an insight into the most recent progress in
synthesis, properties and the photocatalytic application of g-C;Ny, particularly in
environmental pollution remediation. Special emphasis is also placed on the most
recent strategies for enhancing the photocatalytic performance of the g-C3N,
photocatalyst. Finally, the future directions and perspectives will be presented.

Keywords: graphitic carbon nitride, photocatalyst, degradation, nanomaterial

1. Introduction

The exponential growth of the industries over the past decade had exerted
substantial pressure on sustainability, mainly on the pillars of the environment.
While the gap towards an improved well-being brings many intended benefits. The
environmental sustainability challenge is also growing at a large scale and complex-
ity, resulting in severe environmental impacts including water pollutions. Within
this context, the rise of industrialization alongside with the rapid growth of the
global population has been intimately linked with a higher generation of wastewater
[1-3]. The statistical glance from United Nations World Water Assessment
Programme (2003) has reported that around 2 million tons of industrial sewage and
agricultural waste have been discharged into the water bodies every day. Based on

27 IntechOpen
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the report by the WHO/UNICEF Joint Monitoring Programme, the current statistics
reveal that there are approximately 2.1 billion people who are lack access to clean
drinking water. Another report by UNESCO (2017) claims that approximately 80%
of the wastewater flow is discharged into the ecosystem without any treatment thus
contaminating a large portion of the water bodies. In this sense, the excessive
release of anthropogenic pollutants originated from industrial use such as the phe-
nolic compound, heavy metals and dyes had resulted in a deterioration in water
quality and pose harmful effect on the living organism, which further emphasizes
the need to tackle the water pollution issue [4-6].

Engineering photocatalytic material had emerged as a promising technology to
bridge the gap between global energy challenge and environmental remediation.
Since the pioneering discovery of photocatalytic water splitting by Fujishima and
Honda in 1972, photocatalytic material has attracted interdisciplinary attention due
to its diverse potential in various discipline such as solar energy conversion,
photocatalytic water splitting for hydrogen production and carbon dioxide reduc-
tion, organic pollutants degradation and synthesis of organic compounds [7-9]. For
the wastewater treatment field, photocatalytic degradation of pollutants is favor-
able over the conventional method due to its several advantages. This technique
does not require non-renewable energy consumption as it exploits the sustainable
solar energy [10-12]. Applicable both for gaseous and aqueous treatment,
photocatalysis technology reportedly can degrade a wide range of pollutants and
toxic compounds without causing any secondary pollutants. Moreover, the
photocatalyst can be easily synthesized through various methods from an abundant
readily available precursor. The whole process is not only simple to conduct, low in
cost and require a relatively short process time, making the method sustainable for
wastewater purification in a large scale application.

At presents, there are a various ongoing effort for the development of the
sustainable photocatalytic system, with the focused centered on the development of
noble metal-free photocatalyst as TiO,, g-C3Ny4, BiVO,, ZnO, and carbonaceous
materials [12-17]. Among these photocatalysts, graphitic carbon nitride (g-C5N,)
has elicited significant interest as the next generation of the photocatalyst in engi-
neering photocatalytic field for environmental pollutants degradation due to its
excellent physiochemical properties [18-21]. The g-C3N, is novel, metal-free
photocatalyst with good light absorption properties owing to its medium band-gap
energy of 2.7 eV [19, 22, 23]. The polymeric nature of this conjugated materials
allows for facile modification of the photocatalyst to improve its optical properties
besides permit multiple excitations from absorption of a single photon, both of
which are favorable for efficient pollutants degradation. However, the practical
application of g-C5Ny is still hindered by some of its individual properties such as
low visible light utilization, the high recombination rate of photogenerated elec-
tron-hole pairs and slow electron transfer which lead to lower photocatalytic per-
formance [22]. Hence, various strategies have been adopted such as energy band
engineering, copolymerization with nitrogen precursor and development of
heterostructure system in order to overcome the individual drawbacks of pristine
g—C3N4 [24—26] .

In recognition of the great potential of g-C3N, as a promising visible light
driven photocatalyst, this chapter is aiming to provide an overview on the most
recent related studies on the development of g-C3N, photocatalyst in the envi-
ronmental pollution remediation. The history and basic principle of photocatalyst
system are well explained in order to promote better understanding on the
g-C5Ny. Afterward, the fundamental properties of g-C3;N,4 and the synthesizing
techniques are briefly summarized. Next, the current strategies to enhance the
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overall performance of g-C3N,4 photocatalyst are explained. Subsequently, the
current perspective and future directions of the g-C3;N, photocatalyst are included
in this chapter.

2. General overview on g-C3;N, photocatalyst

The history of engineering photocatalytic material could be traced back to 1972,
where photoelectrochemical splitting of water in the presence of TiO, and ultravio-
let light by Fujishima and Honda had served as the starting point for photocatalytic
reaction [27]. Since then, numerous semiconductor-based photocatalysts have been
investigated in an attempt to produce a robust photocatalyst for an efficient novel
photocatalytic system. Among them, TiO,, BiVOy,, Fe;03 and ZnO had been identi-
fied as a potential promising photocatalytic material [28-30]. Although Titanium
oxide (TiO,) had dominated the photocatalytic arena, this photocatalyst suffers
from its negative characteristics which hinder the practical exploitation of this
material for large scale application [8, 9]. Hence, other potential materials have
been tested and explored in the search for robust photocatalyst for large scale
application. Among them, g-C3N,4 had emerged as one of the promising material
and become the new research hotspot for various scientific application owing to its
excellent features.

2.1 Introduction to g-C3;N, photocatalyst

Graphitic carbon nitride is one of the oldest artificial polymer reported back in
1834. Structurally analogous to graphene, this conjugated polymer is a novel, metal-
free with a medium band gap of 2.7 eV [31]. Generally, there are several allotropes
of C3Ny such as a-C3Ny, p-C3Ny, pseudocubic C3Ny, cubic C3Ny, g-h triazine and
g-C3N,. However, g-C3N, is considered the most stable form of C3N4 under ambi-
ent conditions. Figure 1 illustrates the basic tectonic units to establish the allotropes
of the g-C3N, photocatalyst. It was reported that the tri-s-triazine-based g-C3N4
photocatalyst was the most stable phases of C3N, at ambient conditions. This
postulation was further verified by Kroke et al. [32] with their first-principles
density functional theory (DFT) calculations. Meanwhile, only the pseudocubic and
g-h triazine phases have direct band gaps while the other phases have indirect band
gap energies [32].
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Figure 1.

The basic tectonic units for g-C;N,, photocatalyst (a) triazine and (b) tri-s-triazine (heptazgine) structuves.
(Adapted with permission from Ref. [22]).
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Historical development of g-C;N,, photocatalyst in photocatalysis field.

Carbon nitride, C3N, is not new at all, and it is considered one of the oldest
reported artificial polymers in the scientific literature [26]. Figure 2 shows the
historical development of g-C3N, in photocatalysis arena. This g-C3N4 was first
reported by Berzelius and Liebig in the year 1834 and named as melon [33].
Although it was first discovered back in 1834, the material is not exploited until
2009 when Wang et al. first reported the utilization of this material in
photocatalysis field [26]. Since then, a lot of researchers started to unravel the
promising potential of the g-C3N, photocatalyst in a wide range of different
photocatalytic applications. Nevertheless, owing to the limited experimental data,
there is a prevailing discussion about the actual existence of a graphitic material
with idealized composition C3N, and possible structure models for g-C3N,
photocatalyst. Gratifyingly, due to the similar structure with graphite, triazine
(C3Ny) had been put forward as the elementary block of g-C3N,. Moreover, tri-s-
triazine rings also shown promises to be energetically favored with respect to the
triazine-based modification as the tri-s-triazine rings are cross-linked by trigonal
nitrogen atoms [34]. Ideally, the condensed g-C;N, consists of only carbon and
nitrogen atoms with a C/N molar ratio of 0.75. Nonetheless, there is no perfectly
condensed g-C3N, was reported and they are as-grown polymer materials that are
not single crystals. Hence, the g-C3N, photocatalyst can be seen as a family of
layered graphitic carbon nitride compounds with a C/N ratio close to 0.75.

2.2 Synthesis method for the development of g-C;N, photocatalyst

Since the potential of carbon nitride in the photocatalysis arena had been known,
various synthesis method and technique had been instigated such as chemical vapor
deposition, sonochemical, solvothermal, and thermal annealing of nitrogen-rich
precursor [24, 32, 33]. Following the variation in synthesis technique, the various
compound can be used as the precursor such as melamine, cyanamide,
dicyanamide, urea, and thiourea. However, thermal condensation of nitrogen-rich
precursor has emerged as the most attractive methods due to its simplicity and use
of cheap, earth-abundant precursors.

In the first reported work by Wang et al. [35], cyanamide was used as the
starting precursor of g-C3N,. It was found that the cyanamide molecules were
condensed to dicyanamide and melamine at temperatures of ca. 203 and 234°C.
Next, the ammonia was removed via condensation process, resulting in the forma-
tion of melamine-based products at the temperature around 335°C. When the
temperature was heated up to ca. 390°C, the tri-s-triazine units was formed via
rearrangements of melamine. Finally, the polymeric g-C5N, photocatalyst was
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formed at ca. 520°C through the further condensation of the unit. Nevertheless, the
overheating of the sample over 700°C resulted in the disappearance of g-C3N, to
“residue-free” through the production of nitrogen and cyano fragments. With
respect to the experimental approaches, the reaction mechanism of the combined
polyaddition and polycondensation process was further verified by the ab initio
calculations using a plane wave basis set with a 550 eV energy cutoff [34]. Based on
the calculations, Figure 3 illustrates the cohesive energy of the molecules increased
following the polyaddition pathway, confirming that melamine was produced upon
heating the cyanamide [22].

Meanwhile, the most commonly used precursor in thermal condensation
method includes those with nitrogen-rich and oxygen-free compounds, which
contain the required C-N structure. The compounds with pre-bonded C-N core
structure such as melamine, cyanamide, dicyanamide, urea and thiourea are
among the commonly used precursors for the synthesis of g-C3N4. In addition
to that, triazine and heptazine derivatives also had been tested as a precursor.
For example, Mo et al. [34] prepared the g-C3N, photocatalyst via manipulating
the calcination temperature on the morphological structure of melamine. It was
found that the g-C3N,4 photocatalyst can only be formed when the calcination
temperature above 500°C, evidently from the XRD analysis. Furthermore, it
was found that the absorption band edge was red shifted along with the change
of color from light yellow to dark orange, indicating the enhanced visible light
absorption was obtained for samples with increasing calcination temperatures.

On the other hand, Dong et al. [36] prepared the g-C3N, using urea via a
facile template-free. Their group studies the effects of pyrolysis time on the
microstructure and activity of g-C3N4 photocatalyst. They suggested that the
surface areas of the photocatalyst can be significantly increased by just
prolonging the pyrolysis time to 240 minutes at under 550°C. They claimed that
the surface area of g-C5N, photocatalyst prepared via this method is higher than
g-C3N, photocatalyst prepared via templating method. Similarly, Chen et al.
[37] prepared g-C5N,4 photocatalyst by pyrolyzing urea in a muffle furnace at
550°C for 2 hours with a heating rate of 5°C/min. Meanwhile, Yang et al. [38]
prepared ultrathin g-C3N, photocatalyst nanosheets via thermal exfoliation of
bulk urea-derived g-C3N,4 under an argon atmosphere. In addition, Figure 4
summarizes the synthesis process of g-C3N, photocatalyst by thermal polymer-
ization of different precursors.
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Figure 3.

Calculated energy diagram for the development of C;N,, using cyanamide as the precursor. Cyanamide was
condensed to melamine. Further condensation proceeded by a triazine route (dash-dot line) or tri-s-triazine
(dashed line). (Adapted with permission from Ref. [33]).
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Schematic illustration of the synthesis process of g-C3N,, photocatalyst via thermal polymerization of different
precursors. The black, blue, white, red and yellow balls denote C, N, H, O and S atoms, respectively. (Adapted
with permission from Ref. [22]).

2.3 Fundamental properties of g-C3;N, photocatalyst

Graphitic carbon nitride possesses an excellent physical, chemical and mechanical
properties, giving a reason on why researchers are eager into the science of nano-
technology of g-C3N,. This compound possesses excellent visible light absorption
than most of the metal oxide photocatalyst owing to its mild band gap energy. Given
its m=-conjugated properties, g-C3N,4 can act as an electron sink, leading to suppression
of recombination of photo excited charge carriers. Moreover, the polymeric nature of
this material allows for multiple excitations from absorption of a single photon,
leading to an efficient generation of the reactive species responsible for pollutant
degradation. In addition, g-C3N,4 possesses high resistance to thermal and chemical
environment, as well as too acidic and basic media, making it as a stable material.

Furthermore, Wang et al. [39] performed a density functional theory (DFT)
calculations in order to gain insight into the electronic structure of g-C3N,
photocatalyst (as shown in Figure 5). They reported that the valence band and
conduction band are mainly composed of the nitrogen p, orbitals and carbon p,
orbitals, respectively. The light illumination excited the electrons and holes for the
oxidation and reduction process to occur independently in the nitrogen atoms and
carbon atoms. Congruously, the g-C3N, photocatalyst has a specific microstructure,
with surface termination as defects and nitrogen atoms for electron localization or
anchoring inorganic/organic functional motifs as the active sites [32].

However, the practical application of g-C3Ny is still hindered by some of its
undesirable properties which lead to lower photocatalytic performance. The indi-
vidual structure of g-C3N, has low specific surface area and quantum efficiency,
which limit the sorption capacity of the photocatalyst [26]. This photocatalyst also
suffers from high recombination rate of the photogenerated electron-hole pairs.

2.4 Photocatalytic principles and mechanism over g-C;N, photocatalyst

Photocatalyst can be described as a combination of catalysis and photo-
chemistry in which absorption of photon energy from light via catalyst is the
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Figure 5.
Electronic structure of the polymeric g-C;N,, photocatalyst. (Reproduced with permission from Ref. [39]).

key towards photoreaction process. In this system, photon energy is required to
activate the photocatalyst in which make this photocatalyst system to be one of
the frontier renewable energy technology in which it can utilize the solar
energy. The g-C3N,4 photocatalyst has a small band gap energy around
2.6-2.7 eV which falls within the visible-light region [25]. It is estimated that
the valence band (VB) and the conduction band (CB) of the g-C3N,4
photocatalyst are 1.56 and 1.09 eV, respectively [40].

Initially, the g-C5N,4 photocatalyst will absorb photon energy with an energy
equivalent or greater than its band gap energy, causing an electron (e”) in the
valence band (VB) to be excited and migrate to the conduction band (CB).

g — C3Ny +hV — e cp(g — C3N4) + h¥yp(g — C3Ny) 1)

Then, the electron will be excited and leave photogenerated holes (h*) in the
valence band. The photogenerated holes and photoexcited electrons will migrate
to the surface of the photocatalyst and trapped there. The photogenerated holes
then react with adsorbed water to produce strong oxidizing "OH radicals
whereas the photoexcited electrons react with adsorbed oxygen to generate "'O,”
radicals [41].

e (g — C3Ny) + Oy — <Oy~ (2)
h+VB(g — C3N4) + OH™ — *OH 3)

The formation of these radicals will further react with recalcitrant pollutant and
subsequently degraded the recalcitrant pollutant.
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*O,~ + recalcitrant pollutants — degradation of pollutant

*OH + recalcitrant pollutants — degradation of pollutant

(4)
©)

2.5 Strategies to improve g-C3;N, photocatalytic performance

In order to overcome the individual drawback of pure g-C3N,, many attempts
have been made to improve the photocatalytic capability including surface modifi-
cation of the photocatalyst structure. Generally, the surface modification aims to
improve the photocatalyst specific surface area, charge separation and optical.
There are currently five modification techniques which have been investigated
including the introduction of heteroatoms (i.e. metals and non-metals) within
g-C3N, framework, noble metal deposition, hybridizing g-C3N,4 with carbon
nanomaterials and coupling g-C3N, with a photocatalyst. The principle, advantages
and disadvantages of each technique are summarized in Table 1.

On the other hand, the development of the heterostructure photocatalyst via the
introduction of additional compounds into the g-C;N4 network is one of the most
promising strategies to enhance the overall catalytic performance of g-C3Ny
photocatalyst [22]. In general, the g-C3Ny4-based heterostructure can be developed
by coupling the g-C;N,4 with other types of photocatalyst as co-catalyst. The for-
mation of the heterostructure with suitable band position would suppress the
recombination rate of the photogenerated electron-hole pairs, which lead to higher

Modification Principle Advantages Disadvantages
method
Metal doping  Doping of various metallic Bandgap narrowing, Can often cause secondary
species such as the alkali surface area improvement, pollution due to leaching
metals, rare earth metals charge separation and fine- of the metal ions
and noble metals into tuning the band structure
g-C3N4
Non-metal Doping g-C3N, with non-  No secondary pollution, Non-metal species does
doping metals improve visible light not take part in charge

absorption and charge
separation

transportation hence
recombination centers are
formed

Noble metal

Deposition of noble metal

Metal content positively

Beyond the optimum

deposition nanoparticles such as Cu,  influence the metal loading, the excess
Pt, Auand Pd on g-C3N,  photocatalytic activity until metal ions act as
the optimum loading is recombination centers for
reached the electron/hole pairs
Hybridizing Carbon nanomaterial such  High thermal, electronic Excess CNM (i.e. RGO)
g-C3N, with as carbon nanotubes conductivity, remarkable facilitate adsorption of
carbon (CNTs), carbon adsorption properties for ~ large amounts of the dye
nanomaterials nanospheres (CNS), organic and inorganic molecules onto the catalyst
(CNM) graphene oxide (GO) and  compounds surface thereby reducing
reduced graphene oxide light penetration to the
(RGO) photocatalyst
Coupling Coupling two or more Improved stability, visible ~ Difficult to find a proper
g-C3N, with  semiconductors to forma  light utilization, charge semiconductor
semiconductor semiconductor separation and transfer and photocatalyst with suitable
heterojunction more efficient formation of band edge position
the oxidizing species
Table 1.

Surface modification of g-C;N, technique to improve its photocatalytic performance.
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photocatalytic performance efficiency. For example, Wang et al. [19] reported the
enhanced photocatalytic performance of g-C3N,/{010} facets BiVO, photocatalyst
fabricated via ultrasonic dispersion method. The aforementioned heterostructure
photocatalyst was capable of removing 88.3% of RhB pollutant within 30 minutes
under visible light irradiation. Meanwhile, Huo et al. [20] successfully formed the
BiVO,/Polydopamine/g-C3N, heterostructure photocatalyst via facile ultrasonic
dispersion and self-assembly at the room temperature. They observed a remarkable
photocatalytic degradation of glyphosate under visible light irradiation in compari-
son to the unmodified photocatalyst.

Furthermore, the photocatalytic activity of pure photocatalyst can be enhanced
by the addition of carbon materials as an electron bridge mediator. The addition of
carbon nanomaterial provides a structure with a larger specific surface area over
which the active component can be well-dispersed, thus increasing the active sites.
During the photocatalytic degradation of organic pollutants, carbon materials can
be used as an adsorbent to improve the adsorption capacity of semiconductors.
Besides, carbon materials can be doped as a photosensitizer for band gap
narrowing, which is favorable for expanding the visible light absorption region of
semiconductors. The incorporation of electron bridge mediator within the network
of the heterostructure system will facilitate the migration of the electron transfer
within the photocatalyst, leading to the enhanced charge separation efficiency
and photocatalytic activity. In this sense, GO/RGO and CNTs are among
the carbon nanomaterial that has been explored to acts as an electron bridge
mediator.

3. Recent progress on the development of g-C;N, photocatalyst for
environmental remediation

Photocatalyst ~ Synthesized Type of Pollutants  Source of Degradation Ref.
Method pollutants  concentration light efficiency
Zn0/g-C3N, Impregnation Phenol 5mg/L Simulated 99.5% of [42]

sunlight  phenol removal
irradiation achieved after

60 min of
irradiation
BiVO,/ Ultrasonic Glyphosate 0.1 mM 125W 100% [20]
PDA/g-C3Ny4 dispersion and mercury  degradation
self-assembly lamp after

150 minutes

g-C3Ny/ NR Methylene 10 mg/L Visible g-C3N,/BiVO, [43]
BiVO, blue light photocatalyst

was about 8

and 7 times

higher than

that of pure

BiVO, and

g-G3Ny

g-C3N4/TiO,/ Facile MB 6 mg/L 150 W Ternary hybrid [44]
CNT hydrothermal halogen  exhibits 5 times
method lamp higher
photocatalytic
activity
compared to
bare g-C3N,
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Photocatalyst  Synthesized Type of Pollutants  Source of Degradation Ref.
Method pollutants  concentration  light efficiency
g-C3N4/AC NR Phenol 50 mg/L 350WXe 100% phenol  [45]
lamp removal after
160 min
g-C3N, Polycondensation Pharmaceutical 20 mg/L 35W Photocatalyst  [46]
10 mg/L Xenon showed the
lamp capacity to
degrade the

pollutants in
the sequence:
tetracycline >
ciprofloxacin >
salicylic acid >
ibuprofen

g-C3N,/ Ultra-sonication Aqueous 250 mL Visible 100 vol% Au  [47]
CNTs/Au Rhodamine light dispersion with
(RhB) a 60: 40 mass
ratio of
g-C3N4 to
CNTs
exhibited
optimal
photocatalytic
activity

4, Conclusions and future directions

The growing concern over the scarcity of clean water sources due to a fast
development of industrialization has force a rapid breakthrough dedicated to the
development of advanced photocatalyst system. Over the past few years, the studies
on g-C3N, based photocatalyst have witnessed auspicious potential promises by this
photocatalyst in environmental remediation applications. To date, the profound
photocatalytic performance of g-C;N, based photocatalyst is mainly governed by its
intrinsic features such as metal-free photocatalyst and good light absorption prop-
erties owing to its medium band-gap energy of 2.7 eV. In this chapter, the synthesis,
properties and photocatalytic application of g-C3N, are summarized. Then, the
most recent strategies for enhancing the photocatalytic performance of the g-C3N4
photocatalyst are highlighted.

Although profound performance had been reported in most of the recent
studies, the promising potential of g-C3;N,4 based photocatalyst has yet to be
exploited fully. The main challenges which are yet to be mitigated are (i) green
synthesizing method which can produce high surface area and good photostability
photocatalyst, (ii) the control of surface kinetics on g-C3N4 photocatalyst which
can promote the photocharge separation and migration, (iii) the use of real
industrial wastewater in analyzing the performance of g-CsN,4 based
photocatalyst, (iv) improving the reactor design to achieve the optimum
photocatalytic performance with the lowest cost and (v) the utilization of real
sunlight as a light source during the analysis process.
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Chapter 4

Platinum Group Metal Based
Nanocatalysts for Environmental
Decontamination

Sarre M.K. Nzaba, Bhekie B. Mamba and Alex I. Kuvarega

Abstract

Research and development in chemical engineering is currently focused on design of
highly active and selective catalytic systems for process intensification. In recent years,
there has been growing interest in the use of catalysts based on nanosized metal par-
ticles to improve catalytic processes. Among the many metal catalysts, platinum group
metals (PGMs) have received greater attention because of their physical and catalytic
properties. They have found applications in a wide range of chemical conversion and
environmental decontamination reactions due to their chemical stability and enhanced
catalytic reactivity in the nano range. This chapter reviews some of the major innovative
applications of PGM nanocatalysts for catalytic environmental decontamination.

Keywords: nanocatalyst, decontamination, platinum group metal,
organic transformation, water treatment

1. Introduction

Industrialization and rapid population growth has resulted in energy shortages
and environmental contamination which has raised concern of a potential global
crisis. For sustainable human society development, technologies for environmental
decontamination need urgent attention. Among numerous available technologies,
catalysis has gained considerable attention because of the diverse potentials in energy
and environmental applications. Generally, catalysts for environmental applications
are based on less expensive materials that will not cause secondary environmental
pollution [1]. The major advantage of environmental catalysis is the chemical
conversion of pollutants into non-hazardous and less toxic products. Pollutants can
be degraded and transformed efficiently through homogenous or heterogeneous
oxidation and reduction processes under ambient conditions or conditions in which
external energy such as light may be required [2]. Therefore, the present book chapter
aims to provide analysis in the use of PGMs nanocatalysts in the recent development
and appraise their potential applications in environmental decontamination.

1.1 Nanotechnology and the environment
Nanotechnology refers to the research and development of materials at the atomic,
molecular or macromolecular scale. Materials at nanoscale find applicationsin a

myriad of areas, such as magnetic and optoelectronic, biomedical, pharmaceutical,
cosmetic, energy, electronic, catalytic, and environmental domains. Because of the
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potential of nanotechnology, there has been a worldwide increase in investment in
nanotechnology research and development [3]. The unique properties of materials
and their stupendous performance at nanoscale are the main reason for the increased
growth in this area. Controlled assembly of nanoparticles has been proposed as one
of the most ways to achieve the target technologies [4]. Nanotechnology has immense
potential in environmental decontamination through the use of materials such as
adsorbents and nanocatalysts. Therefore, it is necessary to develop novel processes for
the fabrication of nanomaterials that can be used as the basis for the development of
highly efficient new technologies for solving environment challenges.

1.2 Platinum group metals

Platinum group metals (PGMs) including iridium (Ir), osmium (Os), platinum
(Pt), palladium (Pd), rhodium (Rh) and ruthenium (Ru) have high resistance to
corrosion and oxidation in moist air, unlike most base metals [5]. Their precious
nature derives from their rarity in Earth’s crust. It has been reported by Grabowska
et al., that PGMs such as platinum and palladium allow the extension of light
absorption of semiconductors such as TiO, into the visible region [6].

Recently, Dozzi et al. has investigated the catalytic effect of PGMs metal for the
degradation of formic acid using Pt, Au doped TiO; [7]. On the other hand, Kisch
et al. modified TiO, with chloride complexes of Pt for the photocatalytic degradation
of 4-chlorophenol [8]. The presence of PGMs nanocatalysts gave rise to an enhanced
charge carrier separation hence improving the photocatalytic performances of the
modified photocatalyst systems. According to Yoon et al., the surface of PGMs serves
asvisible light absorbing sensitizers and centers of charge separation [9]. The pos-
sibility of designing and applying nanosized PGM catalysts has been demonstrated in
a number of studies [9-12]. This has resulted in interest in considering their applica-
tion in environmental remediation, water treatment, chemical transformation and
microbial disinfection. A priority task of present day science is to solve the problem
of environmental contamination of planetary resources which requires development
of efficient technologies employing nanocatalysts. PGMs catalysts have already found
applications in a number of industrially important R&D niche areas, including envi-
ronmental cleanup. The effectiveness of the PGM nanocatalysts depends on a number
of factors, including their size, morphology of the particles and their packaging into
usable devices and systems. In most of these applications, the cost of PGMs cannot be
ignored. Platinum has been reported to be a very good catalyst but a trade-off has to
be established between efficacy and cost. In the nano-range the amount of the catalyst
is usually kept very low while huge improvements in efficiency are realized. However,
there is still need for more effort in design of viable systems for environmental decon-
tamination using PGM based nanocatalysts. Potential up-scaling of these devices and
systems is currently an area of increasing research interest.

2. Synthesis of PGM nanocatalysts

Designing a new class of highly selective and active catalytic systems with the
use of recent developments in chemistry has become one of the main concerns faced
in contemporary engineering. As compared to bulk material, nanoparticles have
an increased surface area and high dispersity and, thus provide high reactivity and
allow fabrication of efficient catalysts with lower noble metal loading. Controlling
the growth, size, and monodispersity of metal nanoparticles is a subject of interest
in designing of nanosized catalytic systems. Therefore, different methods have been
used for the synthesis of nanocatalysts. For instance, in 2005, Wong et al., successfully
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synthesized a bimetallic catalyst using Pd-on-Au NPs through the Turkevich-Frens
(citrate reduction) method and obtained particles with an average diameter of about
20 nm [10]. Paula and co-workers synthesized Pd/C-catalyst using one-pot method
for synthesis of secondary amines by hydrogenation of nitrocompounds as single
starting materials [11]. Additionally, Coleman et al. synthesized and Pt/TiO, catalyst
by the photodeposition method in the presence of a sacrificial organic hole scavenger
[12]. Barakat et al., synthesized Pt doped TiO, catalyst by immobilizing colloidal Pt
nanoparticles onto titanium dioxide (rutile) [13]. Kuvarega et al., used a modified sol
gel method for the synthesis of nitrogen, PGM co doped TiO,. In these studies spheri-
cal particles of average size between 2 and 5 nm were reported [14].

3. Characterization of PGMs based nanocatalysts

Many different physico-chemical techniques are used to characterize nanocatalysts
among them scanning electron microscopy (SEM) used for the morphology of the
materials. Transmission electron microscopy (TEM) is also used for particles size and
morphology. Chun-Hua et al. used TEM to analyze 3% Pt nanoparticles supported on
CNT particles is shown in Figure 1. In another study, Pt catalyst containing 3% metal

Figure 1.
TEM image of 3% Pt/CNT particles (Copyright, J. Mol. Catal. A: Chem., Ref. [17]).
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Figure 2.
XRD patterns of (a) GO, (b) Pt/RGO-HH, (c) Pt/RGO-EG, (d) Pt/AC-EG and (e) Pt/MWCNT-EG.
(Copyright Carbon 50 (2012) 586-596, Ref [18]).
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Figure 3.
FT-IR spectra of (a) the Fe;O, micvospheres, (b) the Fe;O,@C composite, (c) the Fe;0,@C@Pt catalyst
( reproduced with permission from the Royal Society of Chemistry).

supported on activated carbon (AC) was prepared and the particle size varied from
8 to 10 nm [15]. In addition, techniques such as X-Ray Photoelectron Spectroscopy
(XPS) have been used to give information on the oxidation states of the PGM and the
nature of bonding between the metals and the supports.

Raman spectroscopy (RS) and X-ray diffraction (XRD) are conducted to
identify the crystalline phases and estimate particle sizes of nanocatalysts. For
instance, Renfeng et al. used XRD to identify the Pt in Pt/RGO [16]. The Pt peak
was conspicuous in the samples containing Pt (Figure 2).

Xie and co-workers used Fourier Transform infrared spectroscopy (FTIR) to
verify the bond vibrations related to functionalities on the surfaces of their synthe-
sized materials (Figure 3) [17].

4. Application of PGMs based nanocatalysts
4.1 Environmental decontamination

PGMs nanocatalysts have become a new class of environmental remediation
materials that could provide affordable solutions to some of the environmental
challenges. At nanoscale, PGMs particles have high surface areas and surface
reactivity. As such, they provide more flexibility for in situ applications. PGMs
nanocatalysts have proven to be an excellent choice for the transformation and
decontamination of a wide variety of common environmental contaminants,
such as organochlorine pesticides and chlorinated organic compounds. The major
consumer of PGMs is the automobile industry. PGMs such as Pt, Rh and Pd are
used as catalysts in the automobile industry in order to reduce the level of unburnt
hydrocarbons, carbon monoxide (CO) and nitrogen oxide present in the exhaust
gases. Generally, a typical automobile converter contains 0.04% Pd, 0.005-0.007%
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and 0.08% Pt and Rh supported on a base [18]. Iridium has become the new entrant
in this application area. A typical example is the introduction of iridium-containing
catalytic converters in their direct injection engines by Mitsubishi of Japan [19].

A typical example is the reduction of nitrogen oxides to nitrogen used in car
exhaust systems for abatement of emissions from petrol/rich-burn engines. There
is a huge number of reports on use of Rhodium as it is the most effective element in
the conversion of nitrous oxides to nitrogen [20, 21].

Jianbing et al., in their study, investigated the catalytic ozonation of dimethyl
phthalate (DMP) in aqueous solution and DBP precursors in natural water using
Ru/AC. These two kinds of organics are both recalcitrant to biodegradation and will
cause severe hazards to human health.

Ru/AC was an active nanocatalysts in the catalytic ozonation of dimethyl phthal-
ate and had the ability to complete mineralize the DMP in a semi-batch experiment.
On the other hand, the total organic carbon (TOC) removals were stable around
75% for a duration of 42 h and no trace of Ru was observed from the reactor in the
continuous experiments of Ru/AC catalyzed ozonation of DMP. Consequently, Ru/
AC catalyzed ozonation was found to be more efficient than ozonation alone for
TOC removals in the natural water treatment [22].

4.2 Water treatment

Oxyanions, such as BrO;~ ClO;7, NO;™ and ClO,™ are toxic and they are perva-
sive in drinking water. These oxyanions originate from both anthropogenic and
natural sources. Furthermore, they are also produced during water treatment
processes such as ozonation, desalination, electrochemical treatment and chlorina-
tion [23-26]. These ions have mutagenic, endocrine disrupting and carcinogenic
effects [27, 28]. Ion exchange and reverse osmosis cannot completely degrade these
oxyanions [28, 29]. Thus, it would be preferable to apply destructive treatment
technologies based on nanocatalysts for sustainable drinking water treatment
processes [30]. Pd-based heterogeneous catalysis has garnered momentous atten-
tion as a potential solution for reduction of these oxyanions and for other highly
oxidized contaminants such as halogenated and nitro organics [31]. Chen et al.,
have used PGMs for the reduction of BrO;™ [32]. Five activated carbon supported
on metal namely (with a 5 wt % Pd, Pt, Rh, Ruand 1 wt% for Ir) with a M/C of
0.1 g L catalysts loading were used for the catalytic reduction of bromated (BrO;")
Figure 4. From Figure 4, it is noticeable that Rh/C was significantly more active
than the other PGMs/C catalysts used for the reduction of BrO;".

When catalyst loading 0.1 g L ™" was used, a reduction of 1 mM BrO;~ was achieved
in approximately 5 minutes. Rh/C had a much higher activity than most supported
metal catalyst reported in literature when compared with metal mass- normalized
basis. While each metal catalyst dispersion differs, it was vital to compare the activity
of metals hydrogenation using the initial turnover frequency values (TOF,) [33-35].
Additionally, Rh/C had the best performance compared to the other four catalysts at
pH 72. On the other hand, Ir/C had a slightly lower apparent reactivity with BrO;™ than
that of Pd/C but was the second highest performance. Therefore, the incorporation
of the two PGMs catalysts namely Rh and Ir led to the highest activity for the catalytic
reduction of BrO3™ under condition that are suitable for the water treatment systems.

4.3 Antimicrobial
Microbial contamination and growth on the surfaces are risks to human

health. The chemicals used to tackle microbials such as detergents, alcohols and
chlorine are very aggressive and hence not environmentally friendly besides being
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Figure 4.
Kinetics of 1 mM BrO;™ by 0.1 g L™ M/C catalyst at 1 atm H,, pH 7.2 and 22°C (with 5 wt% metal for Pd, Rh,
Ru, and Pt; 1 wt% metal for Ir). (Copyright Chemical Engineering Journal, 313, 2017, 745-752, Ref. [28]).
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Figure 5.
UV-vis spectra of bare TiO, and PAO/TiO, samples. (Copyright, Chemistry 184 (2006) [34]).

ineffective for long-term disinfection. Therefore, a myriad of studies are being con-
ducted in order to tackle these challenges. Arcan et al. doped SnO, and TiO, with Pd
for microbial inactivation of E. coli, S. aureus and S. cevevisiae [36].

The addition of Pd led to an enhancement in the photocatalytic efficiency
observed for the degradation of microorganisms when 1% of Pd was used. In addi-
tion, the UV-Vis showed an extension of the absorption edge into the visible range
without affection the phase of the catalysts (Figures 5 and 6).

4.4 Chemical transformation

PGM nanoparticles have proven to be efficient heterogeneous and homogeneous
catalyst with advantages such as a high specific surface area due to their small
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Figure 6.
UV-vis spectra of bare SnO, and PAO/SnO, samples. (Copyrights Chemistry 184 (2006) Ref- [34]).
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Figure 7.
Pd/C-catalyzed one-pot synthesis of secondary amines by hydrogenation of nitrocompounds. (Copyright Chem.
Commun., 2013, 49, 8160, Ref [10]).
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Figure 8.
Proposed mechanism for the hydrogenation of nitroarenes. (Copyright ChemCatChem, 2009, 1, 210—221,

Ref. [38]).
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Hydrogenations performed using Pt/C as catalysts (Catal. Sci. Technol., 2014, 2445, Ref. [39]).

size resulting in a high number of potential catalytic sites [37]. Owing to these
phenomena, there has been in the past two decades an increase in the use of metal
nanoparticles in catalysis [38, 39]. Rong et al., reported the synthesis of supported
Pt NPs and their use as catalysts in the partial hydrogenation of nitroarenes to
arylhydroxylamines [40]. The particles were prepared by reduction of H,PtCls with
NaBHy, in the presence of the carbon support. The hydrogenation of several substi-
tuted nitroarenes was performed under soft conditions (10.15°C, 1 bar H,) to favor
the formation of hydroxylamines, showing excellent activity and selectivity in this
transformation. Pd supported on C has also been successfully used as catalysts for
the conversion of nitrobenzenes to secondary amines (Figure 7).

The proposed mechanism for the hydrogenation of nitrobenzene was proposed
as shown in Figure 8. During this process, there is generation of intermediates such
as hydroxylamines, azo and azoxy derivatives.

For example, in the case of m-dinitrobenzene, a catalyst containing 2 wt% Pt/C
yielded 92.3% of the corresponding hydroxylamine after 190 min of reaction in
THF (Table1).

In a study, Zeming et al. used carbon as Pt colloid support for the hydrogena-
tion of arylhydroxylamines. The Pt colloid supported on carbon was an active and
selective catalyst for the partial hydrogenation of nitroaromatics with electron-
withdrawing substituents to the corresponding N-arylhydroxylamine, indicating
an additive-free green catalytic approach for arylhydroxylamine synthesis. Very
encouraging results were obtained with N-arylhydroxylamine bearing electron-
withdrawing substituents. Since N-arylhydroxylamine can be further converted
to highly valuable compounds through several reactions like Bamberger rear-
rangement, this result will generally contribute to a simpler and greener synthetic
methodology of N-arylhydroxylamine derivatives.

5. Future perspectives

Progress has been reported in the application of nano-PGMs for heterogeneous
catalysis reactions. While most of the applications have centered on organic trans-
formations, there is potential for extending the catalytic potential of these metals
to other fields such as pollutant degradation and microbial inactivation in water
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treatment processes. On their own, PGM at the nanoscale tend to aggregate and
thus limited application has been realized. However, the use of supports has greatly
enhanced the activity of the PGM nanocatalysts in various fields. Mono and bime-
tallic systems have been reported on. In environmental decontamination processes
there is still need to find the most suitable supports and application devices. While
encouraging findings have started appearing in literature, more work still needs to
be done to in environmental catalysis for water treatment.

6. Conclusion

Several efforts have been devoted to the preparation of PGM nanocatalysts for
application in environment decontamination. The high number of literature reports
highlights the interest in this family of catalysts for catalytic transformation, both in
terms of reactivity and selectivity. There is potential for application of PGMs nanocat-
alysts for environmental decontamination, water treatment, antimicrobial and chemi-
cal transformation. Further studies are necessary to better understand parameters
influencing the reactivity as well as enhancing the conversion rates and efficiencies.
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Chapter 5

Eco-Friendly and Facile Synthesis
of Substituted Imidazoles via
Nano Zirconia Catalyzed One-Pot
Multicomponent Reaction of Isatin
Derivatives with Ammonium
Acetate and Substituted Aromatic
Aldehydes under Solvent Free
Conditions

Sundaram Singh and Shivam Bajpai

Abstract

An eco-friendly and highly efficient approach for the synthesis of substituted
imidazoles via nano zirconia catalyzed multicomponent reaction of isatin deriva-
tives with ammonium acetate and aromatic aldehydes under solvent-free conditions
has been developed. This approach can be mostly applied to medicinal chemistry
due of the simple and readily available starting materials, effortless methodology,
and biologically active nature of imidazoles. An additional gain of the suggested
technique is the reusability of the nano ZrO, catalyst.

Keywords: nano ZrO, catalyst, multicomponent reaction, imidazole,
solvent-free, [satin

1. Introduction

Imidazole is a “1, 3-diazole” and is classified as an alkaloid. Imidazole (1) refers
to the parent compound, whereas imidazoles are a class of heterocycles with similar
ring structure, but varying substituents. This ring system is present in important
biological building blocks, such as histidine (2), and the related hormone histamine
(3). Imidazole can serve as a base and as a weak acid. Many drugs contain an
imidazole ring, such as antifungal drugs and Nitroimidazole (4) [1-5].
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Imidazole derivatives are mostly used as organic resources [6, 7] and it also plays
important roles in various types of biological activities [8, 9]. This multitalented
applicability of Imidazole draws attention towards the importance of access to effi-
cient synthetic routes to well-designed and highly substituted imidazole derivatives.

Due to their impressive significance, various synthetic routes have been
designed. Substituted imidazoles are generally prepared by microwave irradiated
one pot three-component cyclocondensation of a 1, 2-diketone, a-hydroxy ketone
or a-ketomonoxime with an aldehyde and ammonium acetate [10-13], ionic liquids
[14, 15], refluxing in acetic acid [16], silica sulfuric acid [17, 18], Yb(OTf); [19],
Yb(OPf); [20], iodine [21], Zr(acac), [22], InCl3-3H,0 [23], heteropolyacid [24],
sodium bisulfate [25], potassium aluminum sulfate (alum) [26], ceric ammonium
nitrate (CAN) [27], (NH4)¢ Mo;0,4-4H,0 [28], zeolite HY/silica gel [29], ZrCl4
[30], polymer-supported ZnCl, [31] and L-proline [32]. Moreover, they have
also been prepared by the addition of substituted amino alcohol to a thioamide
and subsequent oxidation with PDC or by the reaction of aryl nitriles and a,a-
dilithioarylnitromethanes or by multistep syntheses. p-TSA catalyzed synthesis of
2,4,5-trisubstituted imidazoles from 1,2-diketone or a-hydroxyketone, aldehyde
and ammonium heptamolybdate tetrahydrate in tetrabutylammonium iodide was
given by Khodaei and co-workers [33].

Due to their potential utility, majority of these synthetic routes experience one
or more severe disadvantages, such as difficult and intricate work-up and purifica-
tion, huge amounts of waste materials, strongly acidic conditions, occurrence of
side reactions, low yields, high temperature, long reaction time and the use of
expensive reagents. Hence, there is a great demand of a highly efficient protocol
with mild reaction conditions to synthesize substituted imidazoles.

In recent times, metal nanoparticles are used as heterogeneous catalysts in organic
synthesis mainly because they achieve the objectives of green and sustainable chem-
istry. Recently Scientists have done a lot of work to synthesize precise metal nanopar-
ticles. The new path is the coherent design and synthesis of very active and selective
nanocatalysts by controlling the structure and composition of the active nanoparticles
among all of them. The easiness of separation, recovery, and reuse of these NPs
further enhance their attractiveness as green and sustainable catalysts [3, 34-45].

Recently, nano zirconia (ZrO,) has attracted considerable attention due to their
wide applicability as a heterogeneous catalyst [46-51]. The catalytic activities and
selectivities of nano zirconia are highly affected by their crystal phase (monoclinic
and tetragonal) [52-54]. ZrO, nanoparticle catalyst is a cheap, moisture stable,
safe, reusable, and commercially available white powder is of big curiosity to
many researchers. It has been revealed from the literature that numerous parallel
applications of nano zirconia, as an effective catalyst in green/sustainable synthetic
chemistry, have already been reported [55-67].

In view of the above and as a part of our research group to synthesize the biologi-
cally active compounds [68-72], it was thought worthwhile to synthesize some novel
imidazoles fused with indole nucleus of biocidal interest because the combination
of two or more different heterocyclic compounds in a single molecule frequently
increases the biocidal profile amazingly. With the aim of getting targeted products,
i.e., substituted imidazole a greener “NOSE” (nanoparticles-catalyzed organic
synthesis enhancement) approach has been designed under solvent-free conditions.

2. Results and discussion

Imidazole derivatives 4a—s was synthesized by one pot multicomponent reaction
of isatin derivatives la—g with ammonium acetate 2 and substituted benzaldehydes
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3a-f in the presence of catalytic amount of ZrO, NPs under solvent-free conditions
at 110°C, in good to excellent yields (Scheme 1).

To optimize the reaction conditions, several parameters were tested. The cata-
lytic efficiency of the ZrO, NPs was highly influenced by their amount (mol%).
Therefore, a model reaction of isatin with ammonium acetate and benzaldehyde
using different amounts of ZrO, NPs was carried out (Table 1). It has been observed
that there is a notable impact of the catalyst on the yield of product and in the
absence of catalyst only poor yield was obtained after 120 min (Entry 1, Table1).

It was found that product yield is increased with increasing catalyst concentration.
Only 5 mol% of catalyst was required to provide 60% yield in 60 min (Entry 2,
Table 1). The best yield of 88% was obtained with 15 mol% of ZrO, NPs (Entry

5, Table 1). However, the reaction rate and product yield were not improved by
further increase of catalyst concentration (>15 mol%) (Entry 6, Table1).

To optimize the molar proportion of the reactant, the model reaction was
carried out using different molar proportions of reactants (Table 2). A scrutiny of
the table clearly shows that the best result was obtained using isatin, ammonium
acetate, benzaldehyde in the molar proportion 1.0:5.0:1.0 at 110°C under solvent
free conditions (Entry 5, Table 2).

To see the effect of temperature, the model reaction was examined under differ-
ent temperatures. Obviously, reaction rate and product yield both were increased
with enhancing temperature from 50 to 110°C. This study shows that the 110°C was
favorable temperature for the multicomponent reaction of isatin with ammonium
acetate and benzaldehyde (Table 3).

Screening of solvent showed that solvent had a remarkable impact on the yield of
product. It was observed that polar solvent provided better yield than nonpolar sol-
vent, but excellent yield was obtained without solvent in smaller time. This may be due
to the competitive adsorption of the solvent with the substrate molecule on the catalyst
surface; hence reaction under solvent-free conditions gives excellent yield in short
reaction time (Entry 5, Table 4). Another reason is that the eutectic mixture having
uniform distribution of the reactants brings the reacting species in close proximity to
react in solvent free condition than in the presence of solvent (Entry 1-4, Table 4).

Under the optimized set of reaction conditions, the effect of type of ZrO, (nano
or bulk) was also examined using model reaction(Table 5). This important param-
eter was studied by using four concentrations 5, 10, 12 and 15 mol% of ZrO,. These
data proved that particle size and surface area would be an important factor for the
catalytic efficiency of the ZrO, NPs.

The efficiency of the catalytic activity of the ZrO, NPs with several other catalysts
was compared and is summarized in Table 6. The result indicates that ZrO, NPs was
the best catalyst in terms of mol%, reaction time and percentage yield (Table 6).

Under the optimized reaction condition, the scope of this methodology was
extended to the reaction of different isatin with a wide range of aromatic aldehydes.
The findings reveal that the proposed methodology is equally applicable for the
presence of both electron donating as well as electron withdrawing groups at the
5-position of isatin moiety (Table 7).

P Ry R Ry = Ra
R1Mo+ H ;—{}_ zopwes s 7N Mo k[
| CH{COONH, + p=—i' Ry ——— = & 1§ R,
~ = 110°C, Neat A P
Ry R
1ag 2 3af das

Scheme 1.
Nano ZrO, catalyzed synthesis of imidazole derivatives.
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Entry ZrO, mol% Time (min.) %Yield
1 0 120 23
2 5 60 60
3 10 45 75
4 12 35 82
5 15 30 88
6 20 30 88

Note: Bold values vepresent optimized reaction condition.

Table 1.
Effect of catalyst amount (mol%) on yield of the product 4a.

Entry Molar ratio of reactants %Yield

Isatin:ammoniumacetate:benzaldehyde

1 1.0:1.0:1.0 Trace amount
2 1.0:22.0:1.0 35
3 1.0:3.0:1.0 52
4 1.0:4.0:1.0 78
5 1.0:5.0:1.0 88
6 1.0:6.0:1.0 87
7 1.0:5.0:1.2 87
8 1.2:5.0:1.0 86

Note: Bold values vepresent optimized reaction condition.

Table 2.
Effect of molar ratio of substrates on the yield of the product 4a.

Entry Temp. °C Time % Yield

1 rt - No reaction
2 50 10h Trace amount
3 60 6h 65

4 70 4h 70

5 80 15h 78

6 90 55 min 84

7 100 45 min 86

8 110 30 min 88

9 120 30 min 88

Note: Bold values vepresent optimized reaction condition.

Table 3.
Effect of temperature on the yield of the product 4a.

The model reaction was carried out to examine the reusability of the catalyst,
After each reaction, catalyst was recovered by filtration, washed, air-dried and
reused directly for the next time up to run no. 10.The results showed that there is no
obvious loss in product yield in subsequent reuse which proves the reusability and
recyclability of ZrO, NPs (Table 8).
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Entry Solvents Time %Yield
1 Ethanol 10h 68
2 Acetonitrile 10h 59
3 Xylene 13h 55
4 Tolune 18h 52
5 Solvent free 30 min 88

Note: Bold values represent optimized reaction condition.

Table 4.
Effect of solvents on the yield of the product 4a.

Type of ZrO, Mol% % Yield
ZrO, (Bulk) 5 42
Surface area: 6.95m’/g 10 51
Average particle size: 2 pm 12 56

15 66
ZrO, (Nano) 5 59
Surface area: 44.70 m’/g 10 72
Average particle size: 20 nm 12 84

15 88

“Reaction condition: Isatin, ammonium acetate & benzaldehyde (1.0, 5.0, 1.0) were stirred at 110°C to produce solid
product.

Table 5.
Effect of type of ZrO, (bulk € nano) on the yield of the product 4a.

Type of catalyst Mol% Time (min.) % Yield
Bentonite clay 20 60 55
K-10 clay 20 60 58
PTSA 40 75 45
NH,CI1 30 75 44
EDTA 40 75 40
Iodine 30 60 53
Yb(OTf)5 25 60 51
TiO, (Nano) 20 30 80
ZrO, (Nano) 15 30 88

Note: Bold values represent optimized reaction condition.

Table 6.
Effect of different catalysts on the yield of the product 4a.

The following mechanism was proposed for the formation of substituted
imidazoles catalyzed by the ZrO, NPs is given in Scheme 2. The reaction proceeds
via the diamine intermediate [X]. Condensation of diamine with isatin derivatives
followed by dehydration, and then rearrangement through the imino intermediate
[Y] yielded the desired product.
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Table 7.
Synthesis of substituted imidazoles (4a-s).

ZrO, NPs were prepared and characterized by FTIR, XRD, SEM and TEM
analysis. The BET surface area analyzer was used to calculate the specific surface
area of synthesized ZrO, NPs.

The molecular nature of the synthesized material was identified by the FT-IR
spectrum of the ZrO, sample. The FT-IR spectrum of ZrO, NPs depends on the
nature of the material, preparative procedures used, solid-state structure, and
so forth. In FT-IR, a strong absorption peak at about 500 cm™" region is due to
the Zr-O vibration, which confirm the formation of ZrO, structure while the
peak at 751 cm™" is due to stretching vibrations of Zr—-O-Zr, prominent peak
at 1340 cm™’ represents O—H bonding, peak at 1622 cm™" perhaps owing to the
adsorbed moisture and peaks at about 2855-2922 cm ™" region is due to stretching
of O-H groups.
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Entry Number of cycle %Yield
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“Reaction condition: Isatin, ammonium acetate, benzaldehydes (1.0:5.0:1.0) and ZrO, NPs (15 mol%) were stirred
at 110°C to produce solid product.

"The catalyst was washed and dyied at 80-90°C for 12 h.
ZrO, NPs were calcinated at 600°C for 3 h.

Table 8.
Reusability and recyclability of ZrO, NPs catalyst”.
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Scheme 2.
Proposed mechanism for the formation of substituted imidazoles 4a—s.

The broad peaks with high intensity in XRD pattern of ZrO, NPs indicates
that the sample was highly crystalline. The peaks observed at 26 = 24.2 (011), 28.2
(=111), 31.4 (111), 35.0 (020), 40.5 (~=112), 45.0 (211), and 55.4 (—311) are charac-
teristics peaks of monoclinic zirconia (JCPDS card no. 37-1484) while diffraction
peak observed at 20 = 30.3 (101), 50.3 (212) and 60.2 (211) are due to tetragonal
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M: Monoclinic zirconia
M T: Tetragonal zirconis

Figure 1.
XRD spectra of ZrO, NPs.

Figure 2.
SEM image of ZrO, NPs.

Figure 3.
TEM image of ZrO, NPs.

zirconia (JCPDS card no. 79-1769). The broadening of peaks shows the smaller
particle size of ZrO, NPs (Figure1).

Morphological studies were done with the help of SEM and TEM analysis of
600°C calcinated ZrO, NPs sample that are shown in Figures 2 and 3, respectively.
SEM analysis shows that NPs are non-homogenous and agglomerated and it also
indicates the spherical nature and nano size (nm regime) of the ZrO, nanoparticles
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but size could be finely decided from TEM. For the purpose, TEM of sample has
been shown in Figure 3.

Asit is clear from TEM micrograph of sample, some agglomeration of the
NPs, has been seen due to presence of different m- and t-phases in the sample. It
was also observed that the sizes of the particles are of the order 20 nm along with
agglomeration.

BET surface area analyzer was used to calculate the surface area of synthesized
ZrO, NPs by nitrogen absorption which was found to be 44. 70 m*/g.

3. Experimental
3.1 Typical procedure for the synthesis of ZrO, NPs

0.075 M solution of ZrOCl,.8H,0 was prepared and then precipitated with
NH,OH (25%) with continuous stirring on a magnetic stirrer till the P! raises in
the range of 10-10.5This resulted in the formation of precipitate of zirconium
hydroxide. The precipitate was filtered and washed with double distilled water
until traces of chloride ion were completely removed from the filtrate. Complete
removal of chloride ion from filtrate was checked by titrating it with AgNO; solu-
tion using potassium chromate as indicator. Now, the precipitate was dried in oven
at 80-90°C for 24 h and calcinated at 600°C for 3 h in order to formation of white
nano zirconia powder.

3.2 General procedure for the synthesis of substituted imidazoles 4a-s

To a mixture of isatin derivatives 1a-g (1 mmol), ammonium acetate 2
(5 mmol), substituted aromatic aldehydes 3a—f (1 mmol), 15 mol% of ZrO, NPs
was added (Scheme 1). The mixture was heated and stirred at 110°C for 30 min.
The progress of the reaction was monitored by thin layered chromatography
(n-hexane:ethyl acetate, 1:1). After completion, 20 ml acetone was added to the
reaction mixture; the catalyst was removed by filtration and washed with xylene
and acetone. Then, 50 ml of double distilled water is added to the liquid portion.
This resulted in the formation of precipitate of products 4a-s. The precipitate was
filtered, dried and recrystallized with ethanol.

3.2.1 2-Phenyl-3,4-dihydroimidazo[4,5-b]indole (4a)

Brownsolid, IR (KBr) v: 3400, 3209, 3019, 2964, 1660, 1614, 1567, 1484, 1316,
1210, 1171, 1010, 877, 742, 653, 580 cm . 1H NMR (300 MHz, DMSO) §: 7.80-8.86
(m, 9H, aromatic protons), 9.15 (s, 1H, NH), 9.66 (s, 1H, NH) ppm. 13C NMR
(75.45 MHz, DMSO) 6: 124.0, 126.7, 127.5, 130.2, 130.7, 132.0, 133.7, 135.5, 139.1,
148.2, 160.9 ppm. Anal. Calcd for C;sH;1N3: C, 77.24; H, 4.74; N, 18.01 Found C,
77.20; H, 4.76; N, 18.03.

3.2.2 7-Chlovo-2-phenyl-3,4-dihydroimidazo[4,5-b]indole (4b)

Brownsolid, IR (KBr) v: 3364, 3190, 2981, 2964, 1648, 1609, 1559, 1447, 1311,
1199, 1143, 1019, 872, 744, 651, 566 cm Y. 1H NMR (300 MHz, CDCI3) 6: 7.51-8.59
(m, 8H, aromatic protons), 9.14 (s, 1H, NH), 945 (s, 1H, NH) ppm. 13C NMR
(75.45 MHz, CDCI3) 6: 123.9, 125.7, 128.5, 128.6, 130.3, 130.8, 132.7, 135.0, 137.5,
149.2, 159.4 ppm. Anal. Caled for CysHyoCIN;: C, 67.28; H, 3.78; N, 15.72. Found C,
67.32; H, 3.76; N, 15.70.
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3.2.3 2-(2-Nitrophenyl)-3,4-dihydroimidazo[4,5-b]indole (4c)

Brownsolid, IR (KBr) v: 3332, 3201, 2995, 2917, 1658, 1623, 1549, 1485, 1348,
1280, 1176, 1068, 864, 708, 667, 544 cm Y. 1HNMR (300 MHz, DMSO) §: 7.61-
8.69 (m, 8H, aromatic protons), 9.67 (s, 1H, NH), 9.94 (s, 1H, NH) ppm. 13C NMR
(75.45 MHz, DMSO) 6: 123.8, 126.7, 128.8, 129.8, 130.1, 131.8, 135.4, 135.8, 135.9,
148.3, 160.7 ppm. Anal. Calcd for C4sHyoN4O,: C, 64.74; H, 3.62; N, 20.13 Found C,
64.69; H, 3.65; N, 20.14.

3.2.4 7-Chloro-2-(2-nitrophenyl)-3,4-dihydroimidazo[4,5-b]indole (4d)

Brownsolid, IR (KBr) v: 3399, 3229, 2916, 2885, 1645, 1600, 1539, 1457, 1329,
1253, 1162, 1027, 885, 703, 647, 553 cm™*. 1H NMR (300 MHz, CDCI3) §: 7.66-8.36
(m, 7H, aromatic protons), 8.96 (s, 1H, NH), 9.50 (s, 1H, NH) ppm. 13C NMR
(75.45 MHz, CDCI3) 6: 123.4, 123.8, 124.8, 1271, 128.0, 128.6, 129.4, 133.9, 134.1,
134.4, 139.7, 148.7, 150.4, 160.6 ppm. Anal. Calcd for C;sHyCIN,O,: C, 57.60; H, 2.91;
N, 17.91 Found C, 57.51; H, 3.0; N, 17.94.

3.2.5 2-(3-Nitrophenyl)-3,4-dihydroimidazo[4,5-b]indole (4e)

Brownsolid, IR (KBr) v: 3315, 3194, 3066, 2978, 1662, 1623, 1572, 1482, 1353,
1286, 1135, 1025, 832, 797, 661, 542 cm . 1HNMR (300 MHz, DMSO) §: 7.58-8.55
(m, 8H, aromatic protons), 8.97 (s, 1H, NH), 9.67 (s, 1H, NH) ppm. 13C NMR
(75.45 MHz, DMSO) 6: 122.3, 123.6, 125.2, 127.9, 128.4, 129.7, 130.4, 134.4, 134.5,
135.2, 139.0, 1476, 161.7 ppm. Anal. Calcd for C;5H;oN,O,: C, 64.70; H, 3.63; N,
20.16 Found C, 64.51; H, 3.72; N, 20.23.

3.2.6 7-Chlovo-2-(3-nitrophenyl)-3,4-dihydroimidazo[4,5-b]indole (4f)

Brownsolid, IR (KBr) v: 3385, 3211, 3003, 2959, 1646, 1603, 1538, 1458, 1367,
1248, 1122, 1022, 831, 741, 635, 564 cm Y. 1HNMR (300 MHz, DMSO) §: 7.77-8.83
(m, 7H, aromatic protons), 9.13 (s, 1H, NH), 9.62 (s, 1H, NH) ppm. 13C NMR
(75.45 MHz, DMSO) 6: 124.0, 126.6, 127.5, 1276, 130.2, 130.7, 132.0, 133.6, 135.4,
139.1, 148.2, 160.8, 160.9 ppm. Anal. Caled for C;sHsCIN,O,: C, 57.61; H, 2.90; N,
17.92 Found C, 57.67; H, 2.90; N, 17.90.

3.2.7 2-(3-Chlorophenyl)-3,4-dihydroimidazo[4,5-b]indole (4g)

Brownsolid, IR (KBr) v: 3405, 3217, 2948, 2909, 1671, 1617, 1568, 1454,
1371, 1283, 1134, 1018, 892, 754, 641, 577 cm ™. 1H NMR (300 MHz, DMSO)
8: 760-8.56 (m, 9H, aromatic protons and 1H, NH), 9.69 (s, 1H, NH) ppm. 13C
NMR (75.45 MHz, DMSO) 6: 123.8, 126.6, 128.8, 128.7, 130.1, 131.0, 131.6, 135.2,
137.0, 148.4, 160.6 ppm. Anal. Calcd for C;5H;0CIN3: C, 67.30; H, 3.77; N, 15.70
Found C, 67.29; H, 3.75; N, 15.70.

3.2.8 7-Chloro-2-(3-chlorophenyl)-3,4-dihydroimidazo[4,5-b]indole (4h)

Brownsolid, IR (KBr) v: 3398, 3227, 2977, 2893, 1664, 1605, 1551, 1477, 1358,
1242, 1163, 1011, 844, 743, 650, 567 cm™~. 1H NMR (300 MHz, CDCI3) §:
7.62-8.31 (m, 7H, aromatic protons), 8.90 (s, 1H, NH), 9.42 (s, 1H, NH) ppm. 13C
NMR (75.45 MHz, CDCI3) 6: 124.1, 125.8, 126.6, 128.6, 129.8, 130.3, 130.7, 133.2,
134.8, 135.2, 139.3, 149.0, 160.5 ppm. Anal. Calcd for C;sHyCpN3: C, 59.62; H, 3.00;
N, 13.91 Found C, 59.52; H, 3.05; N, 13.89.
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3.2.9 2-(4-Chlorophenyl)-3,4-dihydroimidazo[4,5-b]indole (4i)

Brownsolid, IR (KBr) v: 3362, 3255, 3015, 2882, 1669, 1620, 1565, 1482, 1375,
1235, 1140, 1026, 890, 777, 663, 526 cm™'. 1H NMR (300 MHz, CDCI3) &:
7.48-8.58 (m, 8H, aromatic protons), 9.45 (s, 1H, NH), 10.16 (s, 1H, NH) ppm. 13C
NMR (75.45 MHz, CDCI3) 6: 123.3, 127.8, 127.9, 128.7, 129.7, 134.9, 135.6, 136.2,
149.7, 161.3 ppm. Anal. Calcd for CysH;CIN3: C, 67.30; H, 3.77; N, 15.70 Found C,
67.31; H, 3.75; N, 15.73.

3.2.10 7-Chloro-2-(4-chlorophenyl) -3,4-dihydroimidazo[4,5-b]indole (4j)

Brownsolid, IR (KBr) v: 3386, 3233, 3047, 2960, 1657, 1612, 1558, 1435, 1348,
1282, 1153, 1019, 871, 742, 654, 552 cm Y. 1HNMR (300 MHz, CDCI3) 8: 7.46-8.54
(m, 7H, aromatic protons), 8.99 (s, 1H, NH), 9.35 (s, 1H, NH) ppm. 13C NMR
(75.45 MHz, CDCI3) 6: 123.9, 125.8, 128.8, 129.8, 130.3, 133.0, 135.2, 136.0, 1371,
149.1, 159.5 ppm. Anal. Caled for C;sHyCLN3: C, 59.62; H, 3.00; N, 13.91 Found C,
59.55; H, 3.10; N, 13.90.

3.2.11 2- (4-Methoxyphenyl) -3,4-dihydroimidazo[4,5-b]indole (4k)

Brownsolid, IR (KBr) v: 3351, 3138, 3001, 2944, 2881, 1667, 1619, 1575, 1450,
1371, 1284, 1157, 1021, 863, 743, 654, 534 cm~l. 1H NMR (300 MHz, DMSO) é:
4.00 (s, 3H, CHj3), 7.26-8.69 (m, 9H, aromatic protons and 1H, NH), 9.72
(s, 1H, NH) ppm. 13C NMR (75.45 MHz, DMSO) é: 56.9, 122.2, 123.2, 125.9,
127.7,127.4, 127.9, 128.7, 129.0, 129.6, 130.7, 131.2, 131.4, 131.5, 138.5, 139.7, 140.1,
143.9, 145.8, 154.6 ppm. Anal. Calcd for C;cH3N30: C, 72.99; H, 4.98; N, 15.96
Found C, 72.91; H, 5.04; N, 15.95.

3.2.12 7-Chloro-2- (4-methoxyphenyl)-3,4-dihydvoimidazo[4,5-b]indole (41)

Brownsolid, IR (KBr) v: 3370, 3259, 2991, 2911, 1675, 1614, 1558, 1480, 1436
1377, 1291, 1186, 1049, 869, 745, 651, 522 cm . 1H NMR (300 MHz, CDCI3) &:
3.61 (s, 3H, CH;), 744-8.47 (m, 8H, aromatic protons), 8.58 (s, 1H, NH), 9.36 (s,
1H, NH) ppm. 13C NMR (75.45 MHz, CDCI3) §: 61.8, 122.16, 122.29, 124.0, 125.3,
126.6,130.1, 130.4, 132.3, 133.9, 135.5, 138.5, 148.1, 148.2, 157.8 ppm. Anal. Calcd for
C1sH1,CIN3O: C, 64.54; H, 4.06; N, 14.11 Found C, 64.70; H, 4.00; N, 14.10.

3.2.13 1-(2-(3-Nitrophenyl ) imidazo[4,5-b]indol-4(3H)-yl ) ethanone (4m)

Brownsolid, IR (KBr) v: 3389, 3266, 2978, 2935, 1694, 1645, 1616, 1571, 1467,
1346, 1224, 1133, 1021, 823, 744, 641, 572 cm™ L. 1H NMR (300 MHz, CDCI3) &:
1.91 (s, 3H, CH3), 7.22-8.51 (m, 8H, aromatic protons), 9.40 (s, 1H, NH) ppm. 13C
NMR (75.45 MHz, CDCI3) 8: 23.7,122.1, 122.4, 123.2, 123.5, 124.8, 127.2, 1274,
1276, 128.2, 129.7,130.1, 130.9, 133.0, 134.1, 134.4, 135.6, 138.0, 141.0, 148.7,
150.4, 160.3, 172.2 ppm. Anal. Calcd for C;H;,N,Os: C, 63.75; H, 3.78; N, 17.49
Found C, 63.68; H, 3.88; N, 17.52.

3.2.14 1- (2- (3-Chlovophenyl)imidazo[4,5-b]indol-4(3H)-yl ) ethanone (4n)
Brownsolid, IR (KBr) v: 3367, 3215, 2947, 2923, 1692, 1662 1607, 1580, 1477,
1359, 1272, 1144, 1042, 807, 735, 653, 546 cm™'. 1H NMR (300 MHz, CDCI3) §:

1.25 (s, 3H, CH;), 7.34-8.11 (m, 8H, aromatic protons), 9.36 (s, 1H, NH) ppm. 13C
NMR (75.45 MHz, CDCI3) 6: 23.6, 122.5, 124.1, 125.3, 126.6, 130.1, 130.4, 130.7,
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132.3, 133.9, 134.6, 135.5, 138.5, 148.1, 148.2, 157.8, 160.9, 166.2 ppm. Anal. Calcd for
C7HCIN;O: C, 65.92; H, 3.90; N, 13.57 Found C, 66.01; H, 3.95; N, 13.47.

3.2.15 1-(2- (4-Chlorophenyl )imidazo[4,5-b]indol-4(3H) -yl ) ethanone (40)

Brownsolid, IR (KBr) v: 3350, 3285, 3011, 2935, 1685, 1654 1611, 1572, 1485,
1455, 1343, 1284, 1132, 1062, 899, 783, 659, 531 cm™*. 1H NMR (300 MHz, CDCI3)
8: 1.66 (s, 3H, CH3), 7.35-8.12 (m, 8H, aromatic protons), 9.37 (s, 1H, NH) ppm.
13C NMR (75.45 MHz, CDCI3) 6: 23.5, 123.3, 125.6, 127.2, 128.1, 128.4, 128.7,
129.0, 129.2, 129.5, 133.1, 134.3, 134.6, 134.7, 136.4, 137.0, 142.0, 150.5, 160.2,

160.9 ppm. Anal. Calcd for C;7H;,CIN;O: C, 65.92; H, 3.90; N, 13.57 Found C, 65.99;
H, 3.93; N, 13.54.

3.2.16 4-Ethyl-2-(2-nitrophenyl)-3,4-dihydroimidazo[4,5-b]indole (4p)

Brownsolid, IR (KBr) v: 3416, 3199, 3012, 2999, 2942, 2872, 1654, 1607, 1561,
1441, 1453 1351, 1283, 1192, 1021, 861, 741, 657, 526 cm™*. 1H NMR (300 MHz,
DMSO0) 5: 1.41-1.45 (t, ] = 6.6, 3H, CHj), 4.38-4.45 (q, ] = 6.9, 2H, CH,), 753-8.63
(m, 8H, aromatic protons), 9.63 (s, 1H, NH) ppm. 13C NMR (75.45 MHz, DMSO)
0:12.5,24.9,122.1, 122.8, 123.1, 124.6, 127.5, 127.8, 130.2, 130.4, 130.7, 133.5, 134 4,
137.7,135.4, 136.4, 137.5, 140.7, 148.3, 149.7, 159.9 ppm. Anal. Calcd for C;;H;4N,O,:
C, 66.66; H, 4.61; N, 18.29 Found C, 66.74; H, 4.65; N, 18.20.

3.2.17 2-(3-Nitrophenyl)-4-propyl-3,4-dihydroimidazo[4,5-b]indole (4q)

Brownsolid, IR (KBr) v: 3400, 3301, 3221, 3135, 3009, 2951, 2912, 2865, 1664,
1616, 1571, 1478, 1422, 1371, 1271, 1181, 1037, 873, 739, 649, 536 cm . 1H NMR
(300 MHz, CDCI3) 8: 1.05-1.10 (t,J = 6.9, 3H, CH3), 1.70-1.82 (m, 2H, CH,),
3.19-3.24 (t,] = 6.6, 2H, CH,), 7.47-8.41 (m, 8H, aromatic protons), 8.94
(s, 1H, NH) ppm. 13C NMR (75.45 MHz, CDCI3) §: 10.1, 21.3, 44.0, 121.5,
124.2,125.2, 125.5, 125.6, 129.3, 136.1, 136.7, 140.5, 150.9, 159.3 ppm. Anal. Calcd
for C1gHsN4,O, C, 67.49; H, 5.03; N, 1749 Found C, 67.44; H, 5.10; N, 17.52.

3.2.18 Ethyl 2- (2- (2-nitrophenyl)imidazo[4,5-b]indol-4(3H)-yl ) acetate (4r)

Brownsolid, IR (KBr) v: 3389, 3255, 3129, 3116, 3027, 2969, 2913, 2847, 1735,
1657, 1618, 1569, 1435, 1353, 1264, 1158, 1049, 854, 751, 651, 546 cm Y. 1H NMR
(300 MHz, DMSO) &: 1.22-1.27 (t,] = 7.2, 3H, CH3), 419-4.26 (q,] = 6.9, 2H,
CHy), 5.32 (s, 2H, CH,), 7.37-8.28 (m, 8H, aromatic protons), 9.63 (s, 1H, NH) ppm.
13C NMR (75.45 MHz, DMSO) &: 15.0, 52.6, 65.1, 122.3, 123.6, 125.2, 127.9, 128.4,
130.5, 134.0, 135.2, 139.0, 148.3, 149.6, 161.7, 171.0 ppm. Anal. Calcd for C;H;sN,O4:
C, 62.63; H, 4.43; N, 15.38 Found C, 62.71; H, 4.51; N, 15.30.

3.2.19 7-Methyl-2-phenyl-3,4-dihydroimidazo[4,5-b]indole (4 s)

Brownish whitesolid, IR (KBr) v: 3398, 3242, 2963, 2931, 1648, 1607, 1559,
1451, 1311, 1232, 1142, 1027, 813, 741, 655, 534 cm™*. 1H NMR (300 MHz,
DMSO) &: 2.22 (s, 3H, CHj3), 7.55-8.57 (m, 8H, aromatic protons), 9.69
(s, 1H, NH), 10.10 (s, 1H, NH) ppm. 13C NMR (75.45 MHz, DMSO) §: 23.9,
122.9,123.1, 127.7, 128.5, 129.6, 130.2, 130.7, 131.3, 133.3, 136.8, 146.3, 154.1,
161.2 ppm. Anal. Calcd for C;¢Hy3N3: C, 77.71; H, 5.30; N, 16.99 Found C, 77.64;
H, 5.34; N, 17.02.
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4, Conclusion

ZrO, nanoparticles have been synthesized and a novel synthetic route has been
developed for the multicomponent reaction of isatin derivatives with ammonium
acetate and substituted aromatic aldehydes using ZrO, nanoparticles under solvent-
free conditions. The yields of the products obtained were up to 93% at 110°C. The
advantage of the proposed method is its facile reaction conditions; the product can be
isolated very easily without the use of column chromatography and the catalyst can be
recycled. The simplicity of the presented protocol makes it an interesting alternative to
other approaches. The obtained catalyst is expected to contribute to the development
of environmentally benign methods and forms a part of nanomaterial chemistry.

A. Appendix

NMR spectra of compound 4a
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Chapter 6

Transition Metal Chalcogenide
(TMC) Nanocomposites for
Environmental Remediation
Application over Extended Solar
Irradiation

Sivagowri Shanmugaratnam and Shivathavsiny Rasalingam

Abstract

Demand for environmental protection is gaining more public attention and
legislative support. The development in industrial and technological sectors results
in severe environmental issues, such as environmental contamination and energy
shortage. Therefore, the development of new nanocomposites that can effectively
act toward environmental remediation is necessary to overcome the detrimental
environmental impacts. Transition metal chalcogenides (TMC) have gained
worldwide attention in recent decades and are being researched for use in differ-
ent applications due to their indirect bandgaps, optoelectronic behavior, and their
stability that can enable the catalysts to absorb visible light that is abundant in solar
radiation. In this chapter, synthesis, characterization, and application of TMCs,
such as MS, and MSe,, toward environmental remediation application are reviewed.
Efficiency of different TMC materials and different experimental conditions is also
elaborated.

Keywords: transition metal chalcogenides, degradation, hydrothermal,
organic compounds

1. Introduction

Effluents of industrial wastes are the important source of water pollution that
are toxic in the environment and are becoming the biggest problem that influ-
ence the survival of human beings and other creatures in the environment. The
demand of clean water is increasing with the rapid growth of global population;
in the present, several treatment techniques that include biodegradation, mem-
brane process, coagulation, adsorption, precipitation, sonochemical degradation,
micellar-enhanced ultrafiltration, and advanced oxidation process (AOP) have been
utilized to remove pollutants from wastewater [1]. Among them, AOP is an efficient
method to remove the contaminants that are not degradable by means of biologi-
cal processes. Since these processes involve the production of very reactive oxygen
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species (ROS), it can be able to destroy a wide range of organic compounds. A wide
range of semiconductor photocatalysts have been utilized in AOPs. The first photo-
catalyst, TiO,, discovered by Fujima and Honda in 1972 was found as gold standard
due to its significant characteristics that include high chemical stability, nontoxicity,
and relatively low price [2]. However, it only absorbs ultraviolet irradiation from
sunlight due to its wide bandgap. To overcome this problem, several studies are
focusing on finding ways to extend the absorption wavelength range of TiO,. In this
regard, metal or nonmetal elements doped onto TiO, and visible light response pho-
tocatalysts are being developed as the future generation. Among which transition
metal chalcogenide (TMC) materials gained worldwide attention in recent decades
because of their significant characteristics, such as excellent optical absorption due
to its tunable indirect bandgap energies (1-2 eV) [3]. Moreover TMCs with gra-
phene oxides [4], carbon nitride [5], metal oxides [6], and metals [7] were found to
increase the conductivity of electrons, provide active sites, and effectively separate
the electron and hole pairs generated by the semiconductor photocatalysts [4]. This
chapter explores the synthesis, characterization, and the applications of TMCs.

2. Transition metal chalcogenides (TMCs)

Transition metal chalcogenides are considered as emerging candidates due to
their unique physical and chemical properties and are being researched for use
in lithium-ion batteries, solar cells, hydrogen evolution, and photocatalytic deg-
radation due to their indirect bandgaps, optoelectronic behavior, and stability. In
addition, nanodots (quantum dots)/nanostructures of these metal chalcogenides
show stronger edge effects, and the quantum confinement effect makes it possible
to utilize under solar-simulated irradiation [8, 9].

2.1 Different preparation methods

There are several methods to synthesize transitional metal chalcogenides,
including ultrasonic chemical method, hydrothermal method, simple template-
free one-pot method, an ion-exchange and precipitation methods, simple
microwave-assisted solvothermal process, and surface modification method
[5-12]. The following sections explore the most common preparation methods
of TMCs.

Hydrothermal reaction usually occurs in the reaction vessel of stainless steel
autoclave. The presence of aqueous solution or mineralizers under high pressure
and low temperature encourages interaction of precursor materials during the
process. This method has the feature to make high crystalline nanostructures or
products at relatively low temperature [13, 14]. A range of TMCs that include NiS
[15], CusS, FeS,, NiS, [10], etc. have been synthesized using hydrothermal treatment
method due to low temperature requirement (150°C), short time duration (~4 h),
and high yield (>90%). In addition, there is no need to use any complexing agents
or no need to control the pH [10] (Figure1).

Further, hydrothermal method has been utilized to synthesize TMC-doped
metal [16], metal oxides [17], or carbonaceous [18] materials. The following
schematic illustration represents the preparation of CdS nanosheet-RGO hybrid
material using hydrothermal treatment method (Figure 2).

Apart from these, microwave-assisted synthesis method has also been used
to prepare TMCs with controllable size and shape compared with conventional
heating method due to the homogeneous heating process. Further, this method can
promote nucleation and, thus, reduce the time required for synthesis [18].

76



Transition Metal Chalcogenide (TMC) Nanocomposites for Environmental Remediation...
DOI: http://dx.doi.org/10.5772/intechopen.83628

Earth abundant
metal sulfides

150°"Cford h

Figure 1.
Schematic illustration of the hydrothermal synthesis of FeS,, CuS, and NiS, powders. Reproduced with
permission from [10].
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CdS Nanosheet-RGO Hybrid CdS Nanosheet-GO Composite

Figure 2.
Synthesis of CdS nanosheet-RGO hybrid. Reproduced with permission from [18].

Simple template-free one-pot method is a simple synthetic approach that was
used to develop certain metal oxide hollow spheres based on direct solid evacuation
arising from Ostwald ripening, the Kirkendall effect, or chemically induced self-
transformation [19].

Figure 3 illustrates the mechanism for the simple template-free one-pot method
to prepare hollow sphere, Ni-doped CdS material. Herein, biomolecular glutathione
was used as sulfur and bubble source [7].

2.2 Characterization techniques for transition metal dichalcogenides

The essential techniques used to characterize the transition metal chalcogenide
materials are discussed in this section.
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2.2.1 X-ray diffraction spectroscopy

X-ray diffraction (XRD) spectroscopy is a nondestructive method used to
analyze the crystallinity, crystal structure, crystallite size, and phase composition
of the photocatalytic materials which presents in powder form or thin film.

In the study by Li and co-workers, MoS, nanosheets coupled into the carbon
nitride to form MoS,/C;N, heterostructures synthesized by a facile ultrasonic
chemical method were characterized by using XRD. All the samples prepared
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Figure 3.
Mechanism for the formation of Ni-doped CdS. Reproduced with permission from [7].
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Figure 4.
XRD pattern for MoS, on g-C;N, in different amounts. Reproduced with permission from [5].
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showed similar patterns, and the peaks at 32.6 and 58.3° were assigned to the (100)
and (110) crystal plane formation of MoS,. Peak at 27.4° indicated to the (002)
stacking layered structure, while the 13.0° peak corresponds to the (100) in-plane
repeated units. The observation from XRD confirms the formation of MoS,/C;N,
heterostrucuture [5] (Figure 4).

In another study, NiS nanoparticles prepared hydrothermally were characterized
by powder XRD method.

Figure 5 illustrates the XRD patterns of as-prepared nanostructured NiS
samples. The patterns were indexed to rhombohedral structured NiS with the space
group of R3m. The cell parameters were found to be a = 9.61 A and ¢ = 3.16 A [15].

XRD pattern (Figure 6) confirmed the formation of CdS, and Ni-doped CdS
materials prepared by one-pot synthesis method show similar pattern and are
assigned to hexagonal phase. It was also found that the peak intensity increases with
the increase in Ni** doping concentration. Average crystallite size was estimated
based on the broadening of the (002) peak, and it was found that the crystallite size
also increased with the %Ni doped on CdS [7].

X-ray powder diffraction patterns of different metal sulfides were reported by
Ali and co-workers as illustrated in Figure 7. The diffraction patterns of the samples
are indexed to pyrite FeS,, covellite CuS, and vaesite NiS,. The purity of the phases
was confirmed by the absence of additional peaks in their XRD. XRD patterns of
cubic FeS, and NiS, were found to be isostructural, whereas CuS was found in a
hexagonal symmetry. The crystallite sizes of the materials were estimated as 50, 45,
and 22 nm for FeS,, CuS, and NiS,, respectively [10].

2.2.2 Electron microscopy

Scanning electron microscopy (SEM) is one of the electron microscopic tech-
niques that images the sample surface using high beam electrons. In this technique,
beam electrons strike the surface of the specimen and interact with atoms and
form the secondary electrons, which characterized the information about the
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Figure 5.
XRD for synthesized NiS. Reproduced with permission from [15].
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Figure 6.
XRD for Ni doped on CdS. Reproduced with permission from [7].

morphology of sample surface in high-resolution images colored in black and white.
SEM is used to view dispersion of nanoparticles in different nanostructures, such

as nanotubes, nanoclays, nanofillers, and nanofibers. In addition, the method used
X-ray to identify elemental composition known as energy-dispersive ray method
(EDX). The transmission electron microscopy (TEM) images form when beam of
electron is transmitted through the sample and magnified by objective lens. This
technique is the most preferred to measure the particle size and thickness of sample.
In particular, for the morphology of materials, monitoring morphology and disper-
sion is very crucial compared to scanning electron microscopy [20].

Figure 8(a) shows SEM images of carnation flowerlike morphology with a
diameter of about 500-700 nm. Figure 8(b) and (c) is the magnified view of an
individual SnS, flower containing ultrathin nanopetals as building blocks, which
is in 10 nm thick. These building blocks linked together and form 3D flowerlike
structure. Figure 8(d) and (e) shows the TEM images of dense core of SnS, flower
structure that clearly indicates that the nanopetals are well arranged across the
flower center; however, the nanopetals of SnS, were not connected together. Finally,
Figure 8(f) shows nanoparticles in randomly arranged manner with uneven sizes [21].

In the green synthesis of earth-abundant metal sulfides by Ali and co-workers,
the samples prepared exhibited uniform morphology and particle size distribution,
which is due to a controlled growth during the hydrothermal synthesis. The pres-
ence of iron, copper, nickel, sulfur, and carbon and its purity obtained using SEM
analysis was found to be in good agreement with the phases observed by XRD. In
addition, the atomic content of Fe, Cu, Ni, and S in the samples had a good cor-
relation with theoretical atomic% of all the phases. The morphological analysis
confirmed that as-prepared sulfides are in the form of agglomerated particles. In
addition, polyhedral particles with the size of ~676 + 44 nm were obtained for FeS,
sample, whereas CuS and NiS, exhibited irregular- and spherical-shaped particles
with the size of ~783 + 53 and 933 + 68 nm, respectively [10] (Figure 9).

Li et al. studied the morphology and microstructure of the as-prepared samples
of WS, by using SEM and TEM. The detailed structural information of the WS,/
Bi,MoOg composite was obtained by TEM analysis, and an irregular platelet-
shaped nanostructure was observed with the length ranging from 500 nm to 2 pm.
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Figure7.
XRD diffraction patterns and schematic representations of the crystalline structure of (a) FeS,, (b) CuS, and
(c) NiS,. Reproduced with permission from [10].

The results obtained from TEM were in good agreement with SEM analysis. The
HRTEM of the prepared materials further confirm the nanojunction structure.
Figure 10 illustrates two sets of different lattice images with the lattice fringe of
0.27 and 0.46 nm obtained from TEM corresponded to the (100) plane of WS, and
(120) plane of Bi,MoOg resulted from the XRD [17].

2.2.3 X-ray photoelectron spectroscopy

XPS or X-ray photoelectron spectroscopy is used as surface analytic technique
based on the photoelectric effect. XPS is mainly used to find the composition of
elements in the surface of the materials and to determine the valence band structure
and chemical state of components.

Figure 11(a) illustrates the XPS molybdenum 3d spectra for MoSe,, which
exhibit peaks on 228.84 and 232.01 eV indicating binding energy of Mo 3ds/, and
Mo 3d;, for Mo** ions, respectively. In addition, Figure 11(c) depicts the XPS of
MoSex (at 120°C) indicating additional peaks at 232.07 and 229.45 eV which can be
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Figure 8.
(a—c) SEM images of SnS, flowerlike structure, (d—e) TEM images of SnS, flowerlike structure, and (f) SEM
images of SnS, nanoparticles. Reproduced with permission from [21].

attributed to the binding energy of Mo>* ions. The results confirmed the synthesis at
120°C, which resulted in two chemical states (IV and V) of molybdenum. Further,
it was found that the amorphous MoSe, showed a very broad Se 3d peak than

the crystalline MoSe,. The Se 3ds/, and Se 3d;/, peaks for amorphous and crystal
samples of MoSe, were found to lie between the range of 52 and 57 eV; however, the
intensity of the peaks varied in amorphous sample. Peak-fitting analysis showed
that the ratio of Mo to Se in the amorphous MoSe, sample was 1:3:1 [3].

Figure 12(a) shows the schematic of PtSe, in monolayer format, in that one
sublayer of Pt atoms is sandwiched between two Se sublayers. Figure 12(b) shows
the XPS measurements for Se during the growth of PtSe, at 270°C. The peaks at
55.68 and 54.80 eV indicate the binding energy of Se(0) chemical state at 25°C, and
at 270°C, the peaks were found at 55.19 and 54.39 eV corresponding to the bind-
ing energy of Se’” chemical state; in between that, at 200°C, the curve indicates
the coexistence of Se(0) and Se’” states. The binding energies of Se confirmed the
formation of PtSe; at 270°C [22].

The XPS survey spectrum of SnS,-AP (Figure 13) confirmed the presence of Sn
and S components, whereas Cr, C, and O were found to be the contaminants. High-
resolution XPS spectra of Sn 3d and S 2p core levels proved that the binding ener-
gies of Sn 3d and S 2p of SnS,-AP were very close to those of SnS,-(c). The binding
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Figure 9.
SEM and EDS analysis of (a, b) FeS,, (c, d) CuS, and (e, f) NiS,. Reproduced with permission from [10].

(c)

BiaAolk
i (120)=0.46 nm

Figure 10.
TEM and HRTEM images of the hierarchical WS,/Bi,MoOg composite (5 wt% of WS,). Reproduced with
permission from [17].
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energies of Sn 3ds/; and S 2ps, of SnS,-AP and SnS,-(c) were 486.61 and 486.65,
161.68, and 161.74 eV, respectively. It was also found that the binding energies of Sn
3ds/; and S 2ps; of SnS,-AP and SnS2-(c) were of close proximity with the reference

data of Sn** and S*” in SnS,.
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XPS spectra of SnS,-AP and SnS,-(c). Reproduced with permission from [23].

Apart from these, a peak attained at 577.36 eV is due to the binding energy of Cr
2ps), corresponding to Cr (IIT) in Cr(OH);. The hydrolysis-precipitation of Cr(III)
ion leads to the formation of Cr(OH); on the surface of SnS,-AP. Cr(III) were gener-
ated from the photocatalytic reduction of adsorbed Cr(VI) [23].

2.3 Photodegradation of organics using TMCs

Persistent organic pollutants (POPs) are of global concern because of their
potential for long-range transport, persistence in the environment, ability
to biomagnify and bioaccumulate in ecosystems, as well as possess negative
effects on human health and the environment. In particular, the agrochemicals
and textile effluents involve processes that produce compounds that are very
toxic to the environment. Thus, it is necessary to remove these colored pollut-
ants from the environment. Several catalysts have been utilized to remove the
pollutants from the polluted environment, and the transition metal chalcogen-
ide has recently gained much attention in this regard due to their significant
characteristic properties.

Wen-chao Peng et al. synthesized MoS,/reduced graphene oxide hybrid with
CdS nanoparticle for photocatalytic reduction of nitroaromatic compounds to
aromatic amines under visible light irradiation in the presence of sacrificial agent. It
was also noted that composite of CdS-0.03 (MoS,/0.01rGO) exhibited remarkable
enhancement on the 4-nitrophenol reduction due to the separation of electron-hole
pairs generated by CdS nanoparticles [4] (Figure 14). In addition, it was found that
the photocatalyst appeared to be stable confirmed by recycling study as illustrated
in the following figure.
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Figure 14.

Repeated tests using recycled CdS 0.03(MoS,/0.01rGO) composite catalyst for photocatalytic 4-nitrophenol
reduction. Reproduced with permission from [4].

In another study, Peitao Liu and co-workers worked on prepared N-doped
MoS, nanoflowers (specific surface area of 114.2 m? g_l) and a-Fe,O;@N-doped
MoS,; heterostructures for decoloring or the removal of the Rhodamine B (RhB)
under visible light irradiation. When comparing the activity of these two materi-
als, N-doped MoS, nanoflowers showed optimum rate constant as 0.0928 min~},
which was 26.4 times greater than that of MoS, nanosheets. Further, 20 mg of these
catalysts completely degraded the 50 mL of 30 mgL ™' RhB within 70 min [24]
(Figure 15).

MoS, nanosheets were coated into carbon nitride synthesized by facile ultrasonic
chemical method to form heterostructures. These materials were used to explore
the photocatalytic degradation of the dyes, RhB and MO, and the optimum reaction
rate constant was found to be 301 min~" with the 0.05 wt% MoS, [5].

Yangyang Liu and co-workers synthesized ZnO nanosheet doped with P by
using conventional chemical vapor transport and condensation (CVTC) method
and then coated with an atomic layer of MoS, on it (Figure 16).

The photocatalytic activity of the catalyst was tested by degradation of organic
dyes, such as methylene blue (MB) and Rhodamine B (RhB), under natural sun-
light. It was found that 95% of organic dyes were degraded within 6 min and photo-
catalytic rate constant was found to be 1.413 min™", which was 3.4 times better than
that of P25 due to the enhanced light adsorption efficiency obtained by synergetic
effect of MoS, [6].

In another study, Haiyang Liu et al. worked on 1 T@2H-MoS,/Ag composite
synthesized by microwave-hydrothermal and photoreduction methods for photo-
catalytic degradation of conventional dyes and photocatalytic reduction of Cr(VI)
under visible light irradiation. It was observed that 1 T@2H-MoS,/Ag effectively
enhanced photocatalytic activity compared with 2H-MoS, due to the enhance-
ment in the light response range and charge separation by using Ag quantum dots
and 1 T phase. In addition, 1 T@2H-MoS, showed 81 and 41% of increment in
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Figure 15.

Photocatalytic degradation of RhB by different photocatalysts (N-doped MoS, nanoflower, without light,
bulk N-doped MoS,, and MoS, nanosheets) under visible light irradiation, where C and C, are the RhB
concentrations at time t min. And o min, respectively. Reproduced with permission from [24].

ZnO Nanosheet Organic dyes 120+ €0:

Figure 16.
Mechanism of photolysis on ZnO decorated with MoS,. Reproduced with permission from [6].

photocatalytic reduction of Cr(VI) and photocatalytic degradation of methylene
blue, respectively [16] (Figure 17).

In a different study, Xi Yang et al. worked on amorphous and crystalline molyb-
denum selenide synthesized by facile low-temperature hydrothermal method for
adsorption and degradation of Rhodamine and methylene blue under dark and
visible light irradiation. Due to the excellent optical absorption and narrow bandgap
(1-2 eV), molybdenum selenide (MoSe,) is preferred for the photocatalytic degra-
dation of pollutants. Hole and free radical studies concluded that the photocatalytic
effect of the amorphous samples was higher than that of the crystalline samples
due to the different active substances. The active substances, superoxide radicals,
in particular, predominated the process of degrading the dye. When comparing the
amorphous and crystalline materials, amorphous molybdenum selenide showed
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Figure 17.
Schematic illustration of photo-charge separation through 1 T@2H-MoS,/Ag under visible light irradiation.
Reproduced with permission from [16].

better performance in adsorption and degradation process due to the formation of
superoxide radical ("O*") and more unsaturated atoms and greater specific surface
area than crystalline structure; further, the holes and hydroxyl radicals were found
to be the main active substances [3].

Hongxu Guo et al. synthesized NiS nanoparticles for photocatalytic degradation
and adsorption of Congo red under visible light irradiation. NiS nanoparticles were
synthesized by hydrothermal method, and it exhibited efficient photocatalytic
activity. 30 mg/L of Congo red was completely degraded after illumination of
210 min. In addition, OH radicals were identified by using fluorescence technique,
and those highly reactive radicals were found to be the major factor for the photo-
catalytic process [15].

In a different study, Aniruddha Molla et al. synthesized Ag-In-Ni-S nanocom-
posites with different shapes for the degradation of methylene blue under dark and
visible light irradiation. It is noteworthy to mention here that 20 mg of the catalyst
showed a complete degradation of methylene blue within 12 min, when there was
no light exposure. Notably, the degradation took only 2 min, when visible light was
exposed with a 100 W lamp source. Further, the reactive oxygen species generated
during the process was confirmed in their study [2].

CdS and Ni-doped CdS hollow spheres were used by Man Luo and his group for
the degradation or removal of RhB and phenol. These materials were synthesized
by simple template-free one-pot method. 1.2 mol% of Ni-doped CdS hollow spheres
exhibited better performance in the removal of organic pollutants due to the
reduce recombination rate of the electrons and hole pairs [7]. Figure 18 illustrates
the UV-absorbance profile for the degradation of RhB dye with the 1.2 mol% of
Ni-doped CdS.

Earth-abundant transition metal sulfides, such as FeS,, CuS, and NiS,, were
synthesized by fast and low-cost hydrothermal synthesis method and utilized
for photocatalytic hydrogen evolution and photocatalytic degradation of indigo
carmine dye under visible light irradiation. Different sacrificial agents, such as
Na,S/Na,SOs, EDTA, and ethanol, were used when the H, evolution was tested. FeS,
showed higher activity for the hydrogen evolution (32 pmolg " h™"), and an 88%
of dye (indigo carmine) degradation was attained due to their suitable electronic
and optical properties. The better activity was credited to a larger crystallite size,
smaller particle size, and lower recombination rate of FeS, than other materials

88



Transition Metal Chalcogenide (TMC) Nanocomposites for Environmental Remediation...
DOI: http://dx.doi.org/10.5772/intechopen.83628

1
0 min |

o ———

S min I
15 mun

,I'/\ll I|I 25 min

/ | 435 min

Absorbance / a.u.

400 500 600 700 800
Wavelength / nm

Figure 18.
UV-visible absorption spectra of RhB in the presence of 1.2 Mol% of Ni-doped CdS. Reproduced with
permission from [7].

that include CuS and NiS,. In addition, the presence of Na,S/Na,SO; exhibited
higher enhancement in the activity for the production of hydrogen among the other
scavenging reagents used in this study [10].

In another study, Yongje Zhao and co-workers utilized the bimetallic chalcogen-
ides material, FeCoS,, synthesized by using a modulated hydrothermal method for
photodegradation of methylene blue and anode materials for Na-ion batteries under
UV radiation. The photocatalytic activity of FeCoS, which was hydrothermally
treated at 190°C was found to be a better candidate with the degradation efficiency
of 90% (in 150 min) under UV irradiation. The better photocatalytic activity was
related with the microstructure, specific surface area, and charge separation of
catalytic materials [25].

Alireza et al. prepared NiS-clinoptilolite zeolite as a catalyst via an ion-exchange
and precipitation methods. The catalyst was utilized for photodegradation of furfu-
ral in aqueous solution over UV irradiation. An optimum photocatalytic efficiency
was observed when 330 mg L™" of the catalyst was used at pH 5 in 6 mM of furfural
solution. In addition, it was found that the degradation rate increased with increas-
ing amount of hydrogen peroxide and potassium bromate in the solution [12].

Xi Li et al. used SnS, and CdS for photocatalytic degradation of different types
of organic dyes, such as methyl orange (MO), Rhodamine B (RhB), Congo red
(CR), orange II (OII), malachite green (MG), and methylene blue (MB), under
visible light irradiation, and the activity of these two materials were compared. SnS,
showed higher activity in the degradation of MO and lower activity in the degrada-
tion of RhB-like organic dyes, when compared to CdS material. In the degrada-
tion of azo dyes (dyes containing N—N double bond), SnS, followed a reduction
mechanism with photoelectrons via the SnIV/SnlI transition, whereas an oxidation
mechanism was observed with both SnS; and CdS for photodegradation of organic
dyes which do not consist of N—=N double bond. ‘O,” and "OH radicals were found
to be the major contributors for the oxidation mechanism. Since the reduction
of dye molecules was faster than migration of the radicals, SnS, exhibited much
higher activity than the CdS for the dyes containing N—=N double bond. However,
SnS, showed lower efficiency than CdS in the photocatalytic degradation of other
organic dyes without N—=N double bond, due to the slow production of reactive
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oxidative species mentioned above. Additional experiments were carried out in the
presence of the scavengers NO, N,, O,, and IPA [26]. Figure 19 depicts the rate of
degradation of both catalysts against the azo and non-azo dyes.

In a different study, 3D carnation flowerlike hexagonal SnS, nanostructures were
synthesized by a simple microwave-assisted solvothermal process for photocatalytic
degradation of Rhodamine (RhB) and phenol under visible light irradiation. The 3D
carnation flowerlike hexagonal SnS, nanostructures exhibited enhanced photocatalytic
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Figure 19.

Plots of normalized concentration (Co/C) of MB vs. different time intervals (a) MO and (b) RhB photocatalytic
degradation. Reaction conditions: 20 mg (a) or 50 mg (b) photocatalyst, 50 mL 6.0 x 10~ Mol/L organic dyes, a
300 W xenon lamp (>420 nm), reaction temperature = 30°C. Reproduced with permission from [26].
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activity compared to SnS, nanoparticles due to its high BET surface area, high surface-to-
volume ratios, and increased light absorbance of hierarchical mesoporous structures [21].

Yong Cai Zhang et al. synthesized SnS, nanoflakes from SnCl,.H,0 for pho-
tocatalytic degradation of methyl orange (MO) under both the visible light and
real sunlight irradiation. The SnS, material synthesized at 200°C exhibited high
photocatalytic efficiency than others (i.e., 100% of degradation of MO after 60 min
in the first cycle and 86% in the fifth cycle). The reason for the better degradation
efficiency correlated with the combined action of several factors that include band-
gap (2.21-2.25 V), size, dispersibility, suspensibility, surface area, crystallinity,
crystal defects, and photochemical stability. Almost all the materials showed better
efficiency than the P25 material used for the comparison purpose [27].

SnS, nanocrystals with adjustable sizes were synthesized by Yong Cai
Zhang and co-workers by utilizing hydrothermal method with the precursor of
SnCL.5H,0. The materials were tested for the reduction of aqueous Cr(VI) under
visible light irradiation (Figure 20).

It was found that the reduction of aqueous Cr(VI) depends on their hydro-
thermal conditions. Particularly, SnS,, synthesized at 150°C for 12 hours, showed
highest photocatalytic activity in reducing aqueous Cr(VI) [10]. In a separate study,
the same group worked on size-controlled synthesis of SnS, by using hydrothermal
method, and their photocatalytic activity tested against the degradation of methyl
orange under visible light irradiation [23].

Zhenyi Zhang et al. synthesized nanosheets of SnS, on g-C3N, as 2D/2D het-
erojunction photocatalyst for the photocatalytic degradation of organics including
dye (RhB) and phenols over visible light irradiation. It was found that the hetero-
samples exhibited an enhancement in the photocatalytic degradation of organics
than pure g-C;N, and SnS, nanosheets. In this study, a better efficiency was attained
for the catalyst loaded with 5.0 wt% SnS, (rate constant of ~0.2 min™) for the RhB
photodegradation [28].

Atkin and co-workers utilized two-dimensional tungsten disulfide (WS,)
nanoflakes, hybridized with carbon dots prepared using two-step method for

Cr(V1) + H;O + Sa5; nanocrystaks Filtrate after photoc atalvsis

Figure 20.
Photodegradation of Cr(VI) in the presence of SnS,. Reproduced with permission from [23].
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photocatalytic degradation of organic dyes. This material shows photocatalytic
efficacy for the degradation of dyes. Twelve percent of degradation was obtained
against the Congo red dye when 0.24 mg/L photocatalyst was utilized [29].

In another study, few layered WS,/Bi;MoOg heterojunction composites were pre-
pared by Xiang Li et al. using hydrothermal method for photodegradation of organ-
ics under visible light irradiation. A higher degradation efficiency was attained
by the materials further proved by the percentage removal of 99.5 and 91.7% for
Rhodamine B (RhB), 98.9 and 89.8% for ciprofloxacin (CIP), 76.0 and 67.8% for
methylene blue (MB), and 69.3 and 58.6% for methimazole (MMI), respectively.
The reason for the removal efficiency was correlated with the structure of the
materials, which may provide larger contact area for interfacial charge transfer and
can shorten the migration distance of charge transfer [17] (Figure 21).

Hua-Bin Fang and co-workers used WS, nanosheets on manganese oxide
(MnOx) prepared by photo-deposition in MnSO, solution. Here, manganese oxide
(MnOx) was used as a hole-trapping material. MnOx/WS, showed better perfor-
mance in the degradation of RhB under visible light than pure WS,, because of the
efficient charge separation in the composite promoted by MnOy [30].

Prabhakar Vattikuti et al. synthesized 1D Bi,S; nanorod/2D e-WS; nanosheet
heterojunction by hydrothermal method for the degradation of methyl orange
(MO) dye in aqueous solution and evolution of hydrogen under visible light irradia-
tion. The material showed enhanced photocatalytic activity due to the presence
of strong surface active sites and fast transfer of electron-hole pairs in the hetero-
structure of the composite. In addition, 84.4% of methyl orange was degraded after
90 min of exposure of visible light irradiation when 3% of Bi,S;/e-WS, composite
was used [31].

Rajesh Bera et al. synthesized CdS nanosheet (0D, 1D, and 2D) on graphene
oxide composite by surface modification method. The catalysts prepared were uti-
lized for the photocatalytic degradation of 4-aminothiophenol under visible light.
The photocatalytic activity of CdS nanosheet/RGO composite was found to nearly
4 times, 3.4 times, and 2.5 times higher than CdS nanoparticle/RGO, CdS nanorod/
RGO, and pure CdS nanosheet samples, respectively. In addition, 2D-2D nanoarchi-
tecture was found to more effective than 0D-2D and 1D-2D hybrid systems due to
its better ability for harvesting of photon from sunlight and transport of excitons to
their reaction sites than others [18].

Sohrabnezhad et al. worked on CoS nanoparticles supported on AI-MCM-41
material, which was synthesized by ion-exchange method. The materials were
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Figure 21.
Mechanism for the photocatalytic activity of WS,/Bi,MoOg in the presence of organic pollutants. Reproduced
with permission from [17].
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utilized for photocatalytic degradation of basic blue 9 or methylene blue (MB).
Seven percent loading of CoS on the mesoporous support exhibited maximum
efficiency for the photocatalytic degradation of methylene blue, and the optimum
pH was found to be 9. The degradation followed pseudo-first-order reaction with
the rate constant (k) of 0.0361. The effect of pH, amount of photocatalyst, and
initial concentration of dye were also examined in their studies [11].

3. Conclusions

Metal sulfides/selenites (metal chalcogenides) have attracted considerable inter-
est due to their electronic and optical applications. In addition, most of the com-
mon metal sulfides are nontoxic with narrow bandgap. Due to these characteristic
features, metal chalcogenides have been utilized as potential candidates for pho-
tocatalysis. This chapter reviewed the most common synthetic protocol of several
transition metal chalcogenides that include metal sulfides and metal selenites.
Further, a brief section covered the basic characterization techniques, which have
been commonly used to characterize the chalcogenide materials. Most importantly,
the application of different metal chalcogenides toward environmental remediation
applications, i.e., degradation of organic pollutants, is also explored herein.
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Chapter 7

Iron Oxide Nanoparticles:
An Inorganic Phosphatase

Xiao-Lan Huang

Abstract

Phosphorus is one of the most important macronutrients for the primary
production. The transformation of dissolved organic phosphorus in the environ-
ment and its contribution to biological production in the different ecosystems is still
a mystery. Recently, it was demonstrated that phosphate ester can be rapidly
hydrolyzed in solutions containing iron oxide nanoparticles with enzyme kinetics.
The catalyst is sensitive to temperature and pH changes and inhibited by tetrahedral
oxyanions with an order of PO, < MoO4 < WOj,. The oxo-Fe structure in the iron
oxide nanoparticles, like the metal center of natural phosphatase (e.g., purple acid
phosphatase, PAP), might contribute to the observed catalytic activity. Iron oxide
nanoparticles are very common and widely exist in the current earth environment,
and phosphate esters are the main component of dissolved organic phosphorus in
soil and waters. It is expected that iron oxide nanoparticles in aqueous environ-
ments, as an inorganic phosphatase, play a critical role for the phosphorus trans-
formation from the view of the phosphorus cycle.

Keywords: enzyme, hydrolysis, iron oxide, nanoparticles, phosphate ester,
phosphorus cycle

1. Introduction

Phosphorus is one of the most important macronutrients for the primary
production, which is primarily taken up by plants in the form of phosphate ions
(HPO,* and H,PO, ). Most of the knowledge of phosphorus in the environment,
including the phosphorus geochemistry cycle, comes from inorganic phosphates
[1-4]. The dissolved organic phosphorus transformation and its contribution to the
biological production in the different ecosystems, e.g., soil, lake, estuary and ocean,
is still a mystery [5-7]. Recently some limited works have indicated that different
phosphate esters, especially monoesters are the main components in the dissolved
organic phosphorus in soils [8-11] and waters [12-17], which might be an important
source of P phytoavailability and a potential source of water eutrophication. The
phosphomonoesters in supra-/macro-molecular structures were found to account
for the majority (61-73%) of soil organic P in diverse agricultural soils across the
world and the monoester P pool was estimated to account for 33% of the total
phosphorus (587 + 32 kg ha™?%) by a recently review [18].

In general, the phosphate ester hydrolysis is catalyzed by various enzymes,
including purple acid phosphatases (PAPs), which have been identified and
characterized from plant, animal and bacterial organisms [19]. On the other hand,
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several studies have already demonstrated that the phosphate ester can be hydrolyzed
with the interaction of minerals in the aqueous environments [5, 20-25]. Here,

the results of laboratory study on the hydrolysis of phosphorus esters, promoted
by the iron oxide nanoparticles in water, including the aged nanomolar inorganic
iron ion solutions [26-28], were summarized. Additionally, the potential role of
inorganic iron oxide nanoparticle for the phosphorus cycles due to the intrinsic
phosphoesterase activity is postulated.

2. Promotion effect on the phosphate esters hydrolysis

Usually, phosphate ester in water is quite stable. As an example, hydrolysis
Glucose 6-phosphate (G6P), a very common phosphate ester in nature, is a slow
process without enzyme in the medium of deionized water (DIW), and becomes
even slower in the fresh nanomolar inorganic iron solutions. Inorganic orthophos-
phate (P;) in the DIW with the addition of 100 pM G6P at room temperature
(22 £ 2°C) was initially 0.90 £ 0.04 pM, which became 4.86 £ 0.26 and
10.35 £ 1.19 pM at 4 and 12 days, respectively. The corresponding P; in the fresh
nanomole inorganic iron solutions (0.5-50 nM Fe(NO3)3) were 1.35 + 0.09 and
2.55+ 0.15 pM.

After G6P was added into an aged 14-month 16.5 nM Fe(NO3); solution
(pH 6.30) at room temperature, made by acid-forced hydrolysis [27], the P; was
rapidly released (e.g. the initial 20 pM G6P, as presented in Figure 1). Like metal
ions as well as natural and biomimetic enzymes, the kinetics of G6P hydrolysis in
the aged iron solution can be described as a pseudo-first-order reaction for a fixed
concentration of G6P [29-36]. For the initial 20 pM G6P, the decrease in G6P
concentration, [G6P],, due to its hydrolysis can be expressed as a function of
hydrolysis time, t, as

log [G6P], = —1.31 x 10t — 4.718 (¥* = 0.999) (1)

where [G6P], is in M and ¢ is in second.
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Figure 1.

Hydpolysis of 20 uM G6P in a 16.5 nM Fe(NO;) ; solution aged 14 months at room temperature (22 + 2°C).

(a) Time courses of formation of phosphorantimonylmolybdenum blue complex from phosphate released from

hydrolysis of 20 uM G6P at times of 0, 1, 3, and 6 h, respectively; (b) concentration of P; and G6P during G6P
hydrolysis; and (c) pseudo first-order reaction kinetics of G6P.
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The corresponding reaction rate constant (k) was 3.02 x 107%s7%, and the
half-life (¢,/,) was 6.38 h. Similar to the initial 20 uM of G6P, the P; concentration
of a initial 100 pM of G6P in the aged inorganic iron solution at 1, 3 and 6.7 h was
4.95, 10.74 and 20.62 puM, respectively. The corresponding k was 8.83 x 10 ¢s™ %,
and the £1, was 21.8 h. It is highlighted that these k in the aged iron solution
were much higher than the previously reported rates in the presence of the
fresh unaged nanomolar inorganic iron [26] and millimole metals [30-32] solutions.

Like aged inorganic iron solution, the concentration of phosphate esters and
condensed inorganic phosphate decreased, and inorganic orthophosphate (P;)
increased in a solution bearing iron oxide (IO) nanoparticles, which consists
of a dialysis membrane tube (DMT, e.g., Spectra/Por 1 membranes, molecular
weight cut-off (MWCO) 6000-8000 Da) filled with iron oxide (DMT-IO). The
iron oxide (D) was synthesized by Fe(NO3); following the basic protocol of
Atkinson [37] and aged at 80°C [28]. The k for 100 pM G6P, Glycerol-2-phosphate
(3-carbon, G2P), and three energy metabolism compounds, i.e., adenosine
monophosphate (AMP), adenosine diphosphate (ADP), adenosine triphosphate
(ATP), as well as two inorganic condensed phosphates, i.e., polyphosphate
(poly-P;), and pyrophosphate (PP;) at room temperature (22°C) was
2.69 x 107>, 1.68 x 107>, 1.54 x 107%,5.73 x 10~ %,5.76 x 10°°,3.8 x 10°5,
and 5.09 x 10 ® s, respectively. The corresponding ¢,,, of these phosphorus
esters and inorganic condensed phosphates was 7.1, 11.5, 12.5, 33.6, 33.4, 50.7,
and 37.8 h, respectively.

Measured k of the initial 20 pM G6P with different sources of iron, either the
aged inorganic iron solutions or the solutions bearing inorganic iron oxide
nanoparticles (DMT-10), are listed in Table 1. The half-life for aged 4-month Fe
(NO3); (16.5 nM), FeCl; (10 nM) and Fe(ClO4)3(10 nM) was 37.8, 58.6 and 78.4 h,
respectively, whereas the half-life of IO from the same source (Fe(NOs)s, JT
Baker), aged at 5-80°C was 11, 2.7, 3.2 and 2.8 h, though they were in the same
order of magnitude. The same patterns were observed for the ATP as well [28].
These results further indicate, as expected, that the behavior of catalysis depends on
the sources of iron oxides nanoparticles in solutions—whether FeCl;, or Fe(NO3)3,
and even on the different manufacturers, as well as with the different aging tem-
peratures for 10 (5-80°C) [37, 38]. No clear relationships between ferric ion (III)
sources, age processing, and catalytic activity, with the hydrolysis rate constant,
were observed.

These inorganic iron solutions also have the same promotion effects on
hydrolysis of different sugar phosphates, including G2P, ribose-5-phosphate
(5-carbon, R5P), and fructose 1-phosphate (6-carbon, F1P) (Table 2). As expected,
the promotion effect was also found on the hydrolysis of AMP, ADP and ATP, and
inorganic condense phosphates (poly-P; and PP;) as well as the RNA model
compound (4-nitrophenyl phosphate ester, pNPP). However, no promotion effects
were observed for the hydrolysis of phosphonates (C-P bonded compounds, e.g.,
2-aminoethylphosphonic acid, phosphono-formic acid) and inositol
hexakisphosphate (IP6) (data not shown).

As expected, the catalytic activity is related to the soaked time of DIW
with DMT-IO and the nature of IO, which can be described by the hydrolysis
reaction rate constant. The kinetics of k£ of 100 pM G6P and ATP in three
different IOs is presented in Figure 2. These results can be explained by the
changes of the nanoparticles concentration in the water. It was expected that the
concentration of the IO nanoparticles in these solutions would initially increase
up to 10 days and then reach equilibrium. However, the total dissolved iron
concentrations in these solutions were still beneath the detection limits of
iron (0.1 nM) [39].
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Fe source Manufacturer Aged Aged 10 20 pM G6P
time temperature nanoparticles e 1
(mo.) (°C) or total Fe k(10757 to (h)
concentration
(nM)
Iron oxide Fe(NOs);3 JT Baker 0.25 5 A 16.9 11
nanoparticles
10) Fe(NO3)3 JT Baker 0.25 22 B 70.3 2.7
Fe(NOs)3 JT Baker 0.25 50 C 59.5 32
Fe(NOs); JT Baker 0.25 80 D 106 1.8
FeCl; JT Baker 0.25 25 E 13.8 14
Fe(NOs)3 Riedel-de 0.25 50 H 18.5 4.0
Haén
FeCl3 Riedel-de 0.25 50 F 27.4 7.0
Haén
Fe(NOs)3 Riedel-de 0.25 80 L 80.7 2.4
Haén
FeCl3 Riedel-de 0.25 80 G 54.1 3.6
Haén
Aged acidic Fe(NOs)3 JT Baker 14 22 16.5 30.17 6.4
forced
h . Riedel-de 4 22 16.5 5.08 37.8
ydrolysis N
. . Haén
inorganic Fe 2 100 2.96 65.6
solution
6 22 1000 18.77 10.3
Iron standard JT Baker 4 22 1 2.38 81.0
solution N 18
(metal Fe in > 85 397
0.3 M HNO3) 7.5 7.22 267
50 6.38 30.2
100 6.55 29.4
200 6.58 29.2
500 8.14 23.6
1000 5.86 32.8
FeCls JT Baker 16 22 2 6.59 29.2
10 4.95 38.9
Riedel-de 4 22 10 3.28 58.6
Haén
100 0.83 2319
FeClO4 Aldrich 4 22 10 2.46 78.4
100 0.61 318.3
Fe EM Science 16 22 16.5 9.49 20.3
(NH4)2(SO4)2

“The hydrolysis rate constant of 20 uM G6P in the DIW is 1.84 x 10~% s™%, and the corresponding half time is 10,450 h.

Table 1.
Hydprolysis vate constant of 20 uM G6P in inorganic ivon solutions.”

3. Kinetics of hydrolysis phosphate esters

As presented in Table 2, the hydrolysis reaction rate constant at different initial
concentrations of phosphate esters in these aged inorganic iron salt solutions or
inorganic iron oxides solutions were not constant. Surprisingly, the k& from 5 to 250
pM G6P in the 16.5 nM Fe(NO3); solution aged for 14 months at room temperature
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Phosphate ester Fe source Initial OP  Rate constant Half-life
(nM) k(10°¢s™) to.s (h)
Glycerol-2-phosphate Fe standard solution, 7.5 nM, 4 mo. 10 12.69 152
(G2P)
20 6.4 30.1
50 3.45 55.8
500 0.51 374.3
Fe(NO3)3, 1000 nM, 6 mo. 20 30.12 6.4
FeCl3, 2 nM, 16 mo. 20 5.29 36.4
Fe(NH,4)2(SO4),, 16.5 nM, 16 mo. 20 11.44 16.8
10-D (made by Fe(NO3)3, aged a week at 10 85.02 2.26
80°C, soak 1 month at 22°C)
50 26.91 7.15
100 16.39 11.74
Ribose-5-phosphate Fe standard solution, 7.5 nM, 4 mo. 10 13.92 13.8
(R5P)
20 8.15 23.6
Fe(NO3)3, 1000 nM, 6 mo. 20 25.19 7.6
FeCl3, 2 nM, 16 mo. 20 7.24 26.6
Fe(NH,4)2(SO4),, 16.5 nM, 16 mo. 20 16.16 11.9
Fuctose-1-phosphate Fe standard solution, 7.5 nM, 4 mo. 10 8.66 222
(F1P)
20 525 36.4
Fe(NO3)3, 1000 nM, 6 mo. 20 17.08 11.3
FeCl;, 2 nM, 16 mo. 20 5.29 36.4
Fe(NH,4),(SO4),, 16.5 nM, 16 mo. 20 8.5 22.6
Adenosine 10-D (made by Fe(NO3)3, aged a week at 10 79 2.44
monophosphate 80°C, soak 1 month at 22°C) 4
(AMP) 100 15. 125
250 6.2 311
Adenosine 10-D (made by Fe(NO3)3, aged a week at 10 134 1.44
diphosphate (ADP) 80°C, soak 1 month at 22°C)
100 573 33.6
250 1.59 121
Adenosine 10-D (made by Fe(NO3)3, aged a week at 10 61.5 3.13
triphosphate (ATP) 80°C, soak 1 month at 22°C)
25 30.2 6.38
100 4.4 43.8
10-A(made by Fe(NOs)3, aged a week at 5°C, 20 19.6 9.8
soak 1 month at 22°C)
100 10.8 17.9
10-B (made by Fe(NOs)3, aged a week at 22° 20 40.4 4.8
C, soak 1 month at 22°C)
100 8.46 22.7
10-G (made by FeCl;, aged a week at 80°C, 20 38.7 5.0
soak 1 month at 22°C)
100 3.55 54.3
Polyphosphate 10-D (made by Fe(NO3)3, aged a week at 10 67.5 2.85
(poly-P;) 80°C, soak 1 month at 22°C)
100 3.8 50.7
250 0.39 492
Pyrophosphate (PP;) I0-D (made by Fe(NO3)3, aged a week at 10 162 1.19
80°C, soak 1 month at 22°C)
100 5.09 37.8
250 0.71 270

Table 2.

Phosphate ester hydrolysis in the different inorganic ivon solutions.
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Relationship between the soaked time of 10 and hydrolysis rate of phosphorus in different DMT-IO solutions:
(a) 100 uM G6P, and (b) 100 uM ATP (for details of IOs see Table 1).

can be further described by the Michaelis-Menten equation (Figure 5a and b), as
the typical behavior of biocatalysts. This is contrast to previously reported promo-
tion effects by metals [30-32, 40] and minerals [20, 22, 23, 41, 42]. The maximum &
of G6P hydrolysis was about 1 nM s, or 3.6 pM h ™", and the Michaelis-Menten
constant (K,,) was 13.7 pM of this aged inorganic iron solution.

1.371 x 10°

€53 (r* = 0.997) 2)

1
— =9.985x 10% +
v

In fact, the promotion effect of G6P hydrolysis can be extended to 2500 pM in
this aged iron solution with a k& of 6.53 x 1077 s %, and £y, of 295 h. It should be
pointed out that the concentration of total phosphorus in the solution was 10°~10°
higher than that of iron in the solution (e.g., 16.5 nM Fe and 2500 pM G6P).

The same patterns were also observed in the solution bearing inorganic iron
oxide nanoparticles. Like the aged inorganic iron solution, the k of various organic
phosphate esters or condensed phosphates at different concentrations were not
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Kinetics of hydrolysis of phosphate esters in inovganic iron solutions at voom temperature (22 &+ 2°C). (a)
Double reciprocal (initial velocity and initial concentration of G6P) plot of G6P in the 14 month aged 16.5 nM
Fe(NO;,), solution, (b) initial velocity of G6P hydrolysis (v,) as a function of the initial concentration of G6P
in the aged iron solution, and (c) Lineweaver-Burk plot of different phosphate compounds in a DMT-IO
solutions (10-D).
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Phosphorus source V,, (naM S71) K,, (uM) Range (pM) r?

G2P 2.0 7.0 6-200 0.99

G6P 3.2 8.3 5-100 0.99

ATP 0.9 9.2 5-50 0.99

Polyphosphate (poly-P;) 11 5.5 5-25 1.00

Pyrophosphate (PP;) 2.2 13 5-25 0.98
Table 3.

Michaelis-Menten constant (K,,) and maximum velocity (V,,) of different phosphorus in a DMT-IO solution
(made by Fe(NO;);-9H,0 and NaOH, aged a week at 80°C, 10-D, soaked a month).

constant (Table 2). The catalytic activity of the different concentration of
phosphorus also can be described by the typical Michaelis-Menten equations
(Figure 3c). Based on the Lineweaver-Burk linear equation (1/V is a linear function
of 1/[S]), the Michaelis-Menten constant (K,,,) and maximum velocity (V,,), as well
as the range of concentration of phosphorous among these compounds, were deter-
mined (Table 3). Meanwhile, the catalysis activity was still observed even when the
total phosphorus esters exceeded the range of the Michaelis-Menten equations, as
with many of the natural enzymes, including the PAP [43].

It should further be pointed out that the similar enzyme kinetics (Michaelis-
Menten equations) were observed recently by many inorganic nanoparticles
studies, which have been described as nanozyme [44-47]. For example, Fe;0, [44],
a-Fe,03 [48], y-Fe,03 [49], y-FeOOH [50], Co304 [51], MnFe,0,4 [52, 53], MFe,04
(M = Mg, Ni, Cu) [54], ZnFe,0, [55], NiO [56], and MnO, [57] have been observed
to have peroxidase-like or catalase-like activity, whereas the vanadium pentoxide
(V,05) was demonstrated to have antioxidant enzyme-like (glutathione peroxi-
dase) activity [58-61] and molybdenum trioxide (MoOj3) nanoparticles to have
sulfite oxidase activity [62].

4. Inhabitation effects of tetrahedral oxyanions

The hydrolysis of phosphorus ester was significantly inhibited when the tetra-
hedral oxyanions were introduced into inorganic iron oxides nanoparticle solution,
e.g., G6P in a 10-month aged iron solution (Figure 4), as the natural PAPs. Both the
catalytic and the inhibition behaviors of the catalysis in the presence of 5-125 pM
G6P with different tetrahedral oxyanions can be described by a Michaelis-Menten
equation (Egs. (3)-(7)) as follows:

without any addition : vl =7.4x10% + %;]0109 (V2 = 0.945) 3)
with 1 uM MoOy : 3 =7.4x10% + % (r* = 0.998) (4)
with 1 M WOy : Ul =7.4x10% + % (r* = 0.995) (5)
with 5 uM POy : Ul =7.4x10% + 8‘3[%;]0109 (r* = 0.988) (6)
with 10 uM POy : vl =7.4x10% + % (r* =0.997) %)
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Inhibiting behavior of different tetrahedral oxyanions on the hydrolysis of Glucose-6-phosphate in an aged
10-month, 1000 nM Fe(NO;) ; solution at room temperature (22 & 2°C). (a) Effect of initial concentration of
G6P on the initial hydrolysis velocity of G6P, and (b) Lineweaver-Burk plot of aged ivon solution in the absence
and presence of tetrahedral oxyanions.

The results indicated that the catalysis sites from these catalyst, i.e., the inor-
ganic iron oxide nanoparticles, may be only bound to either the tetrahedral
oxyanions (PO4, MoOy4, and WO,) or phosphate esters to form an intermediate, but
cannot bind both of them at any given moment. The modes of tetrahedral
oxyanions and G6P are competitive (Figure 5). The K,,,, the G6P concentration at
which the reaction rate reaches one-half of maximum velocity (v,,,./2), was about
2.7 pM G6P in this aged iron solutions with no inhibitors. The Ky, with addition
1M WOy,, MoOy, and 5 and 10 pM PO, was 46.2, 14.1, 11.1 and 17.1 pM G6P,
respectively. Therefore, the K; of WO,4, MoOy, and PO, are 0.06, 0.24 and 1.6-

1.9 pM, respectively. It is interesting to compare the catalytic behavior of these
inorganic iron oxides nanoparticles solution to natural PAPs and their biomimetics,
though the velocities of hydrolysis G6P in the inorganic catalyst are still lower than
that of natural phosphoesterase. For natural PAPs, K,,, and K; of PO, is usually in the
millimolar range [63-69], only K; of WO, and MoO, is in the micromolar range
[65, 66, 70-72]. The value of K,,, of G6P is 920 uM for PAP extracted from sweet
potato [33] and 300-310 pM for those from soybean seed [73]. Besides, the modes
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Figure 5.
Diagram of catalysis process of G6P hydrolysis in the presence of the tetrahedval anions in the aged inorganic
iron solutions. (a) Reaction without tetrahedral anions; (b) Inhibition with the competitive tetrahedral anions.
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of molybdate and tungstate inhibition are noncompetitive [65, 66, 70-74]. Only
orthophosphate for natural PAPs are competitive [65, 66] in most cases.

A more significant difference between the inorganic catalyst and the natural
phosphoesterase is revealed in their response to the fluoride ion. The activity of all
known natural phosphoesterase is very sensitive to fluoride, even at the micromolar
level [67, 72-78], while the catalytic activity of the inorganic iron oxides solutions still
remain, even when the final concentration of fluoride in the solutions were up to 0.5 M.

5. Effect of temperature

The catalyst on the hydrolysis of phosphate ester is sensitive to temperature, as
natural enzymes. The optimum temperature for the phosphate ester hydrolysis reac-
tion by these inorganic catalysts was around 50°C (Figure 6), which is comparable to
recent observations on the natural enzymes [79-82]. However, catalytic activity of the
IO nanoparticles in solution was lost as the temperature was raised to 90°C for an
hour or to 72°C for 16 h. This behavior is similar to the thermal denaturation of the
natural enzyme. Moreover, the temperature coefficient, Q;0, a measure of the
hydrolysis velocity, is also decreased as a consequence of increasing the temperature
by 10°C. This effect too, is comparable to the general patterns of enzyme behavior
in biological systems [80, 81]. Taken together, these observations also carry the
implication that moderate, i.e., 50°C, and not high temperatures, were likely favor-
able to the catalytic reactions from the view of efficiency and speed of the catalyst.

In actuality, the catalytic activity of the nanoparticles remained high after
removal from their source (IO) for days, even when stored at —18°C, demonstrated
by a storage experiment (Table 4) [29], which further suggested that IO
nanoparticles can be displaced to a considerable distance from their source and still
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Figure 6.

Relationship between environment temperature and the hydrolysis vate of phosphorus. (a) G6P, (b) ATP,
(c) polyphosphate, and (d) the temperature coefficient Q,, (for details of 10s see Table 1).
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Treatment 20 pM G6P 20 uM ATP

1hP;(pM) S5hP;(uM) £os5(h) 1hP;(uM) S5hP;(uM) o5 (h)

11 days at 22°C 11R 549 +0.004 13.89 £ 0.064 3.2 4.47+£0.016 9.87 &+ 0.255 6.0

11 days at 4°C 11L 551+ 0.010 13.64 + 0.042 33 4.36 £0.005 9.71 £ 0.066 6.3

5 days frozen S5F6L  4.57+0.013 11.48£0.030 4.5 3.76+0.009 7.61+ 0.043 9.4
(—=18°C) and
6 days at 4°C

5daysat4°Cand S5SL6R 5.85+0.011 14.10 + 0.211 31 4.514+0.018 10.30 & 0.123 5.7
6 days at 22°C

5 days at 50°C SH6R 293 +0.01 6.68+ 0.020 11 271+ 0.012 492+ 0.032 19
and 6 days at
22°C

5 days at 50°C 5H6L 2.62+0.002 5.44+0.001 16 2484 0.002 3.72+0.04 36
and 6 days at 4°C

9 days at 50°C 9H2R 2.43 £0.005 4.07 £ 0.005 26 238 £0.016 3.08 £ 0.025 60
and 2 days at
22°C

“The P; of the 20 uM G6P (DIW, control) after 120 h at the room temperature was changed from 1.67 to 1.83 uM. The
corresponding half-life was 10,450 h. The P; of the 20 uM ATP (DIW, control) after 120 h at the room temperature was
changed from 1.89 to 2.07 uM. The corresponding half-life was 9290 h.

Table 4.
Effect of storage conditions on the catalysis activity of iron oxide (IO-F) nanoparticle solutions.”

maintain catalytic activities for a considerable time. Meanwhile, low temperatures,
even frozen conditions, also favor the persistence of catalytic activity from these
IO nanoparticles. These are important from the view of astrobiology (origin of life)
[28], but also for plant acquisition, nanoengineering and the potential application
for industrial production.

6. Effect of pH and buffer solution

pH is another key factor for enzyme activity. The aged inorganic iron solution or
the water bearing iron oxide nanoparticles, e.g., DMT-IO, are generally mildly
acidic (pH 5.5-6.5). Various concentrations of bicarbonate were introduced in the
DMT-IO system, but in all cases enzyme-like activity for phosphate ester hydrolysis
remained quite high (Figure 7a). In general, the most favorable pH of the enzyme-
like activity was found to be between 6 and 7, though the phosphorus source, the
concentrations of bicarbonate, and the type of DMT-IO also influenced its activity
(Figure 7b and c¢). When pH was raised beyond 7 (e.g., pH 7, 7.2 and 8), the
catalysis coefficient, k, decreased as the concentration of HCOj3 increased, especially
for the DMT-IO-D. When pH in solution was <7 (e.g., pH 6.2, 6.4, and 6.8),
however, there were no clear patterns of k with respect to the concentration of
HCOj3 and both the ATP and G6P in these two nanoparticles-bearing solutions. At
the same time, k at weak acidic conditions (pH 6.2-6.8) was much higher than at
weak base conditions (pH 7-8). This conclusion was further supported by an addi-
tional experiment involving the hydrolysis of ATP, whereby the pH values of DMT-
IO solution were extended from 4 to 9.3 units by employing four different buffer
systems (1.0 M acetate buffer (pH 4.0-5.6), 0.2 M dimethylglutaric acid buffer
(pH 4.2-6.8), 20 mM NaHCO; (pH 7.6-9.3), and 40 mM NaHCO; (pH 5.8-9.3))
(Figure 7d).
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Figure 7.

Relationship between pH and the hydvolysis rate of phosphorus. (a) 100 uM four phosphorus in DMT-10-G;
(b) and (c) bicarbonate concentration on 20 uM G6P DMT-10-D and F; (d) different buffers for 20 uM ATP
in DMT-IO-F (for details of IOs see Table 1).

It should be pointed out that the catalysis capacity of these solutions bearing
inorganic iron oxide nanoparticles is closely related to the buffer used in the system.
The catalytic activity dropped precipitously after a small amount of citrate buffer
(pH 4.0-6.2) or tris(hydroxymethyl)-aminomethane (TRIS) (pH 5.8-7.2) was
introduced into an inorganic iron solution (Table 5). Both citrate [83, 84] and

107



Nanocatalysts

Treatment?® Initial Reaction P; Rate constant Half-life
G6P  time(h) (uM) k(10 °s')  tos5(h)
(kM)
DIW and aged 14 mo., 1000 nM, 20 0 0.22 221 8.7
Fe(NOs)3, (1:1) 1 175
2 3.37
6 7.74
Aged 14 mo., Fe(NO3)3, 1000 nM and 20 0 0.22 1.72 111.8
tris—-HCl buffer (10 mM, pH 7.0), 1:1 1 035
2 0.41
6 0.93
DIW and aged 14 mo., 1000 nM, 50 0 0.44 11.3 171
Fe(NOs)s, (1:1) 1 2.45
2 4.58
6 11.14
Aged 14 mo., Fe(NO3)3, 1000 nM and 50 0 0.44 1.93 99.8
tris—sHCI buffer (10 mM, pH 7.0), 1:1 1 o7
2 0.99
6 2.45

“Buffer experiments were conducted with a 1000 nM aged (14-month) inorganic ivon solution. The iron solution
diluted by DIW (1:1) was used as a control. Either 4 ml of 10 mM Tris-HCL (pH 7.0) or 4 ml of DIW was mixed with
a 4 ml of aged iron solution, then 0.1ml of 1.6 or 4.0 mM G6P stock solution was added to make a final solution
containing 20 or 50 uM G6P. P; concentration was determined at 0, 0.17, 1, 2 and 6 h, respectively, after the addition
of G6P. The results of P; in the table was an average of three veplications. The vate constant and half-life were
calculated based on the first order kinetics.

Table 5.
Interaction between Tris-HCI buffer and aged inorganic iron solution on the hydrolysis rate of G6P.”

TRIS [85] can react with Fe (III) in solution to form the aqueous Fe-complex,
particularly at high ratios of citrate or TRIS to Fe (>>10,000:1 molar ratio). But the
catalysis of these solutions does not change when the acetic acid-acetate buffer
system was introduced, the final acetate concentration in the solution was up to
0.25 M. All of these responses imply that the significant change was not due to the
pH itself, but to the interactions between nanoparticles in the solution and
chemicals in the environment. It has been reported that some buffer systems can
significantly inhibit the activity of natural enzymes, for example, citrate on special
PAPs [86] and alkaline phosphatase [87] and TRIS on aminopeptidase and RimO
methylthiotransferase [88, 89] due to structure changes and metal-complex forma-
tion [84, 85, 90].

7. Natural and inorganic phosphatase

Recall the natural phosphatase, a binuclear metal center (di-iron Fe-Fe or Fe-M
(M as Mn and Zn)) that produces orthophosphate due to the net transfer of the
phosphoryl group to water, is essential for its catalysis (Figure 8a) [19, 66, 91-94].
The p-(hydr)oxo ligand bridges in the metal center—the key of “phosphoesterase
motif”’—are a universal feature in binuclear phosphoesterase [19, 94]. They are
responsible for the cleavage of phosphoester bonds; including acid and alkaline
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Figure 8.
The metal center of phosphatase. (a) The p-(hydr)oxo-bridges in purple acid phosphatase (PAP), and
(b) Fe-Fe structure in differvent iron oxides phases.

phosphatases; bacterial exonucleases; diadenosine tetraphosphatase; 5'-nucleotidase;
phosphodiesterase; sphingomyelin phosphodiesterase, an enzyme involved in RNA
debranching; and a phosphatase in the bacteriophage genome as well as for the family
of Ser/Thr protein phosphatase (PP1, PP2A, and calcineurin) [95, 96]. Based on the
p-(hydr)oxo metal bridge structure, different artificial phosphatases have been
synthesized by using different organic ligands to stabilize the metal center [19, 97, 98].
It is well known that iron speciation changes due to ion (III) hydrolysis in the
solution during the aging process, diiron or polyirons oxide with the oxo-bridge or
hydroxo-bridge (bond) might be formed [99-103]. Based on the quantum-chemical
calculations by density-functional theory, dihydroxobridging binuclear compounds
can be present in aqueous solutions, as binuclear dihydroxobridging [Fe
(H,0) 4(p-OH),Fe(H,0) 4]™ and oxobridging [Fe(H,0)s5(p-O)Fe-(H,0)s]™ (n =2,
4) cations in the hydrolysis products of cations [Fe(H,0)]™* (m = 2, 3) [104]. The
hydroxo-bridged Fe-(OH),-Fe dimers are the structure units in the polymetric
hydroxo complex, which are dependent on pH and aging time [105, 106]. Molecular
dynamics simulation further demonstrated the presence of aqueous di-iron or
poly-irons, in which the Fe-Fe distance is 3.0-3.5 A, with bonds by oxo-bridge or
hydroxo-bridge [107]. Meanwhile, the (hydr)oxo-bridged Fe-Fe structure has
been confirmed by experiments in the interface of iron oxide (IO, solid) to water
[108-111]. The p-oxo iron ion have been identified in-situ in the high concentrated
inorganic iron solution (e.g., 0.1 M Fe(NO3); [101], and 0.1 M FeCl; [112]. The
solubility of IOs further indicates that the critical ferrihydrite nucleus with an
equivalent diameter of ~15 A and containing only ~30 Fe atoms is stable in aqueous
solution [113]. The 10-angstrom discrete iron-oxo cluster (known as the Keggin ion,
Fey3) is also soluble [114], as a constitute structure of ferrihydrite nanoparticles
[102]. Consequently, iron oxide nanoparticles with 3.5 A oxo-Fe bindings (e.g.,
doubly shared iron octahedra) such as ferrihydrite, goethite, hematite, magnetite,
and even green rust (fougerite) can be presented in the natural environment
(Figure 8b) [115-121]. Therefore, it is reasonable to suggest that the oxo bridged
Fe-Fe structure in the aqueous IO nanoparticles contribute to the catalysis of phos-
phate ester hydrolysis [28]. This compares to the activity of the aged nanomolar
inorganic iron ion solutions [26, 27] and mimics of the artificial phosphatases
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[19, 97, 98]. The common feature between these IO nanoparticles, either from the
DMT-IO or the aged inorganic iron ion solutions, as well as the natural or synthe-
sized biomimetic phosphoesterase, constitute a kind of acceleration of electron
transfer rate in the structure of the p-(hydr)oxo ligand between the metals, partic-
ularly iron [19, 26-28, 92, 94, 122, 123]. In other words, the hydrolysis of phosphate
ester is entirely dependent on its catalysis on this special Fe-oxo-Fe structure

[27, 28]. Experiments and chemical models have also demonstrated that tempera-
ture impacts the stability of the aqueous poly-iron formation [124] and the nano-
structure of IO in the solution [117, 125], which can explain the thermal
denaturation behavior of the inorganic phosphatase (Figure 6). The Fe-Fe structure
in the nanoparticles due to the nanosize-induced phase transformation and changes
in the IO nanoparticle solution with the dissolved CO, [126] further supported the
response of the inorganic phosphatase at different pH (Figure 7).

Similar to phosphatases, the active metal centers of most peroxidase and cata-
lases in nature also comprise the transition metals, for example, horseradish perox-
idase, HRP [127], heme catalases [128], uroerythrin [129] with Fe, manganese
peroxidase [130], manganese catalases [131, 132] with Mn or haloperoxidases [133]
with V, all exhibit the oxo ligand structure. This unique structure might be also
accountable for the “intrinsic peroxidase or catalases” from different inorganic
metal oxides nanoparticles [44, 48, 49, 51, 53, 54, 58-61, 134, 135]. It was noted that
some PAPs were also reported to have activity of peroxidases [136, 137]. The K,,, in
Table 3, which denotes the affinities of the phosphate ester to catalysis, are signif-
icantly (up to three orders of magnitude) lower than that of natural PAPs [33, 66,
69, 91, 138, 139]. The same patterns were also observed for these inorganic perox-
idases compared to its corresponding HRP [28]. This finding further indicates that
the 10 nanoparticles are either much more sensitive to the low concentration of
phosphate ester or H,0, in the environment, or they have a much higher affinity for
phosphate esters or H,O, compared to the natural enzymes, although the maximum
velocity of the hydrolysis was relatively low with these IO nanoparticles, especially
for high phosphate ester or H,O, concentrations in the environment. Like the
nanoparticles of 10 and vanadium pentoxide, the intrinsic sulfite oxidase activity of
molybdenum trioxide nanoparticles is also due to the oxo ligand of Mo, as revealed
in the metal center of sulfite oxidase [62, 140, 141]. Essentially, the catalytic activ-
ities depend to some degree on the surface area of these nanoparticles, but not just
merely on particle size [48, 51, 52, 134, 142, 143]. The in situ Raman spectroscopy
on the changes of V-oxo (V=0) bond in the different V,05 nanomaterials during
H,0; catalysis cycle further demonstrated that the catalytic characteristics in these
nanoparticles is directly related to the metal structure in the nanoparticle surface
[61], which supports the concept of inorganic enzyme [27, 28].

Several recently studies from Europe have suggested that iron-rich nanoparticles
(<20 nm) are the main carriers of phosphorus in forest streams and soil solution
[10, 11, 144, 145] and monoesters are the main composition of dissolved organic
phosphorus in soil and water [10, 15, 16, 18]. This further imply that iron oxide
nanoparticles might play a significantly role for the organic phosphorus transfor-
mation from the view of phosphorus biogeochemistry, although sorption and pre-
cipitation is still the dominant view of the current soil and environmental science on
the interaction of iron oxides and dissolved organic phosphorus in soil and sediment
[21, 146-149]. A couple of studies still noticed that orthophosphate can be released
during the processing of the interactions [5, 20-25]. As iron oxide nanoparticles are
very common and widely exist in the soil, sediment, dust, and water [125, 150-153],
such enzyme-like catalytic propensities on phosphate esters in the current earth
environment may provide an undiscovered feedback of organic phosphorus and
play a critical role in the phosphorus cycles.
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On the other hand, many effects have been made to improve inorganic
nanozyme, both its catalysis capacity and substrate specificity, particularly
for the “engineering peroxidase” related to iron oxide for its analytical, biomedical,
and environmental applications from the view of nanoengineering [46, 47,
154, 155]. Various polymers or other organic compounds, e.g., porphyrin rings,
the backbones of short peptides, amino acids, and even DNA, have been
employed in the stabilization of the oxo bridged Fe-metal center in different iron
oxides [156-160]. Similar effects should be made for the inorganic phosphatase
as well. These “engineering phosphatase” can be employed for environmental
monitors after standardization to assess the availability of dissolved organic
phosphorus in waters and its potential risk for water eutrophication due to its
higher stability and lower cost than protein enzymes, supported by the fact that
natural phosphatase has been used for the tool to assess water or soil phosphorus
availability [161-164]. Another possibility for industry is to use these high
efficiencies engineered phosphatase to release the orthophosphate from the
wastewater directly for agriculture.

8. Conclusions and future prospective

Laboratory experiments on the hydrolysis of phosphate ester in water demon-
strated that inorganic phosphoesterase-like activity, using various inorganic iron
oxide nanoparticles, significantly promotes the hydrolysis of phosphate ester,
including G6P, PP;, and ATP. These findings and the fact that this and other
inorganic nanoparticles can act effectively as enzymes: for example, iron oxide as
peroxidase, vanadium pentoxide as bromoperoxidase, and molybdenum trioxide
nanoparticles as sulfite oxidase; further support the concept of inorganic enzymes.
The catalytic property of these nanoparticles is likely due to the structure of the
metal oxides or metal bonds in the oxides and not merely to the nanoparticle
surfaces. As iron oxide nanoparticles are very common and widely exist in the soil,
sediment, and water, such enzyme-like catalytic propensities on phosphate esters,
the main composition of dissolved organic phosphorus, in the current earth envi-
ronment may play a critical role in the phosphorus cycles.
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Chapter 8

Ceria as an Efficient Nanocatalyst
for Organic Transformations

Farha Naaz, Umar Farooq and Tokeer Ahmad

Abstract

Valuable chemicals, fuels and pharmaceuticals obtained by the transformation
of raw materials have fascinated a lot of researchers in past few decades. However,
to reduce problems related to these transformations different green, sustainable and
economic techniques have been developed to carry out such organic transforma-
tions. Development of nanostructured catalysts has been preferred to accomplish
heterogeneous catalytic organic transformations because of greater number of
surface-active sites for catalytic processes, high catalyst recovery rate, environment
friendly nature and their ease of synthesis. Besides the advances in nanocatalysis,
certain challenges including not well-defined morphologies due to loss of control
over it and loss of catalytic activity during operation need to be addressed. Ceria is
actively investigated in field of catalysis. As a ubiquitous component in catalytic
system, its inception is like an irreplaceable component in organic transformations.
In this chapter, we appropriately reported various fabricating approaches to syn-
thesize Cerium and CeO,-rooted nanoparticles and cerium nanoparticles supported
on various support materials, accompanied with multimetallic schemes that show
notable contribution to the field of catalysis. This comprehensive chapter will pro-
vide an improved understanding of nanostructured CeO, and will provide deeper
insight in the catalysis of Ce-based nanostructured materials and further widen
their ambit of applications.

Keywords: ceria, metal oxide, synthesis, nanocatalysis, organic transformations

1. Introduction

Deterioration of environment by excessive dependency on fossil fuel reservoirs
encounters an array of challenges for our ecological system. Presently, some other
practices such as producing harmful pharmaceuticals, hazardous by-products in
manufacturing, etc., results in the severe environmental problems [1]. To encounter
these challenges catalysts are needed, but their multiplicity and complexity demand
a breakthrough in the approaches in which these catalysts are designed and used
[2]. In chemical reactions, catalysts act as unsung heroes which have marked impact
on human society [3]. By approaching recent catalytic constituents, moving beyond
simple modifications and making efforts to understand the elementary principles, it
has been made possible to synthesize and choose suitable catalysts for a provided set
of reactants to obtain desired products [4]. These challenges can be resolved by
utilizing various techniques like computational modeling, atomic resolution
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microscopy and atomic scale measurements [5]. With the enhancements in chemi-
cal sciences, the property which is named as catalysis adorns the chemical reactions
in appropriate aspects. Discussions regarding differentiation between homogeneous
and heterogeneous catalysts have dominated research in the recent years [6-8].
Therefore, in this chapter we explore novel catalytic systems, which fulfill the
specifications of both homogeneous and heterogeneous catalysts like higher activity
and better reproducibility.

At this point, nano catalysis comes into the picture and dramatically shaped
queries on combining the properties of both the catalytic systems in recent years. As
considering nanodimensions, nanocatalysts possess high surface area which provide
a better surface to reactants and this property resembles to homogeneous catalysis.
The catalyst can act like heterogeneous due to the insolubility in the reaction solvent
and hence carried out an adequate separation from the reaction mixture. In view of
these significances, nanocatalysts has propelled to the forefront in investigations in
recent years. Much attention has been drawn to explore a lot in the field of
nanocatalysis and synthesis of nanomaterials for organic transformations. This
encourages researchers to develop a simple, efficient, mild, environmentally
benign, ligand free, heterogeneous, and reusable nanocatalyst for organic transfor-
mations [6]. Prior research has thoroughly investigated nanoscale catalysts in sev-
eral reactions [9]. It has been recently studied that due to the high surface area and
high activity, nanoparticles (NPs) find much importance in catalysis.

Rare earth metals and their complexes exhibit rich variety of solid-state proper-
ties and characteristic behavior which make them interesting subjects for catalyzing
many organic transformations. There are 14 lanthanides included in the rare earths
which include yttrium and scandium also. Among all the rare earths, several
researchers corroborate cerium in the field of catalysis. The abundance of cerium in
the upper crust is 64 ppm which is relatively higher than copper, tin and any other
rare earth elements. Nanoceria has been regarded as the potential catalyst by
employing under ligand free conditions in the form of metal, metal oxides for
various organic reactions. Cerium due to its outstanding catalytic efficiency and
enough abundance makes it useable for a variety of reactions which makes it the
selective element for validating the catalytic conversion of the exhaust system of
automobiles in automotive industry [10]. Several studies carried out have revealed
that due to the high surface area and reactive morphologies of ceria-based
nanomaterials can be effectively used as catalysts for organic transformation reac-
tions such as oxidation, reduction, hydrogenation, coupling reactions and many
more [11-13] as represented in Figure 1. The rare earth elements occur in many
minerals inside the earth’s crust with quite higher abundance. Being actively inves-
tigated, cerium oxide is most imperative and well-known among light rare earth
oxides, especially its use in catalysis [14]. Jons Jakob Berzelius and Wilhelm
Hisinger were first who discovered elemental cerium in 1803. The exact values of
crustal abundance of cerium (average concentration in the earth’s crust) are still
contentious. For instance, Kleber and Love stated 46 ppm for the cerium crustal
abundance in 1963, while Jackson and Christiansen reported the value of 70 ppm in
1993; McGill reported a wide range from 20 to 46 ppm in 1997. Lide reported the
value of 66.5 ppm in 1997, representing the intermediate of the various reported
values, was commonly accepted for present discussions [15]. Light rare-earth metals
occur mainly in the minerals of fluorocarbonate form called bastnasite and phos-
phate form called monazite. The elemental distribution varies in both minerals and
locations. In bastnasite, cerium content is 49.1% with respect to all the rare earth
content from Mountain Pass, California, U.S.; while the content is 50.0% located in
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Figure 1.
Nanostructuved ceria catalyzed organic transformations.

Bayan Obo, Inner Mongolia, China. The cerium content is 45.8% in monazite
minerals at North Staradbroke, Australia and 47% in East Coast Brazil [16]. In the
lanthanide group, Cerium is an element with an atomic number of 58. Cerium often
shows +3 oxidation state, where it acts as typical rare earth and it also exceptionally
has a stable +4 oxidation state.

Metallic cerium, Ce(OH); and other oxosalts of cerium like oxalate, nitrate
allowed to heat in air or oxygen for the production of its oxide form, i.e., cerium
(IV) oxide (CeO;) [17]. CeO; is a well-known cerium compound which is pale
yellow/white powder synthesized by cerium oxosalts calcination and generally used
as a catalyst or as three-way catalysts (TWCs). The ceria with fluorite structure has
tetrahedral holes with oxide ions residing within it, which are formed by the face-
centered cubic array of cerium ions, and vacancies are at the octahedral holes. Each
cerium ion equivalently surrounded by eight oxygen anions and four cerium cations
are tetrahedrally coordinated to these anions. The lattice constant of each unit cell is
5.411 A. These eight coordination sites are occupied by a cerium cation. It is deter-
mined that its structure possess large vacant octahedral holes which intensify its
further applications. Ce(III) trioxide (Ce,O3) also occurs under ambient conditions
[18]. Ce,05 is very unstable against oxidation and as a pressure of 10-40 atm of
oxygen is applied, it gets oxidized and then CeO, begins to form. Characterization
techniques such as X-ray diffraction studied at different temperatures reveals that
Cerium oxide have also been observed in other phases. For example, a disordered
non-stoichiometric fluorite-related phase of a-phase cerium oxide, is stable above
685°C (CeOx, 1.714 < x < 2) [19, 20]. A p-phase formed at room temperature with
a rhombohedral structure (CeOx, 1.805 < x < 1.812) remains stable until 400°C
[21, 22].
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Over the last years, cerium’s price has continually dropped as compared to the
other rare earth elements. Although fascinating, the cost of cerium oxide cost is
going below the price of lanthanum oxide and has observed a sheer incline in its
application. CeO, has been focused for a plethora of studies both in industry and in
academia [23].

2014 and 2015 are the most profused years which have recorded about 2300
publications related to ceria materials. It must be because 1301 publications on
catalytic applications in 2015 mark a booming interest in ceria catalysis for the first
time become 50% of the total [24-30]. Though, it is worthy to reveal the number of
studies on the utilization of ceria in new scientific areas such as biology and phar-
maceuticals. Ceria has been used as a support for stem cells cultured in vitro [31] or
as a vehicle for intracellular drug delivery [32]. One more noteworthy study reveals
that ceria nanoparticles could treat ischemia as well as reduce ischemic brain dam-
age by interruption of the blood-brain barrier after ischemia [33]. Even more
fascinatingly, the thermal water and CO; splitting by the employment of CeO, in
solar reactors for fuel generations has been evolving as a novel and exciting inves-
tigation topic while accumulation of ceria-based compounds in photocatalysis
which merits special mention is another rising field [34, 35].

2. Structure and morphology affecting the catalytic properties of ceria

Structure and morphology play a key role in determining the application of the
material by influencing its surface properties. Extensive studies have been
conducted to unveil different applications which depend on morphology of
nanocrystals. The crystal plane is one of the most common morphological parame-
ters being considered in cerium oxide crystals. The surface of materials is important
in various physical and chemical processes that involve the reaction on inorganic
oxides such as catalysis and crystallization [29]. CeO, in cubic fluorite structure
possesses three low-index planes: (100), (110) and (111) as shown in Figure 2. The
(100) planes contain scattered charged planes which establish a dipole moment
perpendicular to the surfaces which are not stable. However, they could be
sustained by charge-counteracting species for example, ligands or surfactants or by
defects present. The (110) surfaces are charge neutral which consists of anions and
cations in stoichiometric proportions in each plane, which exhibit negligible dipole
moment perpendicular to the surface. The (111) surfaces also results no dipole
moment perpendicular to the surface. Unlike the (110) planes, (111) surfaces con-
sist of a neutral three-plane replicating subdivision ended with a single anion plane.
The (100) facet exhibits 2.0 eV of surface energy, the highest one among these
three low-index facets and the (111) plane is calculated as the most stable facet
irrespective of different potentials used in simulation, both before and after relaxa-
tion according to the work done by Vyas. While (110) plane is the other highly
stable facet, comprising a surface energy of 1.5 eV from Butler potential calculation
[36]. Hence, different shapes of nanostructured ceria particles have different crystal
surfaces and plane properties, which further enhances their performances in dif-
ferent systems including catalysis by affecting the interactions between the ceria
surface and adsorbed molecules. Fronzi et al. stated similar results on the three low-
index surfaces of CeO, as they performed density functional theory (DFT) investi-
gations. The stoichiometric (111) surface is the most stable surface structure with a
surface free energy of 0.060 eV under oxygen rich conditions calculated by “ab
initio atomistic thermodynamics.” The subsurface oxygen vacancies of (111) sur-
face has been found to be the most stable one with a surface free energy of
—0.001eV/A%ina reducing environment. While in a highly reducing environment,
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Diagrammatic representation of CeO, facets (100), (110), and (111). Cerium and oxygen ions ave represented
by ved and gray spheres. Reprinted with permission from Ref. [42]. Copyright 2017 American Chemical
Society.

a Ce-terminated (111) surface is the most stable one. CeO, (110) surface with
surface oxygen vacancies has 0.012 eV/A? surface free energy, which is 0.006 eV
higher than CeO, (111) surface with same oxygen vacancies. The surface free
energies of CeO, (100) surface having the same type and amount of surface oxygen
vacancies terminated with oxygen and cerium are 0.575 and 0.016 eV/A? respec-
tively, which are both larger than those of CeO, (111) and CeO, (110) surface [37].
Sayle and coworkers reported the surface energies of 11.577 and 2.475 J/m” for (331)
planes before and after relaxation through applying energy minimization code
MIDAS [38]. Other crystal planes of cerium oxides, such as (200), (220), (331)
planes, etc., have also been investigated and characterized in both experimental and
simulation studies [10, 13]. For example, {220} facets were found in a slightly
truncated cerium oxide nanocubes with predominate (100) facets synthesized by
Kaneko et al. [39, 40]. Moreover, the feasibility of tailoring the metal oxide mor-
phology have upgraded due to recent advancements in materials chemistry, and the
required crystal planes of the cerium oxide materials can be favorably exposed
through precise control of the growth kinetics. However, these three low-index
planes are the most commonly observed and the most studied facets on synthesized
cerium oxide structures [30, 41, 42]. It is also reported that perception about the
nanocatalysis must be explained by intrinsic properties of nanoparticles which
include (Figure 3) (i) quantities such as bond length and binding energy;

(ii) quantities related to cohesive energy per discrete atom and the activation
energy for atomic dislocation and diffusion, etc.; (iii) properties such as the Hamil-
tonian which demonstrate band structure, band gap and (iv) properties from the
combined effect of binding energy density and atomic cohesive energy like surface
area, surface strength, etc. [43].

129



Nanocatalysts

Composition and
Oxidation State Effect

| Shape, Size and
'~ Interparticle
/' Distance Effect
-“/'I
Structural parameters

B Cohesive energy per discrete atom

SUPPO rtand B Binding energy density

Confinement Effect

Figure 3.
Intrinsic properties affecting catalytic activity of nanomaterials.

2.1 Mechanism of reactivity and catalytic activity of ceria

In the growing field of catalysis, ceria attributed oxygen storage capacity (OSC)
as its fortune. CeO, shows multi valence nature which give large number of oxygen
vacancies to produce under stoichiometric CeO,-x at reducing temperatures, which
can be oxidized back to CeO, in an atmosphere containing oxygen. As cerium (III)
(Ce®*) switches to cerium (IV) (Ce**) states, it results in high oxygen mobility in
the ceria lattice that in turn leads to a strong catalytic potential and it happens
without any structural modification of the fluorite ceria lattice. The change in
energy can cause largely a surface effect to heterogeneous catalyst [44-46].

Thus, scientists have been looking for maximizing the formation of oxygen
vacancies of ceria-based catalysts to improve their activity, which needs high tem-
peratures and a reducing atmosphere. Yan’s group had made the first observation
during the study of preparation of ceria nanostructures, which depict that as com-
pared to octahedral ceria nanoparticles, nanocubes and nanorods had a higher
capacity to store and release oxygen at high temperature. Recently, the precise
fabrication of functional nanostructured ceria is turn out a routine. Though, some
other materials also demonstrate very discrete catalytic activity due to defect sites
effect and exposed crystal facet, even from materials which have similar structures
[16, 47-51]. The values which are reported in Table 1 display the exposure of {100}
and {110} planes in nano-size ceria accompanying the improved oxygen storage
capacity (OSC) and show the following order of OSC nanocubes > nanorods >
nanopolyhedra [41]. An appropriate comparison is done with determined hypo-
thetical surface area-normalized OSC which is calculated on more reducible sur-
faces and specify that OSC is not only defined to the surface, but it also takes place
in the bulk [52]. On introduction of defects into the lattice, it is investigated that
through controlling synthetic and postproduction parameters, preferred crystal
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0SC? (pmol O/g) OSC/B.E. T (pmol O/m?) Calcd OSCP (pmol O/m?)

Nanopolyhedra 318 51 6.2
Nanorods 554 9.1 4.9
Nanocubes 353 10.6 57

Reprinted with permission from Ref. [41]. Copyright 2005 American Chemical Society.
“CO-0SC measured at 400°C.
bCalculated according to the theovetical OSC of exposed surfaces. See Ref. [41] for details.

Table 1.
Oxygen storage capacity of variable nanostructures.

orientation is précised. It is also noticed that the reactivity of the surface of crystal is
greatly affected by variable lattice defects critically.

Vacancies included in the lattice defects are (a) oxygen vacancy defects, (b) self-
interstitials, (c) interstitial impurity atoms and (d) edge dislocations [53]. In the
fluorite lattice of ceria, the degree of oxygen mobility accredited to its size, disper-
sion, and value of oxygen vacancy defects (OVD) [54-57]. The empty 4f states of
cerium located electrons by surrounding a vacancy in the ceria support lattice
establishes defect sites [17, 58-61]. These defects are shown to be mobile with high
oxygen mobility and arise around cerium (III) ions only. On introducing subsurface
vacancies into the lattice, the mobility of the vacancies, and therefore the defects, is
decreased significantly. The formation of vacancy clusters is in the three or six
surrounding cerium ions of the material’s surface. An oxygen vacancy defect tends
to form under low partial pressure of oxygen [17]. After approaching a favorable
oxygen by another oxygen, a bond is formed, and from the surface of the crystal the
oxygen molecule can diffuse away. Respectively, the oxygen molecule that is
obtained, further diffuses away from the surface and two electrons are left back to
be distributed between three cerium atoms. Due to this, cerium atoms undergo
partial reduction to a valency between the 3+ and 4+ states. It occurs in a manner to
leave behind triads of vacancies which are surrounded by nine cerium atoms shar-
ing eight electrons [62-65]. It is widely proposed that change in the adsorption
energy regarding carbon monoxide and oxygen can cause the change in activity of a
surface with lattice strain. It is noteworthy that the similar researches reported a
lesser increment in the adsorption energy related to carbon dioxide [66, 67]. The
adsorption energy for oxygen is about five times superior than for carbon monox-
ide. Furthermore, the activation barriers respecting to dissociation of oxygen and
formation of carbon dioxide are greatly dropped. However, the ease of formation of
the oxygen vacancies facilitate the reaction. A molecule of carbon monoxide
adsorbs on the surface of the ceria and readily reacts with oxygen existing on its
surface and further diffuses away in the form of carbon dioxide leaving an oxygen
vacancy. This oxygen vacancy results in a weakened bond between the oxygen
atoms, as it allows an adsorbed oxygen molecule to react with the surface. Across
the surface of the catalyst, a carbon monoxide diffuses until it encounters the excess
oxygen and diffuses away from the surface [68-71].

2.2 Nanoarchitectured ceria and its influence in the behavior to supported
metals

The vast expansion of the usage of the nanomaterials offer is just incredible.
Nanotechnology revolution has revolutionized the research arena as matter of the
fact that it creates the vast possibilities to fabricate the materials with
nanodimensions. Catalysis, fuels and microelectronics are different fields of
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applications where nanostructured cerium oxides grow rapidly and reflecting their
importance in enhancing the performances of those systems. Variable morphologies
of ceria nanoconstructs have been explored in these applications, for instances
nanocubes, nanorods, octahedron polyhedron, tube and many more. Ceria
nanostructures with various shapes possess the different crystal planes and surface
morphologies, which influences the interactions between the ceria surface and
adsorbed molecules, and hence changes the performances in different systems.
Zhou et al. described many strategies for synthesis of well-controlled morphologies
of nanostructured ceria. Now, Ce-based materials with controlled morphologies
which exhibit zero-, one-, two-, and three-dimensional structures are possibly
synthesized. (Figure 4). The categories defined on basis of number of dimensions
which cannot be restricted to the nano-range (<100 nm).

Nanostructured ceria with Zero-dimensional (0D) possessing isotropic cubic
phase of the fluorite structure can be observed distinctively. According to results, it
presented a lack of fortunate growth direction of seeding crystals. Hence, (0D)
nanostructures have most straightforward synthesis. Mono-dimensional (1D) CeO,
nanoparticles possess the different properties due to which they have been explored
more than the 2D and 3D architectures and a variety of synthesis procedures were
proposed. 1D hexagonal Ce,O nano-rods (NRs) synthesized by template-free elec-
trochemical growth method on a Ti substrate which mainly exposes the {110}
planes and displayed outstanding photocatalytic activity in hydrogen evolution,
with H, yield reaching 741 mmol g_1 [26].

The preparation of 2D and 3D architectures are drawing significant attention
and they also evolving as good alternatives in various catalytic and energy applica-
tions. For the construction of a spongy mesoporous CeO, microspheres an analo-
gous concept was assumed in which in-situ formation of the removable template by
graft polymerization reaction between acrylamide and glucose takes place [72].
Ceria nanocubes synthesis is important because their possession of high surface
energies usually exhibit specific activities due to the unsaturated coordination
atoms, atomic steps and ledges [73-75]. Numerous fabrication methods have been
reported for spherical nanostructures [76-79]. Planes in ceria octahedron have
gained much attention as these planes are exposed on their surfaces [80]. Nano-
structured ceria with different morphologies, such as nanotubes, spindles,
nanosheets, etc. have been synthesized [45, 80, 81]. Due to their enormously
developed activities ceria nanorods have increased wide-ranging interest than those
of ceria with other shapes in many different reactions, such as CO oxidation, NO
reductions and 1,2-dichloroethane and ethyl acetate oxidation [57, 82, 83]. By
means of the most stable (111) planes on the surface, ceria octahedra demonstrated
the least catalytic activity being studied when compared to the activities of
nanocubes, nanorods and other shapes in many reactions, such as CO oxidation and
ethyl acetate oxidation [80, 83], Notable progress has been made to achieve these

Sngecrysidsuface  Manoparficleson 2D support  Nanopariclesin 30 support

Figure 4.
1D, 2D and 3D nanostructures. Reprinted with permission from Ref. [2]. Copyright 2010 Springer Natuve.

132



Ceria as an Efficient Nanocatalyst for Organic Transformations
DOI: http://dx.doi.org/10.5772 /intechopen.82688

ceria nanomaterials. However, synthesizing these morphologically different
nanostructures with well-controlled size and homogeneity is still difficult due to
their uncommon shapes. For instance, it is difficult to prepare nanosheets due to
their exceptionally small thickness and possible quantum size effects [84].

In Prospect, the synthesis of ceria NPs requires the interaction with metal
nanoparticles that act as the “active sites” for catalysis. Schelter and co-workers
reported a ligand to vary the stability of the Ce (III)/Ce (IV) redox couple, in their
synthesized 1,3-bis [(20 tertbutyl) hydroxyamino phenyl]-benzene Ce complex,
[85]. Recently, a hydrothermal process has been used for the synthesis of
Au@CeO,, presenting core-shell systems grounded on other precious metal core-
shell [86], while Ag@CeO, was also synthesized by reverse micelle/redox reaction
[86-90]. Among different characterization, an exclusive strength of the STM tech-
nique is the ability to enquire the atomic structure of surfaces, down to the level of
distinct defects and adsorbates. Figure 5 shows one such image, obtained on the
surface of a CeO, (111)/Pt (111) system [91].

Catalytic characteristics of supported metal nanoparticles depend on the role of
the support as well as on the composition, shape, particle size, and chemical state
too. The catalytic reactivity is directly related to the atomic interaction within
support and metal nanoparticles which is termed as metal-support interaction
which has attained significant attention nowadays (Figure 6). Due to the possession
of unique properties by the ceria by virtue of which it makes oxygen species readily
available to the metal site which make its outstanding applications in large number
of catalytic reactions. This way, noble metals on ceria are activated for various
oxidation reactions at low temperatures [92].

O First layer O ( ~1 Surface Oxygen Vacancy
@ Second layer Ce ,’ N Hydroxide Trimer
-—
Third layer O W Waiter
@ Fourth layer O X  Unidentified Adsorbate

Figure 5.
STM image of the CeO, (111)/Pt (111). Reprinted with permission from Ref. [91]. Copyright 2010 American
Chemical Society.
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Figure 6.
Metal-oxide configurations used in studies with ceria model catalysts. Reprinted with permission from Ref. [92].
Copyright 2017 Royal Society of Chemistry.

A pivotal role is played in the activity of catalysts by the nature of their support.
Vayssilov et al. has studied the origin of interactions proposed between the various
support effects like the active (metal) phase and support which include interaction
of electrons among both components [93], destabilization or stabilization of particle
sizes or shapes [94], surface transport of adsorbates through the boundary (spill-
over, reverse spillover capture zone effects); [95] and the stabilization/destabiliza-
tion of oxidized active phases by the support or strong “metal-support interactions”
relating movement of partially reduced oxides onto the active phase [96-98]. The
metal oxide intervenes in the catalytic process as well as an inert support [99].

Pure ceria, CeO,, undergo degradation with time at elevated temperatures
which minimize its performance due to reduction in its surface area as well as
oxygen storage capacity (OSC), also it has been presented that pure ceria accom-
modate “active” weakly bound oxygen species, which relates bulk rather than to the
surface by using steady-state CO oxidation kinetics and/or temperature-
programmed desorption (TPD) [100-102]. Thus, development of CeO, based
nanocatalysts for chosen activities is surely done with a keen understanding about
metal-ceria support interaction in supported metal catalysts (Figure 7). E.
Mamontov used pulsed neutron diffraction to investigate the nature of these
“active” oxygen species in pure ceria. The study of oxygen position in oxides by
neutron diffraction demonstrates a comparable scattering contrast of oxygen and
metal ions. In the real space the oxygen defects in CeO, examined by both pulsed
neutron diffraction data and atomic pair-distribution function (PDF) analysis
whereas in the reciprocal space, it is analyzed by the Rietveld refinement [103].

Zirconia, ZrO,, has been actively investigated in many studies and have been
characterized. The enhanced OSC of ceria-zirconia related to ceria as well as known
to improve partial degradation of ceria at high temperatures. It is also probable that
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Figure 7.

Real (STM, LEEM) and reciprocal space (LEED) of ceria structures on a range of metals. Reprinted with
permission from Ref. [112]. Copyright 2016 American Chemical Society.
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the necessary oxygen mobility which is essential for the functioning of CeO, as a
catalytic support is provided by the interstitial oxygen ions which act as “active”
sites [104-111].

CeO, impart high oxygen storage and release capacity and it is predicted as the
finest supporting material for catalysis at Au NPs following other properties such as
facile oxygen vacancy formation, and narrow Ce f-band. Au gets oxidized once in
contact with CeO,. The atomic and electronic interaction between reduced CeO,
and supported Au NPs is highly contributed by the electrons located on the occu-
pied 4f-orbital of Ce** ions. Ceria particles were also deposited on the surfaces of
Au, Pt, Re, Rh, Ru, Cu to produce inverse oxide/metal catalysts and these supports
can cause dramatic effect on the structure of ceria islands in an inverse catalyst
[112, 113]. The electron transfer is induced from metal to the support because of the
presence of platinum over ceria nanoparticles leading to the formation of a small
fraction of Ce®* cations. Among transition metal core-Pt shell nanoparticles, altering
Au NPs with alloying elements would be an interesting strategy for lowering CO
adsorption energy, as well as deducing and enhancing saturated CO and O, con-
centration, correspondingly. Vayssilov et al. studied that a crystalline atomic
arrangement exhibited by the interaction of an illustrative metal cluster Pt8 with
two group of model ceria nanostructures [114]. A Pt8 cluster was selected as a
model which supported on a stoichiometric Ce4¢Ogo nanoparticle. The metal group
relates five Pt atoms with ceria particle found as most stable structure for Pt8/
Ce40O0go. Liu and colleagues [115] prophesied adsorption and dissociation of oxygen
and transport processes on the two most stable Ag (111) and Ag (110) surfaces and
reveals a binding energy of CeO, catalysts and on a monolayer silver supported by
CeO; (111) surfaces with or without oxygen vacancies by DFT with PAW method.
The computed energies of these reactions display that the process of oxygen reduc-
tion and the combination of the dissociated oxygen ions in the oxide electrolyte prefer
taking place in the triple phase boundaries (TPB) region with oxygen vacancies [116].

2.3 Synthesis and characterization of ceria nanoparticles

This segment of the chapter encompasses the detailed outline of various synthe-
sis techniques and the conditions applied for the reaction which influences the final
product. According to the applications in various fields, the synthesis of ceria
nanoparticles with desired morphology is very important; therefore, thorough
investigations were done by researchers to investigate several approaches. The
studies on Ceria based nanoparticles demonstrated that conditional to the synthesis
methodology, wide variations may occur in shape, size, crystal structure, and prop-
erties of nanostructures, as well as the physical and chemical conditions employed
during the reaction process. Current literature revealed many chemical methods,
such as, hydrothermal method, co-precipitation method, a micro emulsion medi-
ated approach, and other methods like sol-gel synthesis have been employed to
synthesize cerium based nanostructured materials.

Hydrothermal method refers to the oxide synthesis and crystal growth in aque-
ous solutions under high temperature and pressure using a sealed heated vessel
which is known as autoclave. It is well-established method for the laboratory and
industrial scale synthesis of nanoceria materials. Two big advantages of this method
are that: the reaction temperature is below the melting point of reactants, and the
operational parameters such as reaction temperature, duration, autoclave types can
be easily tuned to modify the reactivity of synthesized inorganic solids [117].

A facile hydrothermal method for the synthesis of ceria nanocubes with six {100}
facets using oleic acid as the surfactant was developed by Wang and co-workers.

The as-prepared ceria was single crystalline, confirmed by uniform crystal lattice
fringes. The sizes were well controlled with side lengths from 9 to 17 nm [92].
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A single-step hydrothermal method is utilized in the fabrication of uniform CeO,
nanoparticles with diameter approving nano-size, i.e., 13-17 nm and further,
hexamethylenetetramine is added for the formation of (220)-dominated surface
structure.

Co-precipitation synthetic method is another extensively used approach for
preparing nanomaterial. The strategy is best choice for commercial synthesis of
CeO; and due to very low solubility of ceria, it attains great advantage. This method
is simple and rapid preparation process which makes it easy to synthesize control-
lable particle size and flexible in altering overall homogeneity of the particle with its
surface state [118]. The cerium precursors are generally inorganic cerium salt, such
as Ce(NO3)3, CeCls, (NH4),Ce (NO3)g, and the precipitating agents are usually
NaOH, NH,OH, hydrazine and oxalic acid [119-122]. Abimanyu and coworkers
performed co-precipitation method and applied ionic liquid as a template to prepare
magnesium and cerium mixed oxides. To overcome the difficulty of controlling
particle size, template-assisted co-precipitation, carbonate co-precipitation, redox
co-precipitation, etc. have been presented in conventional co-precipitation
method [118].

Sol-gel method is highly suitable for the fabrication of metal oxides (Figure 8).
This method is widely used in ceramics industry and materials science for produc-
ing solid materials such as ceramic fibers and dense films. It is easy to accomplish
and does not need any special conditions and equipment [117]. The process involves
conversion of metal alkoxide/chloride solution into a colloidal suspension (sol) and
gelation of the sol to form discrete particles or network polymers in a continuous
liquid phase (gel) [123]. Gnanam et al. successfully prepared nanocrystalline cubic
fluorite/bixbyite CeO, or a-Mn,0j3 via simple sol-gel method using cerium (III)
chloride/manganese (II) chloride as the precursor by using methanol as a solvent
calcined at 400°C [124].

The reverse micelle technique offers the greatest control over size and morphol-
ogy. It is a wet chemical method in which pools of water are enclosed by surfactant
molecules in an excess volume of oil. During synthesis procedure, surfactant mole-
cules retain particles separated and confine particle growth this keeps control on
size and shape of particles. The root for the technique is the use of a surfactant to
stabilize variable aqueous droplet sizes in hydrocarbon medium. Metal salt precur-
sors are transformed by a reactant from the hydrocarbon phase and are contained in
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Figure 8.
Diagrammatic illustration of different stages of sol-gel method. Reprinted with permission from Ref. [118].
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the aqueous portion. Mutually, the structure of the surfactant and the steric size can
produce metals having a wide range of grain sizes. Masui et al. [125] synthesized
ceria nanoparticles by using reverse micelles and reported fluctuation of bandgap
values from 3.38 to 3.44. Ganguli et al. fabricated monophasic nanoshaped oxides
by performing similar versatile methodology [126, 127].

The worth of morphology-activity association is clearly recognized with the
implementation of different examples as breakthrough. With the advanced charac-
terization techniques included SEM, HR-TEM, STM, uncountable studies investi-
gated that morphology/exposed facet combination still contain some uncertainties
and, so, on the mechanism of crystal growth. Some focus is also bounded by surface
reactivity analysis or through TEM. The elucidation of this area is must to simplify
instrumentation acquaintance [128, 129]. The powder XRD patterns of the CeO,
nanorods, nanocubes and nanopolyhedra are of pure cubic phase shows its fluorite
structure with lattice constants of 5.414(3), 5.436(3), and 5.405(3) A, respectively
(Figure 9a). The enlargement of the reflections indicated their nanocrystalline
nature, recognized to the polyhedron and rods distinctly. The sharper reflections for
cubes implied their larger sizes as compared with the former two samples. X-ray
photoelectron spectroscopy (XPS) and X-ray absorption near edge spectroscopy
(XANES) techniques investigate the oxidation state of cerium ions in ceria
nanoparticles. The remark of the existence of the Ce**/Ce** shifts in150 mm active
region leads to the inference that the lateral electron transport and surface reaction
kinetics on the thin ceria electrodes are co-limiting processes. The XPS spectrum of
the CeO, nanorods is shown in Figure 9b. It illustrates six consistent Ce 3d binding
energy (BE) peaks for the rods with the former report on Ce*, signifying +4 was
the main valence of rods in cerium [41]. The surface termination of oxide-based
nanoparticles can be easily determined by the transmission electron microscopy
(TEM) [130, 131]. The specific surfaces of catalytic CeO, nanostructures during a
reversible beam induced redox reaction examined by combination of direct aberra-
tion corrected TEM and computational exit wavefunction restoration at ambient
temperature.

Mesoporous ceria being versatile attracted researchers as catalysts and catalyst-
support which possess increased dispersion of active secondary components and
offer high surface area (Figure 10). Additionally, an issue which is mandatory to
discuss is that as surfactant is removed during synthesis procedure, it shows its poor
thermal stability at elevated temperatures precepted to be caused by collapsing of
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(a) XRD patterns of CeO, nanorods, nanocubes and nanopolyhedra and (b) XPS wide spectrum of the CeO,
nanorods. Reprinted with permission from Ref. [41]. Copyright 2005 American Chemical Society.
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Figure 10.
Hlustrative SEM images (a and b) and TEM images (c and d) of the flowerlike CeO, microspheres. Reprinted
with permission from Ref. [72]. Copyright 2006 American Chemical Society.

structure. So, mesoporous CeO; has been developed by a novel hydrothermal
method for high performance catalysts with excellent thermal stability [72, 132-
135]. Hojo et al. analyze cationic reconstruction by using in-situ phase contrast HR-
TEM with spherical aberration correction [136]. STEM, EELS, and theoretical cal-
culations were performed to inspect the atomic structure of grain boundary which
is selected as a model grain boundary in thin films of CeO, [38, 137, 138].

2.4 Cerium oxide catalyzed organic transformations

Organic synthesis occupied one of the most protruding places in the field of
chemistry research. Additionally, the space of organocatalytic reactions is well-
reviewed and widely examined. Further, initiating with certain reports to describe
the organocatalytic applications of ceria nanostructures. Investigations on CeO, as
catalytic support or recently as catalyst for conversions in organic reactions are
liberated in accumulated manner. Although, the versatile behavior of this material
is selectively observed in various catalytic applications. By Mars-van Krevelen
mechanism, computer stimulation techniques were performed to predict the higher
reactivity of ceria {110} and {100} surfaces towards carbon monoxide oxidation,
which stated that CO first interacts with surface ceria oxygen and produce CO, by
leaving an oxygen vacancy which is then filled with gas phase oxygen [139, 140].
The CO oxidation frequency turnover is higher on {110} as compare to {100} and
{111} surfaces, presented as the opposite order of oxygen vacancy formation energy.
CeO0,~ZnO composite catalyst utilized in hydrogen transfer reaction by Mishra et al.
for cyclohexanone with isopropanol and it showed 51.3 mol% conversion of cyclo-
hexanone [82]. Acetalization of cyclohexanone with methanol also reported by Rose
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et al. using different transition metals [141]. Tamizhdurai synthesized CeO, and
inspect it with various spectroscopic and analytical techniques. Afterwards, its
oxidation effect was investigated on benzyl alcohol which reveals better conversion
and selectivity. The catalytic oxidation properties of ceria closely tied with its redox
and oxygen storage behavior, and CO oxidation can work as a model reaction to
probe the redox properties of CeO, [142] (Scheme 1).

Zhou et al. [143] explored oxidation of carbon monoxide over ceria
nanostructures in their study where they compared nanorods and irregular
nanoparticles of same surface area; the former attributed exposed planes of {100}
and {110} surfaces with higher proportion has higher activity. This study initiated the
investigation of CO oxidation with nanoparticles, and several investigations were
followed which clearly establish the correlation between ceria shapes and CO oxida-
tion as shown in Figure 11 [143-150]. CeO, nanospheres fabricated sonochemically
in 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [C4mim] [Tf2N]
show the best presentation for low-temperature CO oxidation [151].

CeO, nanoparticles explored by Deori K. for the para-xylene oxidation to
terephthalic acid as a heterogenous catalyst (Scheme 2). The synthesis procedure is
environmentally friendly, and water was used as a solvent during catalysis reaction.
The ceria nanostructures which were synthesized acquire 15 nm sized particles and
high surface area of 268 m* g~ [152].

The advancement in catalytic performance of the cube shaped CeO,
nanoparticles displayed by the conversion of benzyl alcohol (BA) and para-
chlorobenzyl alcohol (PCBA) to their respective aldehydes (>99%) (Schemes 3).
Accompanying, in toluene (PhCHj3) oxidation, this CeO, nanocube catalyst was
found to be very effective, as well as being more effective than the nanorods.
Besides, reusable property of CeO, nanocatalyst also proposed for several cycles
which display obtainment of the desired products without any deterioration in
selectivity and activity in all cases [153].

CeO; is actively used in hydrogenation reactions as a promoter or carrier of
noble metal nanomaterials for many years [154, 155]. As compared to oxidation
reaction on CeO,, hydrogenation owing to the specific role of adjacent oxygen on
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Figure 11.
(A) CO oxidation over ceria vods, cubes, and octahedra. (B) Comparison of CO turns over frequency oversurface
planes (110), (100) and (111). Reprinted with permission from Ref. [143]. Copyright 2011 Elsevier.
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Scheme 1.
Selective oxidation of benzyl alcohol to benzaldehyde. Reprinted with permission from Ref. [142]. Copyright
2017 Scientific Reports.
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Scheme 2.
Oxidation process for para-xylene to tevephthalic acid. Reprinted with permission from Ref. [152].
Copyright 2017 Royal Society of Chemistry.
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Scheme 3.
Representation of oxidation process of para-chlorobenzyl alcohol/toluene to benzaldehyde by ceria nanocubes.
Reprinted with permission from Ref. [153]. Copyright 2017 Royal Society of Chemistry.

stabilizing hydroxyl intermediates is favored over low-vacancy surfaces whereas
reverse effect applied for hydrogenation reactions, where nanoparticles are more
active than nanocubes [156, 157]. Hydrogen activation on CeO, is often regarded as
the limiting step of the reaction, even for other functional groups which includes
substituted nitroarenes [28, 158]. As already discussed, partial hydrogenation over
CeO,, they have also been employed for the hydrogenation of olefins and carbonyl
bonds. For example, a good yield of 1-butene can be obtained by reduction of 1,3-
butadiene by Pd/CeO, catalyst supported on alumina [159]. Ceria nanostructures
evidencing their value in other more complex organic reactions, apart from oxida-
tions and hydrogenations, in advanced and controlled fabrication, promoting it as
attractive and versatile nanocatalyst. Coupling reactions including aldol
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condensation (Scheme 4) [160, 161], Mannich reaction (Scheme 5) [162],
Suzuki-Miyaura [163], Knoevenagel condensation (Scheme 6) [164] or
Sonogashira cross couplings [165] have also been reported.

Yadav et al. [166, 167] have cast-off CeO, in synthesis. Recent Literature
exposed that very few reagents have been reported for the bis-Michael addition
reactions and most of the reagents, yielded the mono-Michael addition product
[168]. Javad Safaei-Ghomi progressively synthesize CeO, nanoparticles and further
utilize them by pseudo five-component reaction of acetylenedicarboxylates,
phenylhydrazine and aromatic aldehydes in preparation of C-tethered bispyrazol-5-
ols at 70°C in water [169]. In organic conversions, as carbon-carbon (C—C) bond
formation reactions, the catalytic activity of free-CeO, NPs has not been studied
extensively to the unsurpassed of our knowledge.
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Cu supported catalysts on ceria-zirconia catalyzing cross-aldol condensation of acetone and n-butanol into
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3. Conclusion

Various synthetic strategies of Cerium oxide nanoparticles and their progress in
the field of catalysis of organic transformations are selectively highlighted in this
comprehensive chapter. We presented that at nano level, ceria structures are
manipulated with different techniques which allows direct control over catalytic
behavior in various reactions. Cerium oxide occupies widespread attention in
research on new catalysts with improved properties for organic synthesis due to its
very rich chemistry.

Ceria, firstly used by Ford Motor Company as an oxygen storage component,
further stepping towards growth in its applications, as consider an “inert” support
can stabilize metal nanoparticles which are actively practiced for its catalytic activ-
ities, that directly takes part in the reaction with lattice oxygen, afterwards a
cocatalyst, and more recently a catalyst. Applications of Ce and Ce-based
nanoparticles in different forms of catalysis with recent advances in their prepara-
tion methods are properly introduced in the chapter. The synthesis section included
different preparation procedures such as hydrothermal, reverse micelle, Co-
precipitation and sol-gel method for synthesis of Ce and Ce-based NPs and their
characterization. These procedures show their importance in designing and devel-
opment of Ce-based nanostructures by controlling the morphology of these
nanosystems with featured catalytic applications ranging from organic transforma-
tions to photocatalysis, and so on. The catalytic improvements of ceria-based
nanostructures followed two major directions. First, the surface area is increased
with the enhancement of its thermal stability. Second, the nanostructures with well
controlled shape and size are obtained by the advent of nanotechnology. While
ceria-based materials effectively promoted several oxidation reactions as well as
other emerging applications are also proposed.

In addition to this enormous applications of Ce nanocatalysts are reported for
organic conversions such as hydrogenation, reduction, alkyne-azide cycloaddition,
coupling reactions including A3, coupling. CeO, has a good feature as follows: their
redox ability and the acid base properties whether they are doped with transition
metals or alone. The activation of complex organic molecules with further possible
transformation can possibly proceed due to these parameters. Certain acid-base and
redox properties can adjust with various cerium-based mixed oxides and to control
the number of active sites and their strength for the specific reaction. Latest
advances in ceria nanocrystals synthesis with controlled morphologies such as
nanocubes, nanorods, polyhedras, etc. should be leading towards encounter of
novel catalysts with better selectivities and higher activities in catalysis and organic
chemistry.
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