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The guest editors for this special issue are pleased to welcome
contributions from researchers studying smart nanostruc-
tured materials developed from molecular self-assembly
processes and their advanced applications. Molecular self-
assembly can be exploited in key approaches for the design
and development of nanostructured systems and has become
a fundamental method for the formation of advanced nano-
materials. Manuscripts selected for this special issue deal with
their product design, applications, and methods for the
investigation of their structure and properties. A substantial
number of papers were submitted, and after a thorough peer
review process, six papers were selected to be included in this
special issue. These papers cover a wide range of novel mate-
rials for advanced applications. We believe that the papers
collected in this special issue highlight current relevant topics
in research related to the molecular self-assembly of nanoma-
terials and their advanced applications and will introduce
readers to important advances in this field.

N. Fu et al. [1] investigated the influence of different
molar ratios of Ti/Si on the morphology, structure, and pho-
tocatalytic activity of core-shell SiO2@TiO2 nanoparticles
(CSTNs) for photocatalytic applications. A high photocata-
lytic efficiency of the CSTNs (synthesized by means of a
hydrothermal method) was shown with low photocatalyst

addition by studying the photocatalytic activity of the CSTNs
for both colourless organic pollutants (such as phenol) and
coloured substances (such as methylene blue) under UV irra-
diation. More specifically, the study evidences that the
CSTNs with the Ti/Si molar ratio of 5 : 1 had the highest pho-
tocatalytic activity of 99.4% towards phenol and 99.2%
towards methylene blue, which showed higher photocatalytic
efficiency with the addition of 0.25 g/L photocatalyst com-
pared with the other reported TiO2-SiO2 composites.

The review article by M. M. Rahman et al. [2] furnished
an up-to-date documentary on various catalysts used for
the oxidation of alkyl-substituted benzenes along with their
reaction conditions and selectivity profiles. Because of the
substantial improvements in product yield and catalyst reus-
ability, heterogeneous catalysts have gained growing consid-
eration in recent years. In this respect, this review article
work updates our knowledge for the selection and/or design
of novel catalysts for chemists and engineers in industrial
and academic settings.

In the paper by X.Wang et al. [3], nano-BiOBr photocata-
lysts were successfully prepared by the hydrothermal method,
while the influences of different solvents (and concentrations)
on the structure, morphology, optical properties, and photo-
catalytic properties were investigated systematically. The
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results indicated that the concentration and solvents have an
essential influence on the bandgap energy values of the nano-
BiOBr photocatalyst, and the photocatalyst showed an excel-
lent activity on the photodegradation of rhodamine B.
Finally, the high photocatalytic activity of photocatalysts for
contaminant aqueous solutions investigated in this paper
may stimulate the development of new platforms to develop
flexible photocatalysts for practical applications in water
purification.

In the article by N. T. V. Hoan et al. [4], the synthesis of
TiO2/diazonium/graphene oxide composites and their appli-
cation to visible-light-driven photocatalytic degradation of
methylene blue (MB) in a visible region have been studied.
The photocatalytic oxidation exhibited a complete decompo-
sition of MB by the cleavage and oxidation of one or more of
the methyl substituents on the amine groups. The catalyst
was stable and recyclable after three times with a negligible
loss of catalytic activity. In addition, the TiO2/diazonium/-
graphene oxide can also photocatalyze for the degradation
of some other dyes (phenol, methyl red, and Congo red).
To explain the experimental behaviour, the authors proposed
a kinetic model by the combination of the classical
Langmuir-Hinshelwood kinetic model and Langmuir iso-
therm model. Finally, the proposed catalyst with its stability
and recyclable advantages is promising for application in
the treatment of dye wastes.

In the study by L. A. Kaledin et al. [5], the aluminum-
water reaction has successfully been used to produce 2D
and 1D quantum (and nanometer) size of γ-AlOOH
(Boehmite) and β-FeOOH (Akaganeite)/γ-AlOOH (Boehm-
ite) mesostructures deposited onto siliceous substrates in a
one-step process at moderate temperature. The investigation
of the role of surface nanoscale roughness and charging
behaviour evidenced that the isoelectric point values of rough
nanostructured surfaces were three pH units higher com-
pared to the flat crystalline γ-AlOOH (Boehmite) and β-
FeOOH (Akaganeite) surfaces, resulting in a high removal
efficacy of submicron particles from aqueous suspension by
the surfaces with combined microscale and nanoscale struc-
tures. The authors also proposed a model explaining the
pH-dependent behaviour of the zeta potential and suggested
the existence of a coupling electrokinetic effect of the local
electrical double layer (EDL) fields with the local flow fields.

Finally, in the review paper by C. Cretu et al. [6], the basic
concepts on self-assembly of small amphiphilic molecules
with noble metals are shown with reference to their photophy-
sical properties. The article is aimed at furnishing to the reader
a panoramic view of this exciting problematics in terms of (i)
the principles of self-assembly of amphiphiles that involve
noble metals, (ii) the preparation of opportune amphiphile-
noble metal hybrids, and (iii) examples of amphiphile-noble
metal systems as representative of systems with enhanced
photophysical properties. Finally, comments and perspectives
are given with special attention to a range of possible modern
and advanced applications in nanotechnology.

The six articles of this special issue will stimulate readers’
creativity around the possible development of this research
area. Moreover, although these six papers cannot provide
the full image of the field of advanced self-assembled nano-

materials, we nevertheless hope that the combination of
these contributed papers will inspire the readers to under-
take their research work in this very wide area of materials
investigation.
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The involvement of metal ions within the self-assembly spontaneously occurring in surfactant-based systems gives additional and
interesting features. The electronic states of the metal, together with the bonds that can be established with the organic amphiphilic
counterpart, are the factors triggering new photophysical properties. Moreover, the availability of stimuli-responsive
supramolecular amphiphile assemblies, able to disassemble in a back-process, provides reversible switching particularly useful in
novel approaches and applications giving rise to truly smart materials. In particular, small amphiphiles with an inner
distribution, within their molecular architecture, of various polar and apolar functional groups, can give a wide variety of
interactions and therefore enriched self-assemblies. If it is joined with the opportune presence and localization of noble metals,
whose chemical and photophysical properties are undiscussed, then very interesting materials can be obtained. In this
minireview, the basic concepts on self-assembly of small amphiphilic molecules with noble metals are shown with particular
reference to the photophysical properties aiming at furnishing to the reader a panoramic view of these exciting problematics. In
this respect, the following will be shown: (i) the principles of self-assembly of amphiphiles that involve noble metals, (ii)
examples of amphiphiles and amphiphile-noble metal systems as representatives of systems with enhanced photophysical
properties, and (iii) final comments and perspectives with some examples of modern applications.

1. Introduction

Modern technology applications have ever-increasing
demand of hybrid nanomaterials based on metal complexes
not only because of their small size but also thanks to the
presence of exotic properties arising from the combination
of molecular properties and novel and/or synergistic emer-
gent ones. Electronic states and optical properties, indeed,
are the consequence of the various interactions involved
and of the specific self-assembly, which can be sensitive to
various external stimuli [1, 2]. An efficient protocol for the
piloted design of nanomaterials is in general to exploit the

natural tendency of intermolecular self-assembly triggered
by the various polar, apolar, H-bonds, ionic, atomic, etc.
interactions.

Self-assembly in amphiphiles is particularly interesting:
they in fact simultaneously possess both polar and apolar
moieties within their molecular architecture [3, 4]. So, vari-
ous and different possible intermolecular interactions can
be simultaneously established: polar-polar, polar-apolar,
and apolar-apolar interactions, as well as steric hindrance
and eventual directional H-bonds. The overall result is the
formation of supramolecular structures (micelles, vesicles,
nanotubes, nanofibres, or lamellae) with peculiar structures
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and properties mimicking biological systems [5, 6] and of
added value in bionanotechnology, drug and gene delivery,
and materials science [7].

The presence of coordination bonds with metal atoms
further enriches the scenario of self-assembly and the relative
applications. In this ambit, noble metals are the best candi-
dates since their chemical and optical properties are peculiar
and well studied [8]. The high number of electrons in metals
gives specific properties and functions [9]. Usually, the prop-
erties are photophysical properties, which, if present in
stimuli-responsive amphiphile-metal assemblies, can give
rise to smart materials. In such materials, the assembly/disas-
sembly (forward and back-processes) can be used for molec-
ular optical switches.

Here, we want to give a modern vision of the topic, intro-
ducing the simultaneous consideration of two elements:

(1) A schematic and general vision based of the physics
of complex systems. The possibility of a metal to bind
molecular functional groups offers new possibilities
in their intermolecular assembly. Usually, organic
materials and inorganic ones are dealt with different
disciplines (organic and inorganic chemistry, respec-
tively) since they have different types of interactions.
Despite facing different aspects, chemists are per-
fectly aware that two independently stable com-
pounds can combine to form a new chemical
compound with properties quite different from those
of the constituents; this is usually seen as a “reaction”
giving a change of the system. This vision is correct,
of course, but we want here to present an alternative
vision borrowing the concepts from the physics of
complex systems: the different types of interactions
are the perfect prerequisites for the rising of the so-
called emerging properties, i.e., those properties that
cannot be traced back to the single constituents
(metals or organic molecules) but only to their collec-
tive/cooperative behaviour. Their evaluation, ratio-
nalization, and study involve the facing of many-
body systems characterized by many bonds among
them and can hardly be treated by the aforemen-
tioned chemical approach. For this, the physics of
complex systems can be an alternative way deserving
attention [10]

(2) To make the concept of amphiphile more actual.
Usually, amphiphiles are modelled as simultaneously
having a polar and an apolar part within their molec-
ular architecture. These two parts have been always
intended as moieties. So, traditionally, an amphiphile
has one polar moiety and one apolar one. Here, we
want to use a more useful and general concept of
amphiphile, which can eventually have one or more
polar and one or more apolar part functional groups.
With the intervention of organic chemistry synthesis,
it is common to deal with complex molecules with a
lot of functional groups with different polarities, so
the latter definition of amphiphile can be more
satisfactory in many contexts. The presence of many
different functional groups of course enriches the

scenario of possible interactions and consequently
the overall self-assembly, thus rendering the above
cited vision based on the physics of many-body
complex systems more adequate

These new concepts are schematically depicted in
Figure 1.

In this ambit, small amphiphiles are versatile molecules
since they have a reduced steric hindrance allowing a higher
orientational freedom in their self-assembly thanks to their
reduced size. In addition, if various polar and various apolar
groups are concurrently present in different locations of the
molecule, then a complex distribution of polar and apolar
interactions is foreseen giving enriched scenario of self-
assembly possibilities. At the same time, noble metals have
unique photophysical and chemical properties. When the
building blocks are amphiphiles based on luminescent metal-
lorganic or coordination complexes having sensitive photo-
physical properties, advanced dynamic functional systems
are obtained with striking possibilities of applications in
major fields like biomedical, electrooptics, sensing, etc. [11–
16]. In this tutorial, we review the basic concepts on self-
assembly of small amphiphilic molecules with metals that
give supramolecular systems with luminescent properties.
Besides the applications envisaged, these systems may bring
important advances in fundamental research, by understand-
ing the mechanism of self-assembling through weak inter-
molecular interactions which is ubiquitous in nature, thus
permitting a better understanding of the processes in the liv-
ing matter [17]. Importantly, the modification of the photo-
physical properties as a function of molecular environment
can be used as a tool to investigate the molecular environ-
ment or the assembling mechanism.

While there is plenty of works focusing on the aspects of
self-assembly, preparations of metal-amphiphile assemblies,
and their applications in photophysics, the novel aspect of
this contribution is to furnish to the reader a panoramic view
of this exciting problematic in the fascinating framework/-
formalism of physics of complexity, simultaneously offering
a concrete and updated picture of the state-of-the-art of the
published works.

We wanted to prepare an easy-to-read critical summary
interconnecting different disciplines like physics of complex
systems (i.e., those systems where the overall properties can-
not be described in terms of the properties of their constitu-
ents since emerging properties arise due to peculiar
interactions, synergistic effects, and collective phenomena),
coordination chemistry, and applications, with the final aim
to tickle the reader’s imagination and to hopefully stimulate
new ideas and research.

2. Amphiphiles and Their (Self-)Assembly with
Metals

The term amphiphile is quite general, since it refers to any
kind of molecule simultaneously possessing both a polar
and an apolar part within its molecular architecture. Even
the presence of a very small polar group, like –OH, in a much
wider apolar structure, like in cholesterol, can confer

2 Journal of Nanomaterials



amphiphilic properties. Indeed, cholesterol tunes membrane
fluidity within the phospholipidic bilayer of cell membranes
due to its amphiphilic properties.

Although there are many works covering all the specific
aspects involved in the self-assembly of such molecules, a
critical and multidisciplinary treatment, giving sight from
the top of all the aspects, can be of benefit for researches
approaching this topic. At the same time, specific references
will be also shown as sources of further details.

It is obvious that amphiphilicity triggers the simulta-
neous presence of different types of intermolecular (nonco-
valent) interactions: H-bonds, van der Waals interactions,
π-π ones, electrostatic effects, and so on. A detailed
description of such interactions and their entities is
reported in Reference [5]. If such interactions are weak
(so called “soft interactions” of the order of few kJ·mol-1)
but a multiplicity of interaction sites is present, then several
mechanisms of structuring are possible [18–20] giving the
field of soft-matter science: polymeric materials, mem-
branes, quaternary structures of proteins, colloids, foams,
detergents, and ionic liquids [21–23] with an overall effect
strong enough to hold together different building blocks
sometimes having different molecular structures [24–26].

However, even the presence of a reduced number of weak
interactions of the order of the KBT factor (i.e., the typical
thermal energy at temperature T, where KB is the Boltzmann
constant) at room temperature can give reversibility which is
one key characteristic of stimuli-responsive smart materials.

In this ambit, comprehension and detailed treatment of
the main forces acting in nanostructures (hydrogen bonding,
hydrophobic effects, screened electrostatic interaction, steric
repulsion, and van der Waals forces) are necessary [27–29].

The metal can be bonded by opportune polar functional
groups of the amphiphiles which are able to form coordina-
tion bonds (like hydroxyl, amino, carboxylic, etc. groups).
However, there are two basic phenomena at the bottom of
the building up of amphiphile-metal assemblies:

(1) The inclusion of metal-containing species (salts,
coordination complexes, nanoparticles, etc.) within

the compartmentalizing domain formed by the self-
assembly of amphiphiles

(2) The direct interaction between the metal atoms and
the amphiphilic molecules

Let us see these two contributions separately.

2.1. Self-Assembly of Amphiphiles and the Inclusion of
Metal Atoms in Convenient Domains. Here, it must be
preliminarily shown the distribution of polar and apolar
sites in amphiphile-based complex systems. The morphol-
ogies of the assembled structures can be various and
depend on several parameters: composition, surfactant
concentration, and type of amphiphiles as well as temper-
ature and pressure. Figure 2 shows some examples of
possible structures.

Such structures can be found in two-component (amphi-
phile/solvent system) but also in three-component systems
(polar/amphiphile/apolar) whose aggregation pattern can
be described by triangular phase diagrams.

Generally speaking, the surfactant concentration is of
utmost importance: at very low concentration, the entropic
driving force makes molecules randomly dispersed, whereas
at higher amphiphile concentration, their interactions gives
an enthalpic contribution and make them assemble. Anisot-
ropy of structures, bicontinuity of microphases, and liquid
crystals are always the consequence of the balance of inter-
molecular interactions and steric interactions [30–32].

Nonionic amphiphiles [33] have even more complex
aggregation patterns. For them, usually a cloud point exists,
as a consequence of collective phenomena involving a large
number of macromolecules [34]. Temperature effects, of
course, cannot be neglected in this situation.

In this scenario, there are different possibilities to find
sites for metal binding, which usually are bound to the polar
groups. So, the domains formed as a consequence of the
polar/apolar nanosegregation can act as local, compartmen-
talizing nanoreactors, in few words exerting templating
functions.
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Figure 1: Schematically representation of new amphiphile concepts.
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However, they must not be considered as rigid parts nor
closed substructures: the weakness of the interactions
involved makes them evanescent and characterized by a wide
variety of dynamical processes (e.g., conformational change
of monomers, lateral diffusion of monomers within the
aggregate, and aggregate breaking/reforming/scission/shape
fluctuation), each one with a characteristic time scale. These
aspects are clearly discussed and commented on in an easy-
to-read minireview by Calandra et al. [10]. Therefore, such
structures must be considered only in terms of time- and
space-averaged systems.

The shape of such aggregated structures can be controlled
considering the so-called critical packing factor (Cpp)
introduced by Israelachvili [35, 36] and defined as

Cpp = V0
Amiclc

, ð1Þ

where V0 is the volume of the hydrophobic chains, lc is the
maximum effective length (critical chain length), and Amic
is the effective hydrophilic head group surface area.

Changing molecular shape gives different V0, lc, and Amic
and, consequently, different Cpp values which, synthetically,
are correlated by different structures, as summarized in
Table 1.

This gives the researcher the opportunity to prepare, by
organic synthesis methods, ad hoc molecules having desired
morphologies; synthetic or natural phospholipids which are
generally made up of one hydrophilic head and two hydro-
phobic tails [37, 38], for example, give usually closed amphi-
phile bilayer structures (liposomes). In micelles, the radius is
usually 5–50 nm [39] while in vesicles, the size usually spans
around 10nm-10μm due to concentric bilayer surfaces in an
onion-like structure [40–42]. More complex structures of
amphiphiles are of course more difficult to rationalize due
to complex synergistic effects [43, 44].

The inclusion of metal-based compounds may influ-
ence the phase diagram of the surfactants in water in
either cooperative or destructive ways, depending on their
nature. For example, transition metal complexes with an
overall hydrophobic nature will be hosted in the hydro-

phobic core of the micelles, while water soluble complexes
will be part of the corona shell or solvated in the water
media. Accurate photophysical investigations in the case
of luminescent complexes may represent a key tool to
investigate the exact location of the complexes [45, 46].

2.2. Amphiphile-Metal Interaction. Direct amphiphile polar
head-metal atom interaction can be quite strong, thus giv-
ing a marked contribution to the overall self-assembly.
Usually, Lewis bases donate electron density to the metal
centre which behaves as Lewis acid. According to the
covalent bond classification proposed by Green and Parkin
[47], there are different types of ligands. These are

(1) L-type ligands (neutral two-electron donors like in
metal-ligand with dative interaction)

(2) X-type ligands (where one electron comes from the
metal and the other from the ligand)

(3) Z-type ligands (if the metal is an electron density
donor towards the ligand)

It is interesting to note that it can be regarded as a catego-
rization based on the type of interactions rather than being a
classification of the type of ligands. The type and strength of
such interactions can depend on several factors: electrostatics
and orbital overlap [48] can give an estimation of the metal-
ligand bond strength.

Complexes of transition metals form strong bonds with
hard Lewis basic ligands like those having N- and O- donor
atoms [49]. Some estimation of bond strengths [50] are
reported in Table 2 and compared with H-bonds and typical
C-C single bonds.

This clearly indicates that the metal-ligand bond is quite
strong. It is so strong that it can be considered as a driving
force in soft matter self-assembly. The strength of a bond,
indeed, is directly related to the energy that the system gains
during its formation: the stronger the bond, the higher the
amount of energy involved and, consequently, the stronger
the tendency of the system to follow that specific reaction/ch-
ange pathway. We can also suggest the following relation
between bond valences (v) and bond lengths even if correla-
tion between bond strength and bond lengths is still under
discussion [51]:

v = e R−dð Þ/b, ð2Þ

Spheres

Apolar
solvent

Polar
solvent

Cylinders

Increasing amphiphile concentration

Lamellae

Figure 2: Some structures formed by the aggregation of
amphiphiles. They can be direct (upper) or reversed (lower)
depending on the polarity of the solvent.

Table 1: Typical structures obtained by the various critical packing
factors (Cpp).

Cpp Structure

<1/3 Spherical

1/3–1/2 Cylindrical

1/2–1 Vesicles (spherical or ellipsoidal)

1 Lamellar

>1 Inverse micelles
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where R is the experimental single bond length, d is the bond
distance, and b is the Brown-Altermatt constant (b = 0:37Ǻ).
A bond length of >3.5Ǻ corresponds to a valence close to
zero. This is just an example showing the usefulness of the
valence bond theory. This theory, focusing on how the
atomic orbitals combine to give individual chemical bonds
when a molecule is formed, is simple and of practical use in
the case of metal-molecule self-assembly, where the high
number of electrons typically possessed by the metal can
sometimes present problems. Furthermore, in a modern
vision of the valence bond theory, the overlapping atomic
orbitals are replaced by the overlapping of orbitals expanded
over a large number of basic functions, which gives a compet-
itive way to calculate reliable energies in quantum mechanics
procedures [52], where again, the high number of metal
electrons generally constitutes a difficulty to overcome.
However, for details on valence bond theory, the curious
reader is referred to Reference [53].

The bonds with metallic species can be exploited for sur-
face stabilization/functionalization in nanoparticle capping
(see later), and their further ordering can give the so-called
“metamaterials” with emerging/collective magnetic, optical,
and electronic behaviours, of precious use in nanoelectronic
and nanophotonic [54, 55]. In this ambit, the organic-
inorganic interface is of utmost importance [56] and is
exploited in magnetic nanoparticles for bioapplications,
core-shell structures for simultaneous magnetic resonance
(MR), and fluorescence imaging and for drug delivery [57,
58]. For a panoramic view of all these aspects, see the review
by Wei et al. [59].

Having explored the aspects involved in amphiphile-
metal organization, we now start showing the state-of-the-
art of the amphiphile-noble metal complexes where the
photophysical properties of the self-assembled structures
are investigated.

3. Supramolecular Assembly and the
Final Structure

Once we have shed light on the basic principles for
amphiphile-metal bonding and assembly, we must now face
the problem of how such assembly interacts to form the final
structure. The idea of self-assembled structures of amphi-
philes working as templates for metal hosting must somehow
be completed since amphiphile self-assembly can be, in turn,
dependent on the presence of the metal and vice versa. On
the other hand, the amphiphile-metal interactions become
in competition with the huge number of other interactions
which, even if of lower intensity, can be prominent due to

their high number of sites. This situation is typical in soft
matter [60].

The hydrophobicity/hydrophilicity balance turns out to
be not the unique driving force, since π-π interactions, van
der Waals interactions, H-bonds, and even metal-metal,
metal-ligand, ligand-ligand interactions are also present
[61], enriching a scenario typical of complex systems. In this
framework, different kinds of assembly can be present:

(i) Isodesmic assembly, where the change in the free
energy for the addition or subtraction of a molecule
from an assembly is independent of the size of the
assembly

(ii) Cooperative assembly, where more than one mole-
cule is involved in creating or destroying an assem-
bly, so a specific number of molecules are necessary
to form an assembly. In such a process, interactions
between the molecules play a necessary role

(iii) More complicated processes of assembly (quasi-iso-
desmic assembly, activation and growth assembly,
nucleation and growth assembly, etc.), behaving as
a combination of simple processes

For a review of such mechanisms, see Reference [62].
The mechanism of aggregation is hard to foresee due to

the complexity of the systems. Generally speaking, upon grad-
ual increase of hydrophilicity of the amphiphile backbone, a
change from cooperative to isodesmic is observed. It is
believed that cooperative self-assemblies occur only in specific
hydrophobic/hydrophilic patterns in a delicate balance of all
the other interactions like metal-metal, π-π interactions, and
H-bonds which synergistically assist the building up of the
self-assembled structures. The more complex and/or cumula-
tive driving forces with respect to the classical low molecular
weight surfactants may be one reason for the lowering of the
critical aggregation concentration (CAC) with one or even
two orders of magnitude, observed in some supramolecular
assemblies based on metal complexes.

In Figure 3, the delicate equilibrium among all these
interactions in sustaining the self-assembled structure is
schematically depicted.

This can be taken as a first hint that amphiphile self-
assembly and the direct amphiphile-metal interactions are,
as a matter of fact, interconnected. In the following para-
graph, we will show some applications in support of this
view.

3.1. Some Applications: Evidences That Amphiphile Self-
Assembly and the Direct Amphiphile-Metal Interactions Are
Interconnected. The self-assembled structures of amphiphiles
can also host molecule clusters [63], thus allowing their stabi-
lization. Metal nanoparticles are also usually synthesized
within the polar core of reversed micelles. A precursor salt,
being polar, is solubilized in the confined space of the polar
domains and then reduced by addition of a convenient chem-
ical species [64]. Also, semiconductors (CdSe, ZnS, CdS, etc.)
are synthesized exploiting the segregation properties of polar
domains. See, for example, the review by Eastoe et al. and

Table 2: Energies of some representative bonds.

Bond Energy (kJ/mol)

Cu-N bond in [CuCl2(NH3)2] 90

Zn-O in [Zn4O(O2CC6H4CO2)3] 180

H-bond 10-100

C-C covalent bond 350
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references therein for a more complete view [65]. In all these
cases, a direct interaction of the amphiphile polar head and
the particles hosted is claimed.

Self-assembled nanostructures can also present inter-
esting morphological [42] characteristics and dynamic
behaviour [66]. They can be exploited for the synthesis
of zeolites [67, 68], the formation of peptides and proteins
for nanotechnological applications [69] including the prepa-
ration of protein fibres [70], conductive fluids [71, 72], and
inorganic metal-semiconductor nanoparticles with novel
optical properties [73]. In this ambit, the presence of metal
and its interaction with amphiphiles open new scenarios in
the design and fabrication of novel materials [74].

The bonds between the surfactants and metal ions consti-
tute interactions used in water purification field. Solvent
extraction processes can be used for separation of rare earth
elements in hydrometallurgy [75].

Usually, derivatives of phosphoric acid are used as fol-
lows: besides the commonly used bis(4-ethylcyclohexyl)
phosphoric acid [76], also bis(2-ethylhexyl) phosphoric
acid (HDEHP) finds applications as, for example, in cobalt
and in lanthanide separation [77, 78]. It is interesting to
notice that although HDEHP has been defined “an excel-
lent extractant of rare earth metal ions” in the article by
Yuan et al. [79], in the same article, the authors mixed it
with a cationic trimethyltetradecylammonium hydroxide
(TTAOH) in water, generating a birefringent LR phase
consisting of densely stacked multilamellar vesicles. As can
be seen, the two aspects that we have presented distinctly
for didactical purposes are, as a matter of fact, intercon-
nected. Indeed, the alkyl phosphate tendency to bind metals
can cause the formation of a layer of opportunely oriented
molecules onto metal surfaces for its protection: Guo et al.
[80] investigated the formation of triphenyl phosphate and
bis-(2-ethylhexyl) phosphate films on iron surface using both
experimental methods and molecular simulations. This phe-
nomenon inspired their use as protective agent (inhibitors)
towards tarnishing in silver [81].

Luminescent micelles are attractive for imaging biologi-
cal tissues; thus, in recent decades, efforts have been devoted
for their obtainment, mainly by the encapsulation of emitters
within the micelle cores resulting in luminescent micellar

coassemblies [82–84]. Ultrasmall nanomicelles formed in
water by semiconducting polymer dots containing phospho-
rescent Ir(III) complexes were showed to pass across the
cytoplasm cell membrane and by irradiation generate singlet
oxygen that induces effectively the apoptosis and death of
tumor cells [85]. Similarly, dual-emissive conjugated poly-
mer dots in phosphate buffer solution containing a phos-
phorescent Pt(II) porphyrin complex were shown to
exhibit excellent intracellular ratiometric oxygen sensing
properties in living cells, and the luminescence imaging of
a tumor hypoxia in mice was performed by oxygen sensing
experiments [86]. Pt(II) complex encapsulated in the hydro-
phobic core of some poly(ε-caprolactone)s were investigated
as extracellular or intracellular multiparameter sensing
systems [87].

Metal-based surfactants may directly formmicellar struc-
tures in water, with unique supramolecular structures and
sensitive properties easily tunable by external agents. The
advantages over their organic counterparts are resulting from
their enhanced photostability, long luminescent lifetimes
that remove background interferences, and large Stokes shifts
[88]. For example, a water soluble tris-cyclometalated Ir(III)
complex having polar side chains based on oligo(ethylene
glycol) with a terminal ammonium alkyl group, forming
nanoparticles in water, was shown to be effective as a cell
imaging agent due to proper cellular uptake, high emission
brightness, and nonlinear absorption ability at submicromo-
lar concentration [89].

Finally, we would like to point out that there can be
interesting uses also in catalysis [90].

The peculiar self-assembly of amphiphiles and their
tendency to bind metal surely make these substances an
interesting class of materials to be tailored for specific
applications in catalysis.

4. Supramolecular Aggregates of Luminescent
Transition d-Block Metal
Complexes in Water

Several strategies have been adopted in order to induce
supramolecular assembling properties in water for d-block
metal complexes, principally due to the facility of obtaining
heteroleptic species, with two or even three different nature
ligands. Given the intrinsic hydrophobicity of a metal
complex formed upon coordination with two or three che-
lating ligands, the simplest way to induce amphiphilicity is
to graft hydrophilic chains on one of the ligands
(Figure 4), of polyethylene glycol (pEG) type, yielding sur-
factant type complexes. The major difference from the
classical surfactants, however, is the change of the nature
of the hydrophilic/hydrophobic part, respectively in the
case of classical surfactants the hydrophobic part is formed
by fluid alkyl chains. Other strategies are based on grafting
neutral or charged solubilizing groups on one of the ligand
(Figure 4, B), conferring thus hydrophilicity to the metal
complex, while the hydrophobicity is ensured by the graft-
ing of alkyl chains on a coligand. Not lastly, introduction
of solubilizing counterions in charged complexes may
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Figure 3: Scheme of the interactions involved in amphiphile-metal
self-assembled structures.
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confer the required amphiphilicity for self-assembly
(Figure 4, C). Therefore, it would be highly interesting to
review the advances obtained up to date in this field, in an
attempt to explore the factors that link the molecular struc-
tures with the self-assembling abilities and the shape and
morphology of the supramolecular dynamic structures
obtained in aqueous media. Our attention will be focused
on supramolecular dynamic systems formed by luminescent
coordination or metallorganic complexes, highlighting the
changes of the photophysical properties as a function of the
molecular environment, polarity, and medium rigidity.

d-block metals have a variety of oxidation states, coordi-
nation numbers, and geometries, which influence the shape
of the resulting complexes and hence the ability of self-
assembling into supramolecular structures. Indeed, it is rela-
tively more easy to order flat structures, like square planar
geometry complexes, than the voluminous tetrahedral or
higher number coordination geometries. This may explain
the increased number of square-planar Pt(II) amphiphilic
complexes reported up-to-date with respect to other metal
complexes that will be presented separately.

4.1. From Luminescent Isolated Molecule to Supramolecular
Emitting Aggregates. Transition metal complexes based on
d6 and d8 metal centres may exhibit emission from both
ligand and metal centres, having excellent photostabilities,
large Stokes shifts, and excellent emission efficiencies due to
the high spin-orbit coupling constants induced by the pres-
ence of the heavy metal that permits populating the triplet
excited states. Indeed, emission may occur from ligand
transitions like intraligand (IL) or ligand-to-ligand charge
transitions (LLCT), or metal transitions that involve metal-
to-ligand charge transfer (MLCT) or ligand-to-metal charge
transfer (LMCT) electronic transitions. Moreover, many
complexes may have triplet-state phosphorescence also due
to metal-metal interactions or ligand-ligand stacking, like
metal-to-ligand-ligand charge transfer (MLLCT), metal-
metal-to-ligand charge transfer (MMLCT), or ligand-to-
metal-metal charge transfer (LMMCT).

Finally, the complexes have long-lived emission lifetimes
due to the spin-forbidden nature of the relaxation from the
triplet state to the ground state. The photophysical properties
of transition metal complexes are considered lately to be a
winning strategy for applications in biomedicine as therapeu-
tic and/or diagnostic agents [10, 11, 91–95].

However, in the aggregate state, new excited states may
be formed, different from those exhibited by the isolated
molecule, yielding different decay pathways that may be (i)
nonradiative—this phenomenon being defined as
aggregation-caused quenching (ACQ) or radiative, the so-
called aggregation-induced emission (AIE). These new excited
states may be formed in the ground state or in the excited
states, respectively, through excimer formation. Moreover,
the aggregation may induce AIE by restricting the intramolec-
ular motions (RIM), by steric hindrance or by hindering the
access of oxygen, a well-known quencher of phosphorescent
probes. Finally, the photophysical properties of transition
metals are sensitive to the molecular environment; therefore,
they can be used not only for sensing but also for proving
the supramolecular assembling in dynamic systems like the
examples presented further (vide infra).

4.2. Surfactant-Type Transition Metal Complexes

4.2.1. Pt(II) Amphiphilic Coordination Complexes. Several
research groups obtained important results with Pt(II) com-
plexes, exploiting the flat coordination geometry of the
square planar metal centre that makes them more prone to
be piled up into supramolecular assemblies. In certain condi-
tions, Pt⋯Pt metallophilic interactions may be formed
wherein one side contributes to the self-assembling, while
on the other side, the close vicinity of the metallic centres
induces the formation of new orbitals due to dz

2 interactions
leading to metal-metal-to-ligand charge transfer (MMLCT)
states. Thus, luminescence switching between different emit-
ting states due to the arrangement into supramolecular “soft”
dynamic sheet-like, micellar, vesicular, rod-like, or fibrous
structures triggered by external stimuli like concentration,
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Figure 4: Schematic illustration of different types of amphiphilic complexes and the resulting hydrophilicity/hydrophobicity nature after
functionalization.
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temperature, and presence of nonsolvent may be obtained.
As a function of substituents and, respectively, the hydropho-
bic/hydrophilic unit nature, the possible structures formed
by amphiphilic surfactant-type Pt(II) coordination com-
plexes in water are represented in Figure 5.

The stronger the Pt⋯Pt interaction (shorter distances),
the more bathochromically shifted is the MMLCT band,
and this property can be used to investigate the formation
of supramolecular soft nanostructures in solution, as demon-
strated by several groups whose research is presented as
follows. The Pt(II) complexes are divided as a function of
the ligand type.

(1)Pt(II) Complexes Based on Bis(triazolyl)pyridine-Type
(tzpy) Ligand. Aliprandi et al. reported the synthesis of an
amphiphilic neutral Pt(II) complex with a tridentate
N^N^N ligand based on a functionalized bis(triazol-5-
yl)pyridine (tzpy) and an N-donor pyridinic coligand
substituted with a triethylene glycol (3EG) chain (complex
Pt_1 in Figure 6) [96]. The smart design provided a hydro-
phobic flat chelate unit having a hydrophilic pendant chain
and an NH function on the coligand able to participate to
the assembly through directional H-bonds. In a dioxane solu-
tion, the complex exists in molecular solvated form, display-
ing a weak blue luminescence (Φ = 0:01) and a short excited

lifetime (τ = 2:6ns) arising mainly from a triplet-ligand-
centred (3LC) state. The complex belong to a family of
neutral Pt(II) complexes able to self-assemble into highly
emissive nanosheets, nanowires, or polymeric supramolecu-
lar structures essentially through metallophilic, hydrophobic,
and π-π stacking interactions [97, 98].

By playing with solvent composition and light, three
different supramolecular assemblies were successfully
entrapped and characterized as two kinetically metastable
and a thermodynamically stable form. Flash injection of a
dioxane solution of Pt_1 into water yielded a metastable
kinetic state in which the molecules form soft vesicles with
a hydrodynamic diameter ðDhÞ = 126nm, having the Pt(II)
complexes in the inner core with short Pt⋯Pt metallophilic
interactions and the hydrophilic 3EG tails facing the polar
media (reverse mode vesicle, Figure 5). The aggregates
showed a strong emission in the orange region of the visible
spectra with a long excited state lifetime value (Φ = 0:84, τ
= 646 ns). The system interconverts in time into a thermody-
namically stable isoform, where the complexes are arranged
into micrometer-long fibre structures with optical properties
similar to those of the monomeric specie, indicating the
absence of the Pt⋯Pt interactions (Figure 5–layer arrange-
ment without metal-metal interactions). However, the

Spherical micelles

Spherical micelles Bilayer arrangement Bilayer sheet Rod-like micelles/fibres Vesicle

Hydrophobic head

Hydrophilic tail

Hydrophilic head

Hydrophobic tail

Polar solvent: reverse mode

Polar solvent: classical mode

Layer arrangements: with
and without metal-metal
interactions

Fibres Vesicle

Figure 5: Schematic representation of the possible supramolecular assemblies of amphiphilic coordination complexes in aqueous media.
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emission quantum yield and lifetime values of the system are
increased with respect to the single molecule, due to the
enhancement of rigidity and shielding of the oxygen quench-
ing (Φ = 0:20, τ = 1080ns). UV-vis experiments under ther-
modynamic control showed that the mechanism of
assembly of the fibre structures is a cooperative nucleation-
elongation process, while for the nanoparticles, an isodesmic
assembly was revealed. During kinetic studies, a second
metastable form was unrevealed, which was successfully
entrapped by photochemical conversion through irradiation
of the thermally stable fibre assembly. The second kinetic
metastable structure is formed by green-emissive fibre
assemblies in which the complexes are not isolated as in the
thermodynamically stable fibre structure, being arranged in
a face-to-face fashion like in the metastable vesicular assem-
bly, however, having larger distances between the metal cen-
tres (Figure 5—layer arrangement with metal-metal
interactions). Importantly, the different photophysical prop-
erties of the aggregates were used as a fingerprint to obtain a
real-time visualization of the dynamic evolution of the
assemblies.

Further, the modulation of the number, charge, and
nature of the hydrophilic group was achieved by grafting
on the pyridinic coligand through an amide linkage a gallate

unit substituted with several hydrophilic flexible groups
(complexes Pt_2a-e in Figure 6) [99]. For complexes Pt_2a-
b, the hydrophilic unit is comprised of neutral tetraethylene
glycol (4EG) chains, while for complexes Pt_2c-d, the hydro-
philicity of the flexible 4EG chains is reinforced by negatively
charged terminal sulfate units. Pt_2e has an extended hydro-
phobic part comprised of both a rigid complex cation and
fluid undecyl alkyl chains that is balanced by small hydro-
philic negative charged groups as terminal units. All com-
plexes Pt_2a-e aggregate in water and have CAC in the
range of 10-50μM. The modulation of the substituents on
the pyridinic coligand yielded the self-assembly into different
morphology nanoparticles. Complexes Pt_2a-d form in
aqueous TRIS buffer aggregates with the hydrodynamic
diameter (Dh) in the size range of 5-25nm, while complex
Pt_2e, with a larger hydrophobic part, forms larger fibre par-
ticles withDh of 150nm, 100-300nm length, and 6nmwidth.
The aggregates showed red-shifted emission with respect to
the isolated molecules in THF and strong enhancement of
the luminescence quantum yield (Φ = 0:14‐0:60) accompa-
nied by long excited lifetime values (up to 550nm). The
red-shift of the emission maxima suggests the formation of
Pt⋯Pt interactions inside the aggregates. Tailored morphol-
ogy and functionality luminescent virus-like particles were
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obtained using these Pt(II) aggregates as templates with cap-
sid proteins.

Further, the pyridine coligand was parasubstituted with
an alkyl chain terminated with a charged pyridinium unit
acting as the hydrophilic moiety, similar with complex Pt_
2e (complexes Pt_3a-e in Figure 5) [100]. Orange-red emis-
sion was obtained in water diluted solutions for all complexes
(c = 5 · 10−5 M), attributed again to triplet 3MMLCT transi-
tions due to strong electronic coupling between closed plati-
num centres. The variation of the chain length does not
change the emission energy of the aggregates; however, low-
ering of the luminescence quantum yield was observed for
shorter chain derivatives, most probably due to the proximity
of the pyridinium unit that can quench the platinum emis-
sion through an electron transfer process. At very low con-
centrations (c = 10−6 M), the complexes form a linear
supramolecular polymer (layer arrangement in Figure 5)
driven by π-π stacking and Pt⋯Pt interactions, and with
increasing concentration due to hydrophobic interactions,
spherical aggregates of the vesicular/micellar type are
formed. Upon encapsulation in silica matrixes, similar emis-
sion energy profiles are observed, however, with increased
luminescence quantum yields and longer excited state life-
time values.

It is worth mentioning other analogue amphiphilic
neutral Pt(II) complexes based on 2,6-bis(tetrazol-5-yl)
pyridine and EG functionalized pyridine coligand used to
build up supramolecular polymeric 1D and 2D nanostruc-
tures; however, no investigations in aqueous solutions were
performed [101, 102].

A structurally similar class of Pt(II) complexes based
on 2,6-bis(1-propanesulfonate-1,2,3-triazol-4-yl)pyridine
and alkynyl aromatic substituents was designed and char-
acterized by Li et al. [103]. Herein, the tridentate ligand
is functionalized with hydrophilic substituents forming
thus the polar part, while the coligand is included in the
hydrophobic part of the molecule (complexes Pt_4a-c in
Figure 7). At low concentration, the complexes show
structureless emission bands centred in the red region
(672-702 nm) derived from 3MMLCT excited states. The
increase of concentration induces a small red-shift of the
emission maxima and enhancement of the emission quan-
tum yield, indication of an aggregation in water media
assisted by metal-metal and π-π stacking interactions.
SEM and TEM images showed that while complexes Pt_
4a and Pt_4c form rod-like assemblies, complex Pt_4b
forms nanofibres (Figure 5—classical mode). By addition
of tetrahydrofuran, a solvation of the aggregates formed
in water followed by a reaggregation into analogous shape
aggregates but with reverse morphology was induced with
increasing THF content: while in water, the hydrophobic
part of molecules are aggregated through aromatic stack-
ing interactions of the phenyl aromatic rings with the het-
erocycles more dispersed and the sulfonates pointing
towards water; in tetrahydrofuran/water (9 : 1 v/v), the
hydrophilic sulfonates are aggregated and the phenylethy-
nyl units are pointing towards the solvent (rod/fibre struc-
tures in classical mode in water and reverse mode in
predominant tetrahydrofuran media—Figure 5).

(2)Pt(II) Complexes Based on Bis(benzimidazol)pyridine-
Type (bzimpy) Ligand. Po et al. synthesized a series of amphi-
philic Pt(II) complexes based on 2,6-bis(-benzimidazol-2′
-yl)pyridine (bzimpy) and chloride or alkynyl ligands (com-
plexes Pt_5a-c in Figure 8) [104]. The functionalization of
the bzimpy ligand with sulfonate-pendant alkyl chains
yielded an overall anionic nature of the complex, the charge
being counterbalanced by K+ cations. In water, the com-
plexes exhibit weak luminescence at ∼675-683nm
(Φ = 0:032–0.111), the low-energy structureless bands being
assigned as 3MMLCT emission due to formation of vesicular
aggregates (classical mode—Figure 5) with diameters of
about 200nm by Pt⋯Pt, π-π stacking, and hydrophobic
interactions. Interestingly, a second assembly process
through a partial deaggregation-aggregation mechanism,
yielding nanorods or nanofibres, was triggered by addition
of increasing volumes of nonaqueous solvents like acetone,
tetrahydrofuran, ethanol, or acetonitrile for complexes Pt_
5a and Pt_5c. On the contrary, only a deaggregation process
was observed for complex Pt_5b with addition of nonaque-
ous solvents. The absence of the second aggregation was
explained by the presence of the bulky substituent trimethyl-
silyl (TMS) on the alkynyl hydrophobic coligand that likely
prevented the reverse mode aggregation. The nanorods and
nanofibres are built up by stronger Pt⋯Pt and π-π stacking
interactions than those in the vesicular aggregates, with the
emission bands also of MMLCT nature shifted to slightly
lower energies. The formation of vesicles or nanorods/nano-
fibres as a function of the solvent nature and polarity was
explained by the different polar/apolar affinities exerted by
the anionic sulfonate groups with respect to the Pt(bzimpy)
and the alkynyl coligand. The aggregation-deaggregation-
aggregation process is accompanied by solvatochromism,
from red (vesicles) to yellow (small aggregates) and blue
(complex Pt_5a) or magenta (complex Pt_5c) for the
nanorods and nanofibres.

The introduction of an aromatic unit into the alkynyl
coligand changes the shape of the supramolecular aggregates
in water into 2D structures, dictated by the presence and
length of alkyl chains grafted [105]. The complexes without
long alkyl chains (complexes Pt_6a-c in Figure 8) form
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Figure 7: Chemical structure of amphiphilic Pt(II) complexes Pt_
4a-c based on 2,6-bis(1-propanesulfonate-1,2,3-triazol-4-
yl)pyridine and alkynyl aromatic substituents.
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sheet-like bilayered structures with the sulfonyl groups
pointing towards the water and the core formed by
Pt(bzimpy) and the aromatic rings of the coligands (classical
mode—Figure 5). With increasing chain length (complexes
Pt_6d-g in Figure 5), nanofibres are formed, with diameters
that increase gradually with the increase of the alkyl chain
lengths (from 4 to 10 nm) (classical mode—Figure 5). Both
structures are stabilized by intermolecular Pt⋯Pt and π-π
stacking interactions having emissions originating from
3MMLCT excited states. The sheet-like nanostructures
exhibit structureless emission bands centred at 693–698nm,
while the nanofibres exhibit more vibronic-structured emis-
sions, with the maxima blue shifted towards lower energies.
A further blue-shift is observed with increasing chain length
(from 594nm for complex Pt_6d to 644 nm for complex Pt_
6g) indicating a closer packing of the emitters due to the
compensation of the repulsive electrostatic interactions
between the metal containing head groups by the increasing
hydrophobic interactions.

The amphiphilicity of the Pt(II) complexes based on
bzimpy and aromatic alkynyl was further modulated [106]
by a consecutive substitution with two hydrophilic 3EG
chains and two hydrophobic dodecyloxy alkyl chains in a
reverse mode: complex Pt_7a has the hydrophilic chains

grafted on the bzimpy ligand and the alkyl chains in the
meta positions of the ancillary ligand, while complex Pt_
7b has the hydrophilic units on the ancillary ligand, the
bzimpy being substituted with TEG chains (Figure 8). Sur-
prisingly, only complex Pt_7a was soluble in water, form-
ing nanostructures with morphology and photophysical
properties depending on temperature, highlighting the deli-
cate balance of intermolecular noncovalent forces needed
for the assembly. At a low temperature in water (5-27.5°C),
complex Pt_7a forms sheet-like bilayered structures (few
μm in size and 10nm in height) (classical mode bilayered
sheet—Figure 5), with a vibronic-structured 3IL band centred
at 568 nm, while with increasing temperature (range of
transition temperature between 30 and 42.5°C on heating),
micellar supramolecular structures (classical mode—Fi-
gure 5) are formed (diameter = 8‐19nm) with structureless
emission originating from 3MMLCT excited states and a
red-shifted maxima at 710nm, highlighting the formation
of Pt⋯Pt and π-π stacking interactions. The solubility of
complex Pt_7a in water was attributed to the ability of
self-assembling into micellar structures due to the large
hydrophilic head group that points toward water and a
more condensed hydrophobic unit occupying a smaller
area giving, thus, the necessary curvature to assembly into
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spherical micelles, while complex Pt_7b does not fulfill
these requirements, hence resulting in being water
insoluble.

Supramolecular amphiphiles were obtained with Pt(II)
complexes based on bzimpy functionalized with 3EG chains
and connecting anionic surfactants through donor or electro-
static interactions, respectively sodium dodecyl sulfonate
(SDS) and sodium dodecanoate (SD) (complexes Pt_8a-b in
Figure 8) [107]. Complex Pt_8a with only one hydrophobic
chain formed in water solution rod-like aggregates (classical
mode—Figure 5) of several μm length and 159 ± 25 nm
width, with a strong red emission centred at 618nm consis-
tent with the 3MMLCT state. Complex Pt_8b with an
increased hydrophobic part with respect to complex Pt_8a
formed sheet-like aggregates (classical mode—Figure 5).
The CACs for both complexes reduced with two orders of
magnitude with respect to their corresponding anionic
surfactant precursors.

In the following, the two Pt(II)(bzimpy) were linked by an
oligo(p-phenyleneethynylene) ligand yielding dinuclear ionic
Pt(II) complexes [108]. The peripheral bzimpy ligands were
functionalized with hydrophobic alkyl or alkyne chains of
different lengths, while on the alkynyl backbone, hydrophilic
3EG chains were grafted (complexes Pt_9a-l in Figure 9).

In DMSO solution the complexes aggregate into none-
missive plate structures with hydrodynamic diameters of ca.
1000 nm and minor involvement of Pt⋯Pt interactions.
The addition of water until 20% induces a change in the
morphology of the supramolecular structures from plate
to fibres with a reduced dimension to ca. 800 nm. The
process is accompanied by a color change from yellow to
orange associated to the switching on of Pt⋯Pt and π-π
stacking interactions in more polar media that induces a
red phosphorescence with emission maxima at ∼700 nm
derived from the formed 3MMLCT excited states. Upon
further addition of water, another change of the morphol-
ogy into spherical aggregates with even lower dimensions
(ca. 100 nm) is obtained, with increasing strength of
metal-metal and π-π stacking interactions, as showed by
the increase of the emission intensity and a further red-
shift of the emission maxima. The photophysical properties
were found to be influenced mostly by steric factors, while
the self-assembling mechanism depends greatly by the
hydrophobic/hydrophilic ratio. However, upon increasing
alkyl chain length, a change in the mechanism assembly
was observed from isodesmic (complex Pt_9a) to cooperative
(complexes Pt_9b-d) and again to isodesmic (complex Pt_
9e). The same change in the self-assembling mechanism
was observed for complexes Pt_9d-l, where a cooperative
mechanism could be achieved only for the complexes with
balanced hydrophilic/hydrophobic interactions, while iso-
desmic mechanism was found for the complexes with
increased hydrophylicity or hydrophobicity, respectively.

(3)Pt(II) Complexes Based on Terpyridine-Type (tpy) Ligand.
Another highly versatile planar tridentate N^N^N ligand
intensively used in obtaining emissive Pt(II) complexes is
terpyridine (tpy) [109–111]. Yu et al. employed this ligand
to obtain ionic amphiphilic Pt(II) complexes with alkynyl

coligands that have covalently attached solubilizing neutral
or charged groups (complexes Pt_10a-d, Figure 10) [112].
They aggregate in water-ACN mixture and aqueous buffer
solutions showing a weak emission in NIR region; however,
no further information about the supramolecular morphol-
ogy was reported.

Subsequently, a comprehensive study of the morphology
and photophysical properties of the supramolecular assem-
blies formed in water by Pt(II) complexes by a successive
functionalization of tpy or aromatic phenylalkynyl ligands
with hydrophilic 3EG chains was undertaken [113]. The
molecular engineering of the chemical structures targeted
successive increase of the hydrophilic part by functionaliza-
tion with one, two, or three 3EG chains of the aromatic alky-
nyl ligand and presence of solubilizing Cl- counterion
(complexes Pt_11a-c in Figure 10) and, respectively, the
increase of the hydrophobic part by grafting two hydropho-
bic chains with increasing alkyl chain length on tpy and
metathesis with OTf- counterion, while maintaining constant
the phenylalkynyl ligand substituted with two 3EG chains in
the meta position (complexes Pt_11d-g in Figure 10). The
study highlighted the need of a judicious molecular design
to obtain stable supramolecular nanostructures: regarding
complexes Pt_11a-c, only the first two formed micrometer
long fibres (diameter: 5 nm for Pt_11a and 8-10 nm for Pt_
11b) (reverse mode—Figure 5) with NIR emissive properties
in water (structureless band centred at ca. 785 nm) upon
aggregate formation by increasing concentration, due to
stacking of complexes by metal-metal and π-π interactions.
Although similar energies of the 3MMLCT emission bands
suggest a similar strength Pt⋯Pt interaction in all three
complexes, the presence of three hydrophilic 3EG chains
prevents the formation of defined aggregate species.

Regarding complexes Pt_11d-g the functionalization of
the tpy ligand with hydrophobic units induces insolubility
in water, which was exploited to construct supramolecular
assemblies in DMSO/H2O mixture with increasing water
content. The hydrophobic/hydrophilic ratio is also in this
case necessary to be judiciously balanced. Complex Pt_11g
with the longest octyldecyloxy chains precipitated directly
on addition of water to the solution of DMSO containing
the complex, while complex Pt_11f formed initially small
spherical structures that grew into rod-like aggregates but
collapsed back to small aggregates by increasing water con-
tent. Complexes Pt_11d and Pt_11e show similar behaviour,
forming by an isodesmic process twisted fibrous supramolec-
ular aggregates upon water addition in the DMSO solutions
containing the dissolved complexes. Although they did not
show luminescence in DMSO solution, upon addition of
water the appearance and increase of low-energy 3MMLCT
emission band at ca. 770 and 710 nm for Pt_11d and Pt_
11e, respectively, showed the formation of aggregates
through Pt⋯Pt and π-π stacking interactions, confirmed
also by the color change from yellow to orange. TEM inves-
tigations showed that only complex Pt_11e was able to form
well-ordered twisted fibres, while the images recorded for
complex Pt_11d in DMSO/H2O (9 : 1 v/v) showed the
coexistence of tiny spherical fragments and long fibres.
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(4)Supramolecular Pt(II) Amphiphilic Metallaclips. Supra-
molecular organoplatinum(II) metallaclips were obtained
through a one-step coordination driven self-assembly by
Wang et al. [114, 115]. Subsequent self-assembly into lumi-
nescent nanostructures built up by additional noncovalent
interactions like hydrophobic, Pt⋯Pt and π-π stacking took
place in water. The design of the amphiphilic supramolecular
coordination complexes was based on a water soluble com-
ponent, a dicarboxylic acid functionalized with 4EG chains
(WSCL) and two hydrophobic units, a metal containing
component (cis-(PEt3)2Pt(OTf)2) (Pt(II)) and tetra(4-pyri-
dyphenyl)ethylene (TPPE) yielding the supramolecular
complex Pt_12a, and tetrapyridylporphyrin (TPP) yielding
the supramolecular complex Pt_12b (Figure 11).

Both complexes formed homogenous solutions in water
and organic solvents. Complex Pt_12a exhibited a bright
yellow fluorescence in polar solvents and blue luminescence
in less polar solvents. In water, complex Pt_12a showed emis-
sion in the blue region of the spectra with increased intensity
due to the formation of sheet-like structures. Hence, tuning
of the shape and emission properties of nanostructures was
obtained in MeOH solution with the addition of increasing
amount of water. At low water content (10%), 150nm diam-
eter nanoparticles were observed by SEM investigations that
grew in diameter with increasing water content until 30%.
Between 40 and 70%, the particles assembled into planes
while sheet-like structures were totally formed at water
content >70%. The sheet-like structure formation was
accompanied by a drastic increase of the emission intensity
and a blue-shift of the emission maxima.

Regarding complex Pt_12b, it was found that in water, it
formed different shape aggregates as a function of concentra-
tion. By increasing the concentration, upon CAC which was
found to be around 2:30 · 10−6M, multilayer wall vesicles
with average diameter of ca. 200 nm and wall thickness
20 nm were formed that transformed into nanofibres at 5 ·
10−4M, due to the ordering of the hydrophobic cores through
π-π stacking while the hydrophilic 4EG chains extended
radially from the cylindrical framework facing the water
media. Although the emission spectra showed the character-
istic bands of porphyrin, the intensity of the emission were
lower with respect to those recorded in organic solvents,
showing a quenching of fluorescence by aggregation.

4.2.2. Bulky Coordination Geometry Complexes. Although
higher coordination number complexes have increased diffi-
culty in ordering into soft supramolecular structures due to
the bulky voluminous geometry, by a judicious functionaliza-
tion remarkable self-assembling abilities were obtained also
with octahedral Re(I), Ru(II), or Ir(III) species. The great
efforts were compensated by the remarkable photophysical
properties of these complexes in a biological relevant envi-
ronment such as tunable emission color, intense fluorescence
and emitting excited states generated by spin forbidden tran-
sitions. Importantly, the close-pack of these molecules into
supramolecular assemblies may hinder the quenching phe-
nomena due to dioxygen diffusion, a major drawback suf-
fered by these complexes. On the other side, a close-pack of
chromophores may lower the quantum yields and shorten
the lifetimes due to formation of new excited states that
may decay to the ground state via nonradiative paths. The
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protophysical properties of these systems are thus usually
resulting from a combination of different processes.

Hydrophobic dinuclear neutral Re(I) tricarbonyl com-
plexes were functionalized with polar tails (3EG or 4EG)
through rigid aromatic or flexible alkyl hydrophilic groups
(complexes Re_1a-d in Figure 12) [116]. All complexes
resulted soluble in dioxane, showing the photophysical fea-
tures of monomeric species, respectively, featureless emission
at r.t. arising mainly from 3MLCT excited state, centred at ca.
560 nm for complexes Re_1b-d, while the emission of Re_1a
is red-shifted to 603 nm due to the lower energy of its emit-
ting excited state in line with a more π-conjugated ligand.
In dioxane/water mixture, at high water content (>80%),
aggregation into globular supramolecular structures
(Dh = 200 – 400nm) with monodispersed nanosizes for Re_
1a and Re_1c and nonhomogeneous size distribution with
the presence of small amorphous aggregates for complexes
for Re_1b and Re_1d was observed. The aggregation was
mainly attributed to the close packing of hydrophobic Re(I)
complexes in the centre of the nanostructures with the
hydrophilic tails forming a solvated shell. This was sustained
by photophysical investigations, where a blue shift of the
emission maxima with 15-30 nm was detected, meaning that
the emitting state of the metal complexes experienced a less
polar environment being protected from the direct contact
with water. The aggregation was accompanied by a substan-

tial increase of photoluminescence quantum yield and
increased excited lifetime values which resulted monoexpo-
nential for complexes Re_1a and Re_1c, respectively, biexpo-
nential for complexes Re_1b and Re_1d. Complexes Re_1b
and Re_1d having longer connecting units with higher
mobility formed less uniform aggregates, while complex
Re_1c with reduced overall hydrophobicity aggregated at
higher water content (90%), however, forming larger supra-
molecular architectures with the highest values of emission
quantum yields (Φ = 0:19). The best packing capability was
shown by complex Re_1a, where the extra phenyl group
probably favoured additional intermolecular stabilization
through π-π interactions.

The self-assembly of alkoxy-bridged dinuclear Re(I)
(complexes Re_2a-c in Figure 12) molecular rectangles into
nanosized aggregates was studied in ACN-water mixtures
by Manimaran et al. [117]. The formation of aggregates with
increasing water content was accompanied by a substantial
increase of the emission intensity and lifetimes, and a blue-
shift of the emission maxima, indicating a situation in which
the complexes suffer by a lesser extent from exposure to sol-
vent molecules, experiencing a more rigid environment and a
less distorted excited-state environment. DSL experiments
supported the presence of aggregation; however, no further
information about the morphology of the nanostructures
was given.
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Amphiphilic ionic complexes Ru_1 and Ir_1 (Figure 12),
having the charged complex cation as hydrophilic unit and
one of the bipyridine ligands functionalized in the 4,4′-posi-
tions with 17 methylene units as hydrophobic part, similar
to classical surfactants, were reported [118]. Upon CAC
(5 · 10−5M for complex Ru_1 and 3 · 10−6 μM), the complexes
aggregated into spherical micelles formed by the segregation
of the hydrophobic chains inside the core, with the charged
hydrophilic complex cations facing the water media. The for-
mation of the aggregates was sustained by the appearance of
an additional longer emission lifetime and the increase of
emission quantum yields, indicative of a close proximity of
chromophores that reduced the nonradiative decays due to
vibrational modes and disfavoured oxygen diffusion. Mixed
micellar structures were obtained with efficient electronic
energy-transfer processes between the electronic energy
acceptor Ru_1 and the energy donor Ir_1.

A reverse molecular design was further employed: the
molecular amphiphiles were formed by a neutral emissive
Ir(III) complex with two cyclometallating phenylpyridine
ligands and a picolinate ancillary ligand substituted with
long alkyl chains ending with charged solubilizing sulfate
groups (complexes Ir_2a-b in Figure 12) [119]. Aggregation
into vesicular spherical aggregates, with the hydrophobic
Ir(III) complexes segregated from water and the charged
sulfate chains facing the solvent was obtained for both
species at concentrations above 10-5M. The particles had
averaged hydrodynamic radii (Rh) of ca. 1340 ± 707 and
202 ± 159nm at 10-3M, for complexes Ir_2a and Ir_2b,
respectively, with different emission profiles despite the
similarity of the chemical structures. Indeed, a blue-shift
of the emission maxima with respect to low concentrated
solutions was observed for both complexes upon aggrega-
tion, complex Ir_2a showing a structured emission with
maxima at 509 and 531nm, while complex Ir_2b exhibited
emission centred at 543 nm, with a noticeable prolongation
of the excited-state lifetimes of both systems, despite the
presence of dioxygen in the aqueous media. Thus, the
increase in the length of the alkyl chain for complex Ir_
2b yielded more soft and flexible aggregates, with longer
emission wavelength and faster radiative kinetics.

4.3. Nonconventional Structure Transition Metal
Coordination Complexes. Some examples of luminescent
metal complexes that do not have well-defined polar/apolar
molecular parts but self-assembly through similar mecha-
nisms and forces into supramolecular structures in aqueous
media were quite recently reported. This included an Au(I)
linear complex formed with two hydrophilic monodentate
ligands and some Pt(II) and Ir(III) complexes that self-
assembled into chromonic or chromonic-type lyotropic
liquid crystalline states.

The linearly coordinated Au_1 complex (Figure 13)
formed with a water soluble trisulfonated-triphenylpho-
sphane, and a hydrophilic peptide was shown to form well-
defined spherical nanoparticles in buffered water solution
under physiological ionic strength [120]. The micellar solu-
tions at a concentration of 66.7μM showed an unstructured
weak long-lived emission band centred at 520 nm from trip-

let states, indicative of Au⋯Au metallophilic interactions.
Increasing the ionic strength of the solution by adding NaCl,
the intensity of the emission increased without affecting the
emission energy or the excited state lifetimes. This pointed
towards a stabilization of the nanostructures due to the
screening of the repulsive Coulombic interactions and the
increase of hydrophobic effect, without affecting the mor-
phology of the aggregates. However, without NaCl, large
densely packed sheet-like structures were formed, accompa-
nied by a red-shift of the luminescence emission maxima
due to a more reduced Au⋯Au distance in the planar
morphology.

4.3.1. Chromonic or Chromonic-Like Coordination
Complexes

(1)Pt(II) and Rh(I) Square-Planar Complexes. Transition
metal coordination complexes with surfactant-like amphi-
philic structures have principally the requisites to form lyo-
tropic liquid crystalline structures with increasing
concentration. However, no report regarding such meso-
morphism was mentioned, most probably due to the lower
solubility of such species with respect to the concentration
needed for ordering. Recently, some coordination complexes
that do not have the classical amphiphilic structure, respec-
tively flexible hydrophobic or hydrophilic chains, were
reported to form nanostructures in water, mostly due to
metallophilic, aromatic stacking, and H-bonding interac-
tions. A contribution of hydrophobic/hydrophilic interac-
tions due to differences in the character of the molecular
units, however, cannot be excluded. In some cases, when
anisotropic shape structures are formed, these assemble fur-
ther into ordered lyotropic chromonic or chromonic-like liq-
uid crystalline states. In contrast to the well-studied
surfactant systems, lyotropic chromonics are still poorly
understood [121–123]. The supramolecular structures,
ordering, and self-assembling mechanisms still need appre-
ciable efforts to be understood. Work dedicated to the syn-
thesis of luminescent transition metal complexes able to
form ordered chromonic lyotropic structures in water may
bring important information in elucidating its mechanism
of self-assembly and mesophase morphology, besides the
obvious appealing practical applications for bioimaging or
biosensing. However, it is quite challenging to retain the
luminescence properties in water media, due to aggregation
induced quenching processes through oxygen diffusion or
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Figure 13: Linear amphiphilic Au(I) complex based on peptide unit
and trisulfonated-triphenylphosphane ligand.
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aggregation causing radiationless decay in solution. Studies
reporting on linear Au(I) [124] and tetracoordinated Ag(I)
[125] showed no emission properties in water probably due
to a total quenching of luminescence.

In this ambit, Lu et al. reported luminescent planar-shape
cationic Pt(II) complexes having solubilizing chloride or sul-
fate anions, able to self-assemble in water into ordered poly-
electrolitic microfibres (complexes Pt_13a-d, Pt_14a-b, and
Pt_15 in Figure 14) [126]. The complexes formed oligomeric
structures even at very low concentration in water (ca.
0.0013wt%). Unsubstituted complexes (Pt_13a, Pt_14a, and
Pt_15) exhibited in water a structureless red emission centred
at 677 (Pt_14a) and 655nm (Pt_15a) assigned to a 3MMLCT
excited state due to the formation of molecular aggregates
through Pt⋯Pt interactions, while complex Pt_15 was not
emissive. The formation of oligomers was followed by addi-
tion of increased volumes of water into a methanolic solution
of complexes Pt_13a and Pt_14a where the complexes exist
as solvated single molecules, exhibiting vibronically struc-
tured high-energy emissions with peak maxima at 525 and
480nm assigned to a mixture of 3MLCT/3ILCT (intraligand
charge transfer) excited states. With increasing water ratio,
the formation of oligomers through metallophilic interac-
tions is clearly evidenced by the substantial increase of emis-
sion energy and red-shift of the emission maxima.
Interestingly, further increase of complex concentration in
water leads to the formation of lyotropic chromonic liquid
crystalline phases, as proven by POM observations and 1H
and 2H NMR studies. The concentration for the mesophase
formation depended strongly on the ligands’ and substitu-
ents’ nature, being estimated at r.t. around 1.5, 2.0, and

10wt% for complexes Pt_13a-c, Pt_14a-b, and Pt_15, respec-
tively. The mesophases of complexes Pt_13a-c and Pt_14a-b
showed exceptionally high extensional viscosity, permitting
the obtainment of semicrystalline, optically uniaxial, and
strongly luminescent microfibres directly from concentrated
solutions. Metallophilic d8⋯d8 and ligand-ligand interac-
tions were observed along the fibres’ long axis that together
with hydrophobic interactions overrode the electrostatic
repulsion between charged species, permitting the cations
to pile up and form polyelectrolytic microfibres which fur-
ther organize in water into chromonic ordered mesophases.

Complex Pt_13a was furthermore covalently intercon-
nected through a flexible oligo(oxyethylene) chain of differ-
ent length obtaining, thus, dicationic species Pt_16a-d·X
(Figure 14) that as a function of the bridge length formed
hydrogels with optical anisotropy and 1D nematic order
deriving from the original complex [127]. The mesophase
morphology and luminescence was modulated by the inter-
and intramolecular interactions dictated by the oligo(ox-
yethylene) flexible bridge. Indeed, the emission energies of
the complexes Pt_16a-d·X recorded in ACN solution at r.t.
are remarkably different, revealing a significant influence of
the intra- and/or intermolecular interactions, the spectro-
scopic behaviour in temperature showed a predominance of
intermolecular interactions for complexes Pt_16b·PF6 and
Pt_16c·PF6 with moderate bridge length. In water solution,
even at low concentration (10-5M), a red-shifted emission
for complexes containing Cl as counterion Pt_16a-d·Cl was
observed due to oligomerization through Pt⋯Pt and π-π
stacking interactions, while with increasing concentration,
liquid crystalline phases were formed. Complexes Pt_16b·Cl
and Pt_16c·Cl formed liquid crystalline phases in water at
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Figure 14: Planar-shape cationic Pt(II) and Rh(I) complexes.
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2wt% and hydrogels which still maintained the liquid crys-
talline ordering at higher concentration (4.8wt%), while the
mesophase of complex Pt_16d·Cl retained its fluidity even
at high complex concentration (>15wt%).

Planar shape Rh(I) coordination complexes based on
2,6-xylylisocyanide ligands bearing solubilizing counterions
(complexes Rh_1a-c in Figure 14) were showed to self-
aggregate into luminescent crystalline nanowires through
a nucleation-elongation mechanism, distinct from the iso-
desmic aggregation of chromonic compounds [128]. As a
function of concentration and processing, the complexes
formed a variety of hierarchically organized superstruc-
tures: by solubilizing the complexes at low concentration
in boiling water (10-5–10-4M), dimeric aggregates with
short Rh⋯Rh interactions formed, while by cooling the
red-wine solutions, additional molecules associated to the
dimers, the color changed to blue, typical for trimeric or
higher number aggregates. After aging the solutions at
r.t., randomly distributed ultralong crystalline nanowires
in the blue aqueous were obtained, with a structureless
NIR emission centred at 806nm, typical to extended
RhI⋯RhI interactions.

(2)Ir(III) Octahedral Complexes. Although chromonic sys-
tems are generally characterized by planar structures sur-
rounded by peripheral solubilizing and/or ionic groups,
or ionic square planar geometry metal complexes having
hydrophilic counterions, Yadav et al. showed for the first
time self-assembly into chromonic-like mesophases of
bulky octahedral luminescent Ir(III) complexes [129]
(complexes Ir_3a-c in Figure 15). Even if they belong to a
family of Ir(III) emitters of general formula
[(ppy)2Ir(N^N)]

+X- where ppy is 2-phenylpyridine and
N^N is 2,2′-bipyridine or 1,10-phenanthroline, highly
researched for practical for applications in Light Emitting
Electrochemical Cells (LEECs) [130, 131], only by changing
the counterions with carboxylates of various alkyl chains,
water solubility, and self-assembling ability into chromonic-
like liquid crystalline phases was induced [132] (complexes
Ir_4 in Figure 15).

A detailed structural analysis by WAXS, SAXS, and
SANS experiments performed for Ir_3a complex in both
anisotropic gel and isotropic phases showed that in water
the complexes self-assembled into double string polyelectro-
lytic supramolecular columns surrounded by solvated coun-
terions. These aggregated species existed also at low
concentration (1% w/w) but without positional order, and
grew unidimensionally by increasing concentration until
the transition into 2D rectangular lattices (1.3-1.8% w/w for
complexes Ir_3a-c and 6.0% w/w for complex Ir_4), accom-
panied by a drastic increase of viscosity.

The gelling and appearance of positional long-range
order specific to liquid crystalline systems resulted only from
the interactions between increasing number of strands, with
preserving their shape, similar to the assembly of chromonic
polyelectrolyte columns. Due to structural differences
between the typical chromonic planar molecules and the
Ir(III) complexes with rather bowl-like geometry, the self-

assembly was tentatively explained by a difference in the
charge distribution in the coordination shell forming areas
with rather hydrophobic character next to areas with rather
hydrophilic character that led to aggregation in water.

Accurate photophysical investigations carried out on
isotropic water solutions containing the polyelectrolytic
strings without positional order and viscous mesophases
at room temperature by varying temperature sustained
the structural investigations and offered more information
about the system behaviour, considering a similar aggrega-
tion for all complexes Ir_3a-c and Ir_4. Importantly, a sig-
nificant improvement of the emission efficiencies and
blue-shift of the emission maxima was observed in water
with respect to the solvated complexes in diluted metha-
nol. Due to aggregation, the enhancement of rigidity and
lack of strong interchromophoric contacts experienced by
the Ir(III) bpy-based complexes Ir_3a-c, the isotropic
aqueous solutions (1%w/w) at r.t. shows emission mainly
from a 3MLCT state, with a progressive blue-shift of the
emission maxima with increasing counterion chain length
(λ = 564, 554, and 540nm for complexes Ir_3a, Ir_3b, and
Ir_3c, respectively) due to an increase of medium rigidity.
The triexponential emission decay recorded suggested sev-
eral different molecular environment experienced by the
Ir(III) complexes. Thus, the longest luminescent lifetime
component was attributed to the fraction of Ir(III) molecules
forming the strand structures, while the shorter lifetime
minor fraction component was attributed to the Ir(III) spe-
cies in molecular form or existing as smaller aggregates.
Keeping the concentration constant (1% w/w), the isotropic
solution of complex Ir_3c already contained an important
fraction of the longer time component (81.5%) with respect
to its shorter alkyl chain analogues Ir_3a (43%) and Ir_3b
(50%) indicating a lowering of gelation concentration.

A substantial increase of the number of Ir(III) molecules
self-associating to form strands for complexes Ir_3a and Ir_
3b, with complete (Ir_3a and Ir_3c) or quasicomplete disap-
pearance (Ir_3b) of the monomeric species was found in the
mesophases (2.5% w/w). By increasing temperature, a signif-
icant decrease of the luminescence lifetimes and emission
efficiencies is observed, accompanied by a negligible red-
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shift of the emission maxima, indicating different quenching
mechanisms beside the nonradiative processes related to
thermal agitation, respectively, a more efficient oxygen
quenching process due to the increase of oxygen mobility.

By changing the ancillary ligand from bpy to phen,
increasing the rigidity and aromaticity of the ligand, a higher
concentration is needed for the transition to the viscous
mesophase (6.0%) for complex Ir_4 with respect to complex
Ir_3a having both acetate as counterions, while a lower
viscosity and more fluid mesophase is obtained for the for-
mer. Accurate rheological investigations carried out on the
isotropic and mesomorphic water solutions of complexes
Ir_3a and its analogues Ir_4 corroborated with photophy-
sical data showed important differences in their self-
assembling ability. Regarding complex Ir_4, photophysical
investigations carried out in water diluted solution (1%
w/w) showed a biexponential life time, with an emission
maxima centred at 600nm and an emission efficiency of
0.06%. Increasing concentration to 6.5% w/w, a blue-shift
of the emission maxima (λ = 570 nm) and a multiexponen-
tial emission decay were observed, which were attributed
to aggregation phenomena. The weight of the components
is distributed between two types of aggregates: polyelectro-
lytic strands and smaller aggregates with more symmetric
shape, thus forming a less viscous and more dynamic
ordered mesophase evidenced by rheological investigations.

5. Concluding Remarks and Perspectives

Supramolecular self-assembly is a key approach for the
design and development of nanostructured systems and has
become a fundamental method for the formation of
advanced nanomaterials. This strategy focuses on different
types of interacting (and communicating) building blocks
to perform preprogrammed advanced functions [133–136].
The novel structures and properties obtained by the efficient
use of noncovalent forces (and structure directing interac-
tions) provide additional flexibility for the design and devel-
opment of versatile smart materials [137–139], biomaterials
[140–142], and functional nanodevices [143–145].

The self-assembly processes may become particularly
intriguing if amphiphilic molecules are involved. In addi-
tion to the wide scenario of possible interactions between
amphiphiles (polar and apolar interactions, steric hin-
drance, H-bonds, π-π interactions, etc.), further situations
have been considered in this work: (i) the existence of
multiple polar and apolar groups within the molecular
architecture and (ii) the presence of metal atoms, which
can directly interact with the amphiphiles by coordination
bonds and with themselves by metallophilic bonds. The
consequent formation of amphiphilic metal complexes
causes a real explosion of the number of possible supra-
molecular structures. In this context, if noble metal atoms
are involved, novel photophysical properties can be in par-
allel envisaged. Pt(II) certainly plays a pivotal role due to
its versatility in forming supramolecular structures, but
also Re, Rh, Ru, Ir, and Au give interesting photophysical
properties within certain complexes. Type of metal, oxida-
tion state, counterions, number of complexing sites in the

ligands, and their amphiphilicity (distribution of polar and
apolar parts within their molecular architecture) as well as
concentration, type of solvent, and temperature are all fac-
tors governing the overall self-assembly and, consequently
the behaviour towards the absorption of photons of the
resulting structures, the nature of the excited states, and
the modes of decays. Modern research is obviously exploring
the possibility to exploit all these potentialities for specific
applications (bioimaging, biosensing, Light Emitting Electro-
chemical Cells, etc.). However, in our opinion, these potenti-
alities are even more effective if molecular architecture can be
manipulated by synthetic chemistry, allowing the obtain-
ment of a virtually unlimited scenario of possible molecules
and consequently novel properties. The rich ingredients we
have shown in this work allow researchers to push towards
the invention of smart materials, i.e., those materials whose
photophysical properties can change according to an external
stimulus. After all, this path has already been seen in living
structures, where the availability of a high number of chem-
ical species, together with the intelligent use of opportune
molecules, causes the formation of complex structures with
emerging properties and complex behaviour, able to react
to an external stimulus.

In a similar way, the possibility to control the complexity
in the nanoworld would make real the building up of “artifi-
cial” systems that could improve human life by realizing
novel complex molecular materials/systems/devices amplify-
ing the range of their capabilities in every desired field. We
really hope, with this contribution, to have made the reader
curious to this exciting aspect, encouraging, at the same time,
future research to focus on this aspect. A gradual develop-
ment is advisable, passing from the exploitation of the indivi-
dual/specific properties of the compounds we have
presented, to the tuning of their properties in accordance
with suitable external stimuli. This is to give, hopefully,
stimuli-responsive smart materials, which, for sure, represent
one of the most appealing trends in current scientific
research.
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After the core-shell SiO2@TiO2 nanoparticles (CSTNs) were synthesized by hydrothermal method, we investigated the
influence of different molar ratios of Ti/Si on morphology, structure, and photocatalytic activity of the CSTNs. It was
found that the CSTNs showed different size and surface morphology as the Ti/Si molar ratio changed. Besides, the TiO2
and the CSTN had the anatase phase after hydrothermal process and calcination at 450°C for 2 h. The N2 adsorption-
desorption isotherms demonstrated the CSTNs with the molar ratio of Ti/Si increased from 1 : 1 to 8 : 1 can be categorized
as type IV with hysteresis loop of type H2 and showed to be mesoporous materials. In addition, the CSTNs with the Ti/Si
molar ratio of 5 : 1 had the highest surface area of 176.79m2/g. Surface charges showed the isoelectric point (IEP) of the
CSTNs ranged between silica (IEP at pH 3.10) and titania (IEP at pH 5.29). Since the molar ratio of Ti/Si increased from
1 : 1 to 8 : 1 by degradating both colorless organic pollutant of phenol and colored substances of methylene blue (MB)
under UV irradiation, the photocatalytic activity of CSTNs exhibited higher photodegradation efficiency compared with
TiO2. What is more, the experimental results also showed the CSTNs with Ti/Si molar ratio of 5 : 1 had the highest
photocatalytic activity and showed higher photocatalytic efficiency compared with other TiO2-SiO2 composites reported for
photodegradation of phenol and MB.

1. Introduction

Titanium dioxide (TiO2), one of the most used photocata-
lysts for photodegradating inorganic and organic pollutants,
has the advantages of low cost, chemical stability, low tox-
icity, high physical, easy availability, and excellent photoac-
tivity [1–3]. The major drawbacks of TiO2 arise from the
wide band gap (3.2 eV for anatase) and rapid charge recombi-
nation of the electron-hole pairs, which restrict the light
absorption (just ultraviolet region with wavelength < 390nm)
and suppressing the quantum efficiency [4–6]. In addition,
the physical properties of the TiO2 such as nanoparticles’
agglomeration, phase transformation, morphology, and par-
ticle size will also limit the catalytic efficiency and practical
applications [7–9].

In order to conquer these problems, core-shell nanopar-
ticles with titania as shell have been studied for photocatalytic
degradation due to their stability, dispersibility, and higher

surface area, reducing the recombination efficiency of elec-
tron hole and improving the quantum efficiency of photo-
catalyst compared to either the core or the shell materials
[10–12]. The core nanoparticles include SiO2, polystyrene
(PS), ZrO2, and Fe2O3 [13–15]. SiO2, due to its stable sur-
face chemistry, low cost, mechanical stability, and facilita-
tion of good dispersion of TiO2, is one of the significant
core materials for synthesizing the core-shell nanoparticles
[16]. Besides, SiO2 can be easily and controllably prepared
by the Stöber method [17].

Some researchers had focused their attention on photo-
catalytic application of the core-shell SiO2@TiO2 nanoparti-
cles (CSTNs) with SiO2 as a core and TiO2 as a shell, and
CSTNs showed better photocatalytic performance and
improved photoactivity than pure TiO2 for improved
adsorption, large surface area, and suitable porous struc-
ture[12, 18–21]. However, the research that has been
reported mainly focus on the morphology of the CSTNs or
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how to control the uniform and spherical in shape, and just a
few different weights or molar ratios of Ti/Si have been syn-
thesized for photocatalysis with CSTNs. For example, Ullah
et al. [10] synthesized core@shell SiO2@TiO2 nanoparticles
with four of different weight proportions of titanium (IV)
isopropoxide (TTIP) (10.4%, 20.6%, 31%, and 35%) towards
degradation of crystal violet (CV). Kitsou et al. [11] produced
SiO2@TiO2 core-shell nanospheres with only three weight
ratios of titanium (IV) isopropoxide (TTIP) : SiO2 (1 : 1,
2 : 1, and 3 : 1) for NOx degradation. Besides, few works indi-
cated the photocatylytic applications for both colorless
organic pollutants (such as phenol) and colored substances
(such as methylene blue).

In this paper, the different molar ratios of the CSTNs
(seven different molar ratios of Ti/Si = 1 : 1, 1 : 2, 1 : 5, 1 : 8,
2 : 1, 5 : 1, and 8 : 1) were presented with SiO2 as a core and
TiO2 as a shell by hydrothermal method. The surface
morphology and physical properties of the CSTNs were
investigated by transmission electron microscopy (TEM),
scanning electron microscopy (SEM), X-ray diffraction
(XRD), Brunauer-Emmett-Teller (BET) specific surface,
and surface charges. It was found that high photocatalytic
efficiency was shown with low photocatalyst addition by
studying the photocatalytic activity of the CSTNs for both
colorless organic pollutants (such as phenol) and colored
substances (such as methylene blue).

2. Experimental

2.1. Chemicals. Titanium (IV) isopropoxide 95% (TTIP,
Sigma-Aldrich), tetraethyl orthosilicate 99.9% (TEOS, Xiya
Reagent Company), isopropanol, ethanol, and NH4OH
(25%) were used in the synthesis process of CSTNs. KCl,
KOH, and HCl (Sinopharm Chemical Reagent Company)
were used in the test of surface charges. Phenol (Sinopharm
Chemical Reagent Company) andmethylene blue (MB, Sino-
pharm Chemical Reagent Company) were employed as the
substrates for photocatalytic applications.

2.2. Synthesis of SiO2 Core Spheres. SiO2 core spheres were
prepared using the Stöber method by hydrolysis and condensa-
tion of tetraethyl orthosilicate (TEOS) [10]. Firstly, 4mL
NH4OH and 15mL H2O were added to 100mL ethanol and
stirring for 30min in a Teflon reactor. Secondly, 3.0mL of TEOS
was quickly added to the above mixture under continuous stir-
ring for 3h at room temperature (25 ± 2°C). Thirdly, the mix-
ture was neutralized with 5molL−1 HCl and centrifuged at
4000 rpm for 10min. Finally, the SiO2 core spheres were
washed four times with ethanol and distilled water, then
dried at 70°C for at least 20h to obtain SiO2 core spheres.

2.3. Synthesis of Core-Shell SiO2@TiO2 Nanoparticles (CSTNs).
The CSTNs with different molar ratios of Ti/Si were synthe-
sized according to the literatures with minor modifications
[10]. The process is as follows: different weight of SiO2 core
spheres were dried at 110°C for 1h and then sonicated in
80mL isopropanol for 1h; then, different volumes of tita-
nium (IV) isopropoxide (TTIP) was quickly added with vig-
orous stirring for 24h (different molar ratios of Ti/Si were

1 : 1, 2 : 1, 5 : 1, 8 : 1, 1 : 2, 1 : 5, and 1 : 8). Subsequently,
15mL water-alcohol mixture (5mL H2O : 10mL isopropanol)
was slowly added (2mLmin−1) to the above mixture and
stirred for 3h. The resulting precipitates were washed once
with isopropanol and twice with deionized water at
8000 rpm. Then, the amorphous CSTNs were suspended in
50mL H2O and processed to hydrothermal treatment at
105°C for 24h, then centrifuged at 8000 rpm for 10min.
Finally the obtained CSTNs were dried at 70°C for 20h
and calcined at 450°C for 2h. The unsupported TiO2 was
also synthesized using 3mL of TTIP by the same above pro-
cedures without SiO2 in the mixture.

2.4. Characterization Methods. The size and surface mor-
phology of the synthesized nanoparticles were examined
using scanning electron microscopy (SEM) (JSM-6701F,
Japan) and transmission electron microscopy (TEM) (Tecnai
G2, American). The crystalline structure of the samples was
investigated by X-ray diffraction (XRD) using Cu-Kα radia-
tion at 40 kV and 30mA. The specific surface area and pore
size of the samples were estimated from nitrogen adsorption
curves using the Brunaer-Emmett-Teller (BET) method
employing ASAP 2020 (Micromeritics Instrument Corpora-
tion, USA) surface area analyzer. The pore size distribution
was determined based on using the Barrett-Joyner-Halenda
(BJH) model by the same instrument.

The surface charges of the samples were measured using
an electrophoresis instrument (Model ZEN3690, Malvern,
UK). The samples were dispersed in a 0.003mol L−1 KCl elec-
trolyte solution to give a final concentration of 0.01% (w/v).
The pH of the suspension was varied by adding 0.01mol L−1

HCl or 0.01mol L−1 KOH to the suspension, and the isoelec-
tric point (IEP) was taken at which the zeta potential was
zero. The apparent surface coverage (ASC) of TiO2-coated
SiO2 nanoparticles can be calculated from the IEP data of
the components by the following equation [22]:

%ASC =
MTiO2

IEPSiO2
‐IEPTi/Si

� �

MSiO2
IEPTi/Si‐IEPTiO2

� �
‐MTiO2

IEPTi/Si‐IEPSiO2

� �� � ,

ð1Þ

where MTiO2 and MSiO2 were the molecular weights of TiO2
and SiO2, respectively, and the subscript Ti/Si referred to
the different molar ratios of Ti/Si nanoparticles, respectively.

2.5. Photocatalytic Activity Experiments. The photocatalytic
activity of the prepared samples was evaluated by measur-
ing the photodegradation of phenol and methylene blue
(MB) in a reactor under UV light irradiation (high-pres-
sure mercury lamp with 500W) for 120 minutes. In a typ-
ical experiment, 75mg of prepared photocatalysts were
dispersed in 300mL phenol or MB aqueous solution with
initial concentration of 20mg/L. The mixture was first stir-
red in the dark for 30 minutes to achieve adsorption-
desorption equilibrium and then was carried out under
UV light. 4mL of the solution was collected from the reac-
tor at different irradiation time intervals. The collected
samples were centrifuged to separate the suspended
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particles. The concentration changes of phenol were ana-
lyzed by colorimetric method of 4-amino antipyrine at
510nm, and the MB were analyzed by recording the max-
imum absorbance of MB at 664nm.

3. Results and Discussion

3.1. Morphological Characterization. The morphology of
the core-shell SiO2@TiO2 nanoparticles (CSTNs) was

(a) (b)

(c) (d)

(e) (f)

Figure 1: SEM images of (a) SiO2, (b) Ti/Si = 1 : 2, (c) Ti/Si = 2 : 1, (d) Ti/Si = 1 : 5, and (e, f) Ti/Si = 5 : 1.

(a) (b)

(c) (d)

Figure 2: TEM images of (a) SiO2, (b) TiO2, (c) Ti/Si = 1 : 5, and (d) Ti/Si = 5 : 1.
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characterized by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) in Figures 1 and
2. As shown in Figures 1(a) and 2(a), the uncoated SiO2
particles showed smooth and spherical shape. The mor-
phology of Ti/Si = 1 : 2 (Figure 1(b)) and Ti/Si = 1 : 5
(Figures 1(d) and 2(c)) had rough and textured surfaces
compared with the SiO2 core particles, which confirmed
that the titania was coated on SiO2 core particle [23].
Besides, the uniform coating of silica in Ti/Si = 1 : 2 and
Ti/Si = 1 : 5 also indicated that less titania molar content
was conducive to the formation of core-shell structure by

the hydrolysis-polycondensation process [24]. In contrast,
the morphology of Ti/Si = 2 : 1 (Figure 1(c)) and Ti/Si =
5 : 1(Figures 1(e) and 1(f)) had a rougher and more textured
surface which can also be shown from TEM in Figures 2(c)
and 2(d). Especially from the SEM and TEM morphology of
Ti/Si = 5 : 1, the free or coreless TiO2 nanoparticles agglomer-
ated in addition to the deposition on the SiO2 surface and
formed an irregular core-shell structure [25].

The particle size distributions were also determined
from SEM and TEM images in Figure 3 according to the
literatures [26, 27]. The SiO2 core particles had a narrow
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Figure 3: Particle size distributions of (a) TiO2, (b) SiO2, (c) Ti/Si = 1 : 5, (d) Ti/Si = 1 : 2, (e) Ti/Si = 2 : 1, and (f) Ti/Si = 5 : 1.
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size distribution (average size = 318nm) (Figure 3(a)) and
TiO2 nanoparticles had a size distribution of average
16.4 nm (Figures 2(b) and 3(b))). Furthermore, the average
size of the Ti/Si = 1 : 5 was 333nm for the uniform TiO2
shell coated on SiO2 particle. The size of CSTNs increased
as the content of TiO2 increased in the Ti/Si molar ratio
shown from Figure 3(b)–3(f).

3.2. X-Ray Diffractometer (XRD) Analysis. The phase compo-
sitions and crystallinity of the SiO2, TiO2, and core-shell
SiO2@TiO2 nanoparticles (CSTNs) were investigated by
XRD in Figure 4. As shown in Figure 4(a), the TiO2 with 2θ
peaks of 25.2°, 37.8°, 48.0°, 53.9°, 62.6°, and 75.1° corre-
sponded to the anatase phase of TiO2 [28]; the average
TiO2 crystallite sizes calculated by the Scherrer equation
were around 18.0 nm which basically agreed with the trans-
mission electron microscopy (TEM) results. Figures 3(b)–
3(e) indicate that the CSTNs with different Ti/Si molar

ratios (1 : 1, 2 : 1, 5 : 1, and 8 : 1) showed the same 2θ peaks
of anatase TiO2 phase but without sharp peaks due to the
doped silica, which also confirmed that titania was coated
on the SiO2 particles. The wide diffraction peak at 2θ =
23° was ascribed to the amorphous SiO2 in Figure 4(i),
which would explain the spherical morphology and lower
surface area values of SiO2 without preferential directions
for crystal growth [29–31]. Similarly, no detectable character-
istic anatase TiO2 diffraction peaks occurred in Ti/Si = 1 : 5
(Figure 4(g)) and Ti/Si = 1 : 8 (Figure 4(h)) because of more
SiO2 amorphous structure coated on it. It was reported that
the crystallinity of SiO2-TiO2 composites decreased while the
molar ratio of silica increased, and this behaviour was
explained by the fact that the silica suppressed the growth of
titania [32].

3.3. N2 Adsorption-Desorption Isotherm Analysis. Figure 5
illustrates N2 adsorption-desorption isotherms of the

10 20 30 40 50
2𝜃 (°)

60

In
te

ns
ity

 (a
.u

.)

70 80

(a)

(b)

(c)

(d)
(e)
(f)

(g)
(h)
(i)

Figure 4: XRD patterns of (a) TiO2, (b) Ti/Si = 1 : 1, (c) Ti/Si = 2 : 1, (d) Ti/Si = 5 : 1, (e) Ti/Si = 8 : 1, (f) Ti/Si = 1 : 2, (g) Ti/Si = 1 : 5, (h)
Ti/Si = 1 : 8, and (i) SiO2.
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Figure 5: N2 adsorption-desorption isotherms of the synthesized nanoparticles.
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synthesized samples. As shown in Figure 5(a), the
adsorption isotherm of TiO2 nanoparticles can be catego-
rized as type IV with hysteresis loop of type H2, which
indicated the characteristic type of TiO2 nanoparticles
with mesoporous materials [33]. The isotherms of the
core-shell SiO2@TiO2 nanoparticles (CSTNs) with the
molar ratios of Ti/Si (1 : 1, 2 : 1, 5 : 1, and 8 : 1) exhibited
the similar shape of type IV with H2 hysteresis loops
(Figure 5(a)) and showed the characteristic type of meso-
porous materials as the TiO2 nanoparticles. Besides, the
adsorbed volume enhanced as the molar ratios of Ti/Si
increased from 1 : 1 to 8 : 1, due to the coated amorphous
silica on the CSTNs as shown in X-ray diffractometer
(XRD) analysis.

Figure 5(b) shows the isotherms of the SiO2 particles
and CSTNs with the Ti/Si of 2 : 1, 5 : 1, and 8 : 1. The
isotherms of Ti/Si = 1 : 2 exhibited the similar shape of
type IV with H2 hysteresis loops and indicated the pres-
ence of mesopores. However, the isotherms of Ti/Si = 1
: 5 and Ti/Si = 1 : 8 showed the same isotherm shape
of SiO2 particles with low adsorbed volume and type I
shape without any obvious hysteresis loop, which was
attributed to the less mesoporous titania coated on the
CSTNs [34].

The pore size distributions were shown in Figure 6
the Brunauer-Emmett-Teller (BET) surface areas and the
pore size parameters were tested (Table 1) by using the
Barrett-Joyner-Halenda (BJH) method from the adsorp-
tion branch of the isotherm. As shown in Figure 6(a),
the TiO2 nanoparticles had monomodal pore size distri-
bution with a maximum pore diameter of about 13 nm.
The pore size distributions of the CSTNs were more
obvious, because the Ti/Si increased from 1 : 1 to
8 : 1(Figure 6(a)); thus, more titanium dioxide was coated.
However, the CSTNs with high silica molar ratios
(Ti/Si = 1 : 5 and Ti/Si = 1 : 8) did not show the pore size dis-
tributions like SiO2 (Figure 6(b)). In general, the pore size dis-

tributions presented the same trend of adsorption-desorption
isotherms of the CSTNs as shown in Figure 5.

Following this, we measured the specific surface area,
pore size, and pore volume of the CSTNs, which are
listed in Table 1. The results showed that SiO2 nanopar-
ticles had a specific surface area of 8.51m2g−1 with an
average pore size of 41.57 nm; the TiO2 nanoparticles
had a specific surface area of 33.78m2g−1 with an aver-
age pore size of 13.39 nm. The CSTNs of Ti/Si = 5 : 1
had the biggest specific surface area of 176.79m2g−1,
which was more than 5 times higher than the specific
surface area of TiO2. However, the specific surface area
of the CSTNs decayed as the molar ratios of Ti/Si
decreased from 1 : 1 to 1 : 8. The pore volume of the
CSTNs showed the same regularity of the specific surface
area, and the CSTNs of Ti/Si = 5 : 1 had the highest pore
volume of 0.313 cm2g−1. It can be concluded that the
CSTNs with the appropriate molar ratio of Ti/Si had

Table 1: Brunauer-Emmett-Teller (BET) surface area and pore size
parameters of the synthesized nanoparticles.

Sample
BET surface
area (m2g−1)

Pore size
(nm)

Pore volume
(cm3g−1)

SiO2 8.51 41.57 0.004

TiO2 33.78 13.39 0.136

Ti/Si = 1 : 1 122.53 7.67 0.258

Ti/Si = 2 : 1 167.06 6.62 0.311

Ti/Si = 5 : 1 176.79 6.19 0.312

Ti/Si = 8 : 1 174.70 5.92 0.297

Ti/Si = 1 : 2 102.02 8.67 0.242

Ti/Si = 1 : 5 24.93 27.44 0.0946

Ti/Si = 1 : 8 14.19 45.78 0.101
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Figure 6: Pore size distribution calculated from adsorption branch of the synthesized nanoparticles.
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significant effects on the samples’ specific surface area,
pore size, and pore geometry [35].

3.4. Isoelectric Point (IEP) Analysis. Surface charges were
measured by the isoelectric point (IEP) and apparent sur-
face coverage (ASC) of the synthesized nanoparticles in
Figure 7 and Table 2. It was reported that surface charge
affected the adsorption process of organic molecules and
the driving force of hole migration on the surface of
photocatalyst [10, 22]. As shown in Figure 7, generally,
the IEP of the core-shell SiO2@TiO2 nanoparticles
(CSTNs) ranged between silica (IEP at pH3.10) and tita-
nia (IEP at pH5.29); the IEP trends of the CSTNs with
the molar ratios of Ti/Si = 1 : 1, 2 : 1, 5 : 1, and 8: 1 were
gradually close to TiO2 while the IEP trends of the molar
ratios of Ti/Si = 1 : 2, 1 : 5, and 1 : 8 were gradually close
to SiO2. It can be concluded that more molar ratio of
titania coating on CSTNs increased the electrophoretic
mobility and shifted the IEP to the similar value of
TiO2 particles, which showed the similar trend in the
literature [36]. The apparent surface coverage (ASC) of

the CSTNs showed the ASC increased from 74.3% to
85.3% as the molar ratios of Ti/Si increased from 1 : 1
to 8 : 1(Table 2); the results were in accord with IEP
of the CSTNs. Besides, the ASC results also indicated
that silica particles possessed a discontinuous titania
nanoparticle coating layer.

3.5. Photocatalytic Activity. The photocatalytic activity of
core-shell SiO2@TiO2 nanoparticles (CSTNs) was showed
in Figure 8 by photodegradating the substrates of phenol
and methylene blue (MB) under UV light irradiation. As
shown in Figure 8(a), all the nanocomposites did not show
photocatalytic activity during the dark reaction, which
demonstrated the nanocomposites had no adsorption effi-
ciency towards colorless phenol under dark condition.
Under the UV light irradiation, both the natural degrada-
tion and SiO2 showed very low photocatalytic efficiency,
but for the photodegradation efficiency of the CSTNs
gradually increased as the molar ratio of Ti/Si increased
from 1: 8 to 8: 1. TiO2 showed higher photocatalytic activ-
ity than CSTNs with silica increased in the molar ratios of
Ti/Si form 1: 1 to 1: 8, while the photocatalytic activities
of the CSTNs with the molar ratios of Ti/Si = 2: 1, 5: 1
and 8: 1 were higher than the TiO2. The Ti/Si molar ratio
of 5: 1 possessed the highest photodegradation efficiency
of 99.4% under UV light photodegradation for 120
minutes because of the highest specific surface area of
176.79 m2g−1 as shown in Table 1. Due to the higher con-
tent of TiO2 could lead to the formation of free coreless
TiO2 nanoparticles and the subsequent aggregation in
aqueous dispersions, the photoactivity of Ti/Si molar ratio
of 8 : 1 was slightly lower than 5 : 1 [10–12].

We evaluated the photocatalytic activity of CSTNs for
the photodegradation of MB which was showed in
Figure 8(b). During the dark reaction, the nanoparticles
had different adsorption efficiency towards MB and the
Ti/Si molar ratio of 5 : 1 showed the highest adsorption effi-
ciency, which was ascribed to the mesoporous materials
with colored organic dyes adsorption [31]. Compared with
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Table 2: Isoelectric point analysis of (IEP) and apparent surface
coverage (ASC).

Sample IEP (pH) ASC (%)

TiO2 5.29 /

Ti/Si = 1 : 1 4.60 74.3

Ti/Si = 2 : 1 4.72 79.1

Ti/Si = 5 : 1 4.78 81.4

Ti/Si = 8 : 1 4.88 85.3

Ti/Si = 1 : 2 4.45 68.2

Ti/Si = 1 : 5 3.86 41.4

Ti/Si = 1 : 8 3.76 36.5

SiO2 3.10 /
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the photodegradation of phenol, similar trends can be
observed as shown in Figure 8(b); the CSTNs with the
molar ratio of Ti/Si from 1 : 1 to 8 : 1 showed high photode-
gradation efficiency of more than 95% after UV irradiation
for 80 minutes. The Ti/Si molar ratio of 5 : 1 also had the
highest photocatalytic activity of 99.2% after 120 minutes
of UV light photodegradation.

For CSTNs with different molar ratios of Ti/Si, the
higher molar ratios of titania in Ti/Si induced agglomera-
tion of excess TiO2, and poor dispersibility in aqueous
solution. In addition, too much titania can reduce the spe-
cific surface area, occlude the pores, and limit the diffusion
of the reactant molecules. In contrast, with higher molar
ratios of SiO2 in Ti/Si, although the CSTNs showed spher-
ical and uniform core-shell structure, the reaction sides of
titania reduced and the crystallinity was low too, so the
photocatalytic efficiency would be reduced [25].

Compared with reported paper about the TiO2-SiO2
composites for photodegradation of phenol and MB as
shown in Table 3 [36–47], the CSTNs with Ti/Si molar ratio
of 5 : 1 in this paper showed higher photocatalytic efficiency
with less concentration of photocatalysis (0.25 g/L).

There were several reasons for better photocatalytic
activity with the proper molar ratio of Ti/Si = 5 : 1 in the
CSTNs. Firstly, a proper molar ratio of Ti/Si both enhanced
the thermal stability and increased the surface area and sur-
face acidity. At the meantime, higher surface area and
mesoporous structure provided more adsorption sites and
photocatalytic reaction centers, which can enhance the pho-
tocatalytic reaction of phenol and MB. It is noted that a
suitable molar ratio of Ti/Si may lead to an increase in
the surface defects, which was reported to have the ability
to capture the photocatalytic carriers and increase the reac-
tive activity of hydroxyl [48, 49].

4. Conclusions

In summary, we synthesized the core-shell SiO2@TiO2
nanoparticles (CSTNs) with different molar ratios of Ti/Si
by hydrothermal method. The study showed that the
TiO2 and CSTNs had the anatase phase after hydrother-
mal method and calcination at 450°C for 2 h. Further-
more, we evaluated the morphology, structure, and
other properties of the CSTNs by scanning electron
microscopy (SEM), transmission electron microscopy
(TEM), X-ray diffraction (XRD), Brunauer-Emmett-Teller
(BET) surface area, and surface charges. The BET surface
area results indicated that the different molar ratios of
Ti/Si affected the specific surface area on the CSTN;
for the meantime, the CSTNs with the molar ratios of
Ti/Si increased from 1 : 1 to 8 : 1 had the mesoporous
structures which were categorized as type IV and hyster-
esis loop of type H2. Importantly, the surface charge
results indicated that isoelectric point (IEP) of CSTNs
ranged between 3.10 (silica) and 5.29 (titania), and the
apparent surface coverage (ASC) ranged from 36.5%
(Ti/Si molar ratio of 1 : 8) to 85.3% (Ti/Si molar ratio
of 8 : 1). The photocatalytic activity of the CSTNs
showed different photodegradation efficiencies with dif-
ferent molar ratios of Ti/Si towards colorless phenol
and colored methylene blue (MB) under UV irradiation
caused by different consistency of surface area and suit-
able porous structure. Finally, the experimental results
showed the CSTNs with the Ti/Si molar ratios of 5 : 1
had the highest photocatalytic activity of 99.4% towards
phenol and 99.2% towards MB, which showed higher
photocatalytic efficiency with the addition of 0.25 g/L
photocatalyts compared with the other reported TiO2-
SiO2 composites [36–47].
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Figure 8: Photocatalytic activity of phenol (a) and methylene blue (b) under UV light.
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Catalysts are well-known to convert alkylbenzenes at high thermal condition to a number of useful products. However, the current
schemes of transformation are not suitable for the hazard-free industrial applications because their reactive intermediates are
transformed to a variety of side products that often retard the optimum yield and cause environmental pollutions. It is also
observed that the formation of products depends on a wide range of parameters which are extremely difficult to control and
often incur extra cost. Recently, heterogeneous catalysts have received huge commercial interests for the oxidation of
alkylbenzene into carbonyl compounds which are platform chemicals in various synthetics and fine chemicals. This review is an
up-to-date documentary on various catalysts used for the oxidation of alkyl-substituted benzenes along with their reaction
condition and selectivity profiles. This work updates our knowledge for the selection and/or design of novel catalysts for the
chemists and engineers in the industrial and academic settings.

1. Introduction

The oxidations of hydrocarbons to its corresponding carbonyl
group (aldehydes or ketones) have a substantial value in
organic synthesis, both in laboratory and in industry [1, 2]. It
is remarkable to note that the global production of carbonyl
composites per year has exceeded 107 tones andmany of these
areproduced from thedirect oxidationof hydrocarbons [3]. In
this regard, the catalyst-assisted oxidation processes have
made significant contributions in the production of various
chemicals, cosmetics, drugs, and other useful compounds.
Among the various substrates used in oxidation reactions, aryl
alkanes, such as ethylbenzene, have huge interests because

their essential oxidationproducts are a rich source of anumber
ofdrugsandsynthetics. For example, theoxidationproductsof
ethylbenzene such as acetophenone and 1-phenylethanol are
the precursors of optically active alcohols [4], benzalacetophe-
nones (chalcones) [5, 6], and hydrazones [7].

The oxidation process was traditionally carried out by a
stoichiometric amount of oxidants such as permanganates
[8, 9], chromium reagents [10–13], ruthenium (VIII) oxide
[14, 15], activated dimethyl sulfoxide (DMSO) [16] or
Dess–Martin periodinane [17], and TPAP/NMO (tetra-N-
propylammonium perruthenate/N-methyl-morpholine-N-
oxide) [18], and all these involve high temperature and/or
pressure and corrosive and toxic chemicals and produce

Hindawi
Journal of Nanomaterials
Volume 2020, Article ID 7532767, 20 pages
https://doi.org/10.1155/2020/7532767

https://orcid.org/0000-0001-5499-5881
https://orcid.org/0000-0002-0805-7840
https://orcid.org/0000-0002-3017-9924
https://orcid.org/0000-0002-4341-2713
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/7532767


an equivalent amount of waste metals, incurring the envi-
ronmental burden such as halogenated organic solvents
(hydrocarbons) [19, 20]. On the other hand, noncatalytic
transformation under supercritical conditions [21] is imma-
ture and unsuitable commercial application due to the lack
of stability and selectivity (Figure 1).

Therefore, the catalytic approaches which offer low tem-
perature and more selective conversion, minimizing the uses
and/or formation of undesirable byproducts, have evolved as
the method of choice for hydrocarbon oxidation using air or
clean molecular oxygen (O2) as oxygen source (Scheme 1)
[21]. Hydrogen peroxide (H2O2) and tert-butyl hydroperox-
ide (TBHP) could also be used as oxygen source due to its
obvious advantages in oxidation reaction [22, 23]. The aim
of this review is to provide a brief but comprehensive outline
of the major catalytic approaches for alkylbenzene oxidation
along with some other oxidation reactions.

2. Nanotechnology for Ethylbenzene Oxidation

Nanotechnology has set immeasurable status in the oxida-
tion of ethylbenzene. Various catalytic materials with high
surface area, high surface to volume ratio, reactivity, tun-
able pore size, and hydrophilic and hydrophobic interfaces
are promising in catalysis. Several nanometals, such as
gold [23], copper [24], titanium [25], silver [26], nickel
[27], manganese [28], cobalt [29] and tin [25], deposited
on solid supports are suitable in oxidation reaction. Func-
tionalized silica with homogeneous metal dispersion which
prevents metal agglomeration is efficient in ethylbenzene
oxidation [23]. Gold-mediated ethylbenzene oxidation per-
haps initiates Au nanoparticle-based decomposition of reac-
tive oxidant to oxidant radical species followed by two
different oxidation reactions, forming ketones and secondary
alcohols [23]. Moreover, nanomaterials have increased sur-

face porosity that uses low free energy for the reaction to hap-
pen [30]. Nanoparticles oxidize not only ethylbenzene but
also various alkanes with improved catalysis [31]. In addi-
tion, nanoparticles can activate reaction as bimetallic forms
with several other metals and metal oxide with controllable
shape and composition. Even though nanomaterials are
appreciated in oxidation reaction, they have some limita-
tions. Thermal instability, high-pressure requirement, metal
agglomeration, pore blocking, slow reaction, poor conversion
and selectivity, and the formation of side products are fre-
quent matters in this perspective. Poor recyclability and hid-
den hazards to ecosystems are also leading concerns [32].
Therefore, a consistent, nontoxic, delicate, and economical
oxidation process has become the most laborious task in eth-
ylbenzene oxidation.

3. Catalytic Method

The major goal of using a catalyst is to speed up or accelerate
the rate of a chemical reaction. It remains unchanged at the
end of the reaction but minimizes the activation/free energy
that is needed to attain the transition state while keeping

Alkylbenzene oxidation

Catalytic method

Homogeneous catalyst Heterogeneous catalyst

Noncatalytic method

Toxic
Corrosive
Unstable
Nonspecific
Expensive
Need high temperature

Time-consuming
Handling difficulty

(i)
(ii)

(iii)
(iv)
(v)

(vi)

(vii)
(viii)

and pressure

High conversion
High specificity
Non-recyclable
Expensive
Product contamination
Huge waste materials
Corrosion of reactor wall
Difficult to handle

(i)
(ii)

(iii)
(iv)
(v)

Stable
Reusable/recyclable
Low cost
Ecofriendly
Biocompatible

(i)
(ii)

(iii)
(iv)
(v)

(vi)
(vii)

(viii)

Figure 1: Major approaches to alkylbenzene oxidation.

Ethylbenzene

Acetophenone

Benzaldehyde

Benzoic acid

Me

O

H

O

OH

O

Scheme 1: Catalytic schemes for the aerobic oxidation of
ethylbenzene.
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the total free energy of the reactants and products unchanged
in the course of the reaction [33, 34]. The major catalytic
processes for alkylbenzene oxidation are briefly presented
step-by-step.

3.1. Homogeneous Catalysis. Homogeneous catalysts are
those which exit in the same phase with the reactants and
products; the catalysts fully dissolve in the reaction medium
exposing all the catalytic sites to interact with the substrates.
Homogeneous catalysts are usually complexes, often consist-
ing of a metal which is bound to several organic ligands. The
ligands are responsible for providing the stability as well as
the solubility of the catalyst complex metal, and they could
be adjusted to enhance selectivity of a catalyst towards the
synthesis of a specific desirable product [35]. The great
achievement of a homogeneous catalyst is that it can make
a product with >90% selectivity at a high conversion rate
through the careful selection of the metal center, ligands,
reaction parameters, and a suitable substrate [31]. Although
there are widespread advantages of selectivity in homoge-
neous catalysis, scientists are paying enormous attention to
heterogeneous catalysts; this is due to the difficulty in the sep-
aration of homogeneous catalysts. Homogeneous catalysts
are also known to cause corrosion to the reaction vessels,
and some of them are deposited onto the reactor wall. Thus,
the workup procedure for homogeneous catalysts is not
straightforward (Figure 1) [36]. Here, we represent some
homogeneous catalysts used in alkylbenzene oxidation with
conversion and selectivity to acetophenone (Table 1).

3.2. Heterogeneous Catalysis. Heterogeneous catalysts are
those which exist in different phase from the reactants and
products. They offer several advantages over their homoge-
neous counterparts in terms of separation and recyclability
[31, 44]. These catalysts are usually solid, but the reactants
could be either solid or liquid; so they could be easily
detached from the reaction mixture by simple centrifugation
and washing, keeping the manufacturing cost at the minimal
level. Currently, heterogeneous catalysis is dominating in
industries for chemical transformation and energy genera-
tion. Approximately 90% of all industrial practices indulge
in heterogeneous catalysis. The most recent applications of
heterogeneous catalysts are summarized in Table 2. Conse-
quently, scientists have drawn huge attention as the oxida-
tion catalyst for alkylbenzene conversion with better
conversion rate and higher selectivity towards ketone prod-
ucts which are essential intermediates for the synthesis of
many specialty chemicals with high economic value such as
agrochemicals, pharmaceuticals, and perfumes [45]. Herein,
we describe some representative heterogeneous catalysts on
various supports for ethylbenzene oxidation.

3.2.1. Nanohybrid SiO2/Al2O3 Support. Recently, the nanohy-
brid SiO2/Al2O3 support is used for the synthesis of various
metal complexes such as Mn [28, 45, 46], Fe [47], and Co
[29, 48, 49] catalysts for catalytic oxidation of ethylbenzene
(Table 3). Arshadi and Ghiaci [44] synthesized nanosized
SiO2-Al2O3 mixed oxide supports and functionalized it
with 3-aminopropyl-triethoxysilane (3-APTES) and 2-ami-

noethyl-3-aminopropyltrimethoxysilane (2-AE-3-APTMS)
linkers (Figure 2). Thus, functionalized oxide was further
functionalized with Schiff base by conjugating it to
Mn(OAc)2 to fabricate immobilized Mn catalyst complex.
This heterogeneous Mn catalysts exhibited 67% ethylben-
zene conversion along with 93% selectivity towards aceto-
phenone at 80°C using TBHP (tert-butyl hydroperoxide)
as an oxidant in the absence of any solvent. Arshadi et al.
[29] further prepared Cobalt(II) Schiff base complexes
immobilized onto SiO2-Al2O3 mixed oxide supports combin-
ing two diverse linkers, 3-APTES and 2-AE-3-APTMS
(Figure 2). This heterogeneous Cobalt(II) complexes resulted
in 86% conversion of ethylbenzene with 99% selectivity
toward acetophenone.

In 2012, Arshadi et al. [46] synthesized Mn catalysts on
modified SiO2-Al2O3 mixed oxide supports using 2-AE-3-
APTMS (Figure 3); this performed oxidation under mild
conditions with a lower oxidation potential and charge-
transfer resistance but leads to a greater conversion (91%)
and better selectivity (98%) in the presence of supercritical
carbon dioxide under solvent-free atmosphere. The catalysts
were reused for eight times with a minimum loss of activity.
In another instance, Habibi and Faraji [28] synthesized het-
erogeneous Mn nanocatalysts anchored on SiO2-Al2O3
hybrid supports using a bidentate ligand of nitrogen atoms
(Figure 3). The catalysts showed remarkable activity in the
oxidation of ethylbenzene (conversion rate 67% and selectiv-
ity 84%) in the absence of any chemical solvent. On the other
hand, Co(II) nanocatalyst was prepared by attaching of
cobalt ions on inert bipyridylketone over the nanohybrid
SiO2/Al2O3 mixed oxides (Figure 3) [49]. The catalytic oxida-
tions of the prepared nanocatalyst towards ethylbenzene
were assessed with TBHP as an oxidant in the absence of
any solvent. Under optimal conditions, the nanocatalyst
showed 79% selectivity towards the acetophenone with
47.2% conversion. Habibi and coworkers prepared another
catalyst by immobilizing cobalt ion on SiO2-Al2O3 support
(Figure 3) [48]. This performed ethylbenzene oxidation in
N-hydroxyphthalimide (2-hydroxy-1H-isoindole-1,3-dione
(NHPI)) with 82% selectivity in an oxygen atmosphere and
acetic acid solvent at 100°C. Very recently, SiO2-Al2O3-
APTMS-BPK-Mn(III) and SiO2-Al2O3-APTMS-BPK-Co(II)
catalysts were synthesized (Figure 3); these carried out the
ethylbenzene oxidation in NHPI without using any reducing
agent under an oxygen atmosphere. Conversion rates were
53% and 81% with selectivities 74% and 98% towards aceto-
phenone, respectively [45].

A novel and very simple Fe nanocatalyst on a modified
nanoscale SiO2-Al2O3 (Figure 4) was studied for alkylben-
zene oxidation [47]. Under optimal environments (substrate
to the TBHP ratio (1 : 1), in the absence of solvent, at 50-
120°C and 24h reaction time), an Fe nanocatalyst exhibited
40% conversion and 89% selectivity.

3.2.2. Silica (SiO2) Support. Silica has achieved a great interest
for many catalysts; this is due to their three-dimensional
open-pore network structures, high surface to volume ratio,
high reusability, and distinct optoelectronic and physio-
chemical properties; these provide well dispersion of metal

3Journal of Nanomaterials
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nanoparticles and facilitate the transport of molecules, ions,
or electrons through the nanopores/nanochannels, enhanc-
ing product yields with minimum cost and time. Mal and
Ramaswamy [25] reported the synthesis and catalytic activity
of three different metals (Ti, V, or Sn) on silica supports (a
new hydrophobic crystalline silica molecular sieve) using
hydrogen peroxide as an oxidant at 60-80°C [101]. Of the
three metallosilicates, Sn-silicalite-I was very reactive with
H2O2, accounting for 60% catalytic efficiency. On the other
hand, TS-1 (Si/Ti) and VS-1 (Si/V) demonstrated only
36.2% and 20.10% conversion, respectively. These catalysts
oxidize ethylbenzene in two different ways: first, by hydroxyl-
ating of arene at para-position and some extending to ortho-
position and, second, by adding oxygen at the side chain of
primary and secondary (α- and β-) carbon atom; the corre-

sponding carbinols (primary/secondary), which result from
the side chain oxidation, further undergo to yield aldehyde
or ketone. Normally, the oxidation at β-carbon dominates
over the α-carbon. In case of TS-1, the oxidation does not
occur at α-carbon. On the other hand, both positions are oxi-
dized by VS-1 and Sn-silicalite-1. These hydroxylation
reactions proceed an ionic mechanism onto TS-1 and TS-2
surfaces [102, 103]. Nonetheless, the product distribution
reveals that the side chain product is almost 4 to 5 times
higher than that of aromatic ring oxidation. Ghiaci et al.
[104] immobilized Mn(III) porphyrin complexes
[Mn(TMCPP)][TMCPP:5,10,15,20-tetrakis-(4-methoxycar-
bonylphenyl)-porphyrin] onto organo-functionalized silica
gel (Figure 5). This catalyst results in 40.8% conversion
but 96.6% selectivity in the liquid phase oxidation of
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Figure 2: Immobilization of metal (Mn/Co) ion onto functionalized SiO2/Al2O3 using linker molecule. Adapted with permission from
Elsevier [29, 44].
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ethylbenzene using TBPH as oxidant and without any sol-
vent at 150°C. They further tested the effect of reaction time
and found the catalysts exhibit maximum activity in 24
hours.

On the other hand, Rajabi and his colleagues [105] suc-
cessfully prepared and employed silica supported Cobalt(II)
salen complex (Figure 6); cobalt acetate was used as a source
of Cobalt(II) ion, for the aerobic oxidation of ethylbenzene in
presence NHPI at atmospheric pressure. The catalysts were
recycled for at least four times, and in the first cycle, 78%
product yield and 91% selectivity were realized.

Biradar and Asefa [23] have stated the preparation
method of gold nanoparticles as efficient catalysts for alkyl-
benzene oxidation by reducing Au(III) ions onto mesopo-
rous silica functionalized by hemiaminal reducing agents
(Figure 7). The supported nanoporous gold demonstrated
efficient catalytic action for the oxidation of diverse range
alkyl benzenes as well as linear alkanes in the presence of a
TBHP oxidant. It provided unprecedented conversion
(∼99%) and selectivity (∼100%) toward carbonyl ketones
under mild conditions. They also found that the mesoporous
silica supported gold nanocatalysts exhibit the highest activ-
ity for ethylbenzene oxidation in acetonitrile followed by
THF, ethyl acetate, and toluene, showing that the polar sol-
vents have positive impact on polarity and/or dielectric con-

stant of the reaction intermediates. Moreover, certain
solvents outperform others by undergoing a cooxidation pro-
cess which results in a more powerful oxidizing agent in the
course of the reaction.

Anand et al. [26] synthesized four different types of crys-
talline Ag nanoparticles by impregnating silica with aqueous
silver nitrate (Figure 7) and subsequent evaporation at 100°C.
The crystalline Ag nanoparticles of size 37 nm showed max-
imum conversion (92%) and selectivity (99%) towards aceto-
phenone in the absence of any solvent at 90°C. Cobalt(II)
Schiff base complexes with modified silica were prepared by
refluxing silica gel with 3-aminopropyl-trimethoxysilane in
dry dichloromethane wherein the silica was liganded with
Co(CH3COO)2·4H2O [106]. The catalysts exhibited 98%
conversion and 99% selectivity towards ketone products in
the presence of NHPI under an O2 atmosphere. Neeli et al.
[24] prepared Cu/SBA-15 catalysts by loading Cu via impreg-
nation wherein Cu(NO3)2·3H2O is the metal source
(Figure 7). At 10% Cu loading, the maximum conversion
(94%) and selectivity (99%) to acetophenone under solvent-
free condition were achieved at 90°C.

In another instance, Dan-Hua et al. [36] immobilized
manganese porphyrin onto silica nanoparticles on Fe3O4
solid matrixes. The catalysts become active upon the
removal of the hard template of the silica supports.
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Metalloporphyrin was fixed onto the inner surface of hol-
low microspheres allowing a substrate to diffuse onto
grafted manganese porphyrin through the pore of the sil-
ica shell. The catalysts were recycled for six times with
the retention of high activity and stability. Bhoware et al.
[107] prepared cobalt nanocatalysts onto hexagonal meso-
porous materials (Co-HMS and Co/HMS) by grafting var-
ious cobalt contents via hydrothermal and postsynthesis
methods. The catalysts exhibited good activity for liquid-
phase ethylbenzene oxidation in the presence of the TBHP

oxidant wherein H2O2 was inactive under solvent-free
condition accounting for 49.5% and 39.0% by Co-HMS
and Co/HMS, respectively, in a 24-hour reaction at 80°C;
Co/HMS catalysts exhibited greater selectivity (59%)
towards acetophenone. Sujandi et al. [108] immobilized
Co(III) ion onto cyclam (macrocyclic ring, Scheme 2)
complexed to functionalized SBA-15 with a chloropropyl
group through surface substitution reaction. This cyclam
group deposits Cobalt(II) into its cavity that facilitates
ethylbenzene oxidation with better conversion efficiency
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Figure 5: Metalloporphyrin metal ion covalently bound to silica. Adapted with permission from Elsevier [104].
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(60%). The presence of a pyridine group to the axial site
of Co(III) cyclam composite was further investigated, con-
ferring that this group enhances the ethylbenzene conver-
sion by 10% without losing the selectivity towards
acetophenone. Major silica-based catalysts for ethylben-
zene oxidation are summarized in Table 4.

3.2.3. Miscellaneous. Apart from these, a good number of
catalysts are being used for ethylbenzene oxidation
(Table 5). Rebelo et al. [110] synthesized and studied the
activity of five different types of Mn(III) porphyrin com-
plexes in ammonium acetate as cocatalysts. Among these,
Mn(β-NO2TDCPP)Cl provided the highest conversion
and selectivity due to the presence of a nitro group. The
cocatalysts for hydrogen peroxide activation included the
buffering substances, i.e., ammonium acetate [111], imidaz-
ole [112], and pyridine plus benzoic acid [113]. However,
the evidence of pyridine oxidation was also observed [114].
Xavier et al. [115] reported Y-zeolite supported Co(II),
Ni(II), and Cu(II) centers of dimethylglyoxime and N,N′
-ethylenebis (7-methylsalicylideneamine) which were pre-
pared in situ by reaction of ion-exchanged metal ions with
disulfide flexible ligands. However, Cu(II)-zeolite complexes
demonstrated maximum efficiency wherein the reactivity of
the complex is believed to be provided by the geometry of
encapsulated molecules as well as the steric condition of
active sites. The supported zeolite composites are highly sta-
tionary to be recycled and are apt to be used as catalysts for
partial oxidation. Choudhary et al. [116] investigated the cat-

alytic effect of MnO4
−1-exchanged Mg-Al hydrotalcite which

is a stable and green catalyst for the oxidation of a methylene
group, covalently attached to an aromatic ring under an oxy-
gen atmosphere. They found that the activity of methylene-
to-carbonyl conversion by MnO4

−1-exchanged hydrotalcite,
the decomposition of H2O2, and the basicity of Mg-Al hydro-
talcite rises with the raising Mg/Al ratio in the catalyst and
the Mg/Al ratio at 10; the highest catalytic activity as well
as selectivity (above 95%) was obtained for ethylbenzene oxi-
dation to acetophenone and diphenylmethane to benzophe-
none. These reactions were fully heterogeneous, but no
leaching of the active component(s) from the catalyst was
observed. The recycled catalyst exhibited good performance
after its first use in the oxidation reaction.

Bennur et al. [117] synthesized copper tri- and tetra-
aza macrocyclic complexes by encapsulating Y-type zeolite.
The “neat” and encapsulated complexes showed noble per-
formance in ethylbenzene oxidation at 60°C using TBHP
as an oxidant. While the encapsulated complexes showed
enhanced selectivity towards acetophenone, a small quan-
tity of o- and p-hydroxyacetophenones was also yielded,
reflecting that C-H bond activation takes place both at
benzylic and at aromatic ring carbon atoms. It is inferred
that ring hydroxylation takes place more over the “neat”
complexes than over the encapsulated complexes. This dif-
ference is due to the formation of various types of “active”
copper-oxygen intermediates, such as bis-μ-oxo complexes
and Cu-hydroperoxo species, at different proportions over
the “neat” and encapsulated complexes. In 2006, Jana et al.
[118] prepared different NiAl hydrotalcites by a conven-
tional precipitation technique using Ni/Al at molar ratios
of 2-5 in guest inorganic anions such as CO3

2− and Cl−;
these carried out the liquid-phase oxidation of the methy-
lene group of ethyl-substituted benzene to acetophenone
under an atmospheric oxygen as the sole oxidant in a
solvent-free system at 135°C. In the presence of CO3

2−

anion and Ni/Al ratio 5molmol−1, it showed higher activ-
ity for ethylbenzene oxidation with 99% selectivity towards
acetophenone than those prepared using Cl−, NO3

−, or
SO4

2− anions. Other hydrotalcite congaing transition-metal
solid catalysts such as CuAl-, ZnAl-, CoAl-, MgFe-, and
MgCr- demonstrated higher activity than that of NiAl hydro-
talcite. However, the active NiAl hydrotalcite presented

Pluronic 123   Micelle   Sol-gel reaction
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H2O

TEOS
SBA-15

HAuCl4 AgNO4 Cu(NO3)4.3H2O

Au/SBA-15            Ag/SBA-15            Cu/SBA-15

Figure 7: General procedure for the synthesis of silica-supported metal catalysts.
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Table 4: Oxidation of alkylbenzene by SiO2 supports.

Name of catalysts Substrate Oxidant
Reaction
time (h)

Reaction temperature
(°C)/solvent

Conversion
(%)

Selectivity
(%)

Ref.

Ti, V & Sn containing silicalite
molecular sieves

Ethylbenzene

H2O2 24
80/tert-butanol, acetone,

water
— — [25]

Silica gel supported cobalt, NHPI O2 24 100/acetic acid 98 99 [106]

Cu/SBA-15 TBHP 5 90/solvent free 94 99 [24]

Metalloporphyrin@SiO2 O2 — 100/solvent free 16 74 [36]

Ag/SBA-15 TBHP 5 90/solvent free 92 99 [26]

Au/SBA-15 TBHP 36 70/acetonitrile 79 93 [23]

Silica supported cobalt, NHPI O2 <12 100/acetic acid 78 91 [105]

SF-ATPS-Mn(III)TMCPP TBHP 24 150/solvent free 40 96 [104]

CO/HMS TBHP 24 80/solvent free 49 60 [107]

Co (III) cyclam functionalized
mesoporous silica

Air flow 8 -/acetonitrile 20 60 [108]

Mn-metformin complex on
modified
magnetic SiO2@Fe3O4 core/shell

O2 8 100/acetic acid 85 98 [109]

TMCPP: 5,10,15,20-tetrakis(4-methoxy carbonyl phenyl) porphyrin; AMTS = aminopropyl-trimethoxysilane.

Table 5: Oxidation of ethylbenzene with various catalytic supports materials.

Name of catalysts Substrate Oxidant
Reaction
time (h)

Reaction temperature
(°C)/solvent

Conversion
(%)

Selectivity
(%)

Ref.

Manganese (III) porphyrin,
ammonium acetate

Ethylbenzene

5.5
Room

temperature/acetonitrile
66 66 [110]

Zeolite-encapsulated Cu (II) H2O2 8 70/benzene 46 66 [115]

MnO 4-1 exchanged Mg-Al hydrotalcite O2 5 -/solvent free 22 98 [116]

Cu(tacn)(ClO4)2 TBHP 10 60/acetonitrile 49 91 [117]

Ni/Al hydrotalcites, CO3
2- O2 5 135/solvent free 47 99 [118]

Vanadia/ceria H2O2 6 60/acetonitrile 20 72 [119]

Cobalt(II)(5,10,15,20-tetrakis
(pentafluorophenyl))porphyrin

O2 24 100/solvent free 38 94 [120]

Hemin/NHPI O2 9 100/acetonitrile 92 94 [121]

Supported nickel O2 5 150/solvent free 20 80 [122]

Metal-doped HS-ALF3 TBHP 6 60/acetonitrile 70 72 [125]

Macrocyclic copper (II) complex TBHP 10 60/acetonitrile 62 88 [126]

DAEP-bentonite-Pd (II) TBHP 24 80/solvent free 92 93 [127]

Ni substituted copper chromite spinel TBHP 8 70/acetonitrile 56 68 [128]

Vanadium complex/NHPI system O2 12 90/Benzonitrile 69 97 [142]

Mesoporous Cu-ZrPO THBP 24 80/Benzonitrile 91 87 [145]

Immobilized bidentate Schiff base
oxovanadium(IV) complex

O2 14 110/solvent free ~40 98 [143]

Fe@CNT O2 3 155/acetonitrile 36 60 [144]

Supported Co4HP2Mo15V3O62 H2O2 — 70/glacial acetic acid 72 95 [146]

μ-Oxo dimeric metalloporphyrins O2 2 65/solvent free 91 99 [147]

Cobalt-supported catalysts on
modified MNPs

O2 10 100/ethanol 88 98 [148]

Carbon nanotube O2 4 155/acetonitrile 40 62 [149]

Mn/N-C/Al2O3 O2 6 120/solvent free 27 99 [150]

Mesosubstituted pyrazolyl
porphyrin complexes

TBHP 80/water 99 99 [151]

Tacn = triazacyclononane; HMS = hexagonal mesoporous materials; MNPs =magnetic nanoparticles.
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better performance in the oxidation of a variety of alkylaro-
matics to their corresponding benzylic ketones under similar
reaction conditions. Additionally, the preparation of NiAl
hydrotalcite is very cheap and stable using commercially
available reagents.

Radhika and Sugunan [119] impregnated ammonium
metavanadate in oxalic acid solution to prepare vanadia/ceria
catalysts (2-10% of V2O5) and carried out liquid-phase
oxidation of ethylbenzene with H2O2. It was found that the
activity was increased with loading of V2O5 up to 8%; how-
ever, it decreased after V2O5 content (10%). In some
instances, catalytic activity increases even after vanadia load-
ing beyond 10%, but selectivity towards acetophenone
decreases. Product analysis indicated that when vanadia
loading higher than 6%, it oxidizes the acetophenone to 2-
hydroxyacetophenone. XRD and FT-IR analysis revealed
the existence of extremely dispersed vanadia at lower loading,
but formation of CeVO4 when vanadia loading exceeded to
10% V2O5. Vanadia exhibits tetrahedral properties at lower
loading, but it forms Ce-O-V species onto the support
surface; this exhibited the existence of highly dispersed tetra-
hedral species at lower loading but agglomeration at the
higher extremes. Benzaldehyde production predominates
with Ce-O-Ce but acetophenone is the major product with
V-O-V structure.

Li et al. [120] described the oxidation process of ethyl-
benzene with fluorinated metalloporphyrins under a nor-
mal environment without any additives. They synthesized
three different types of [5,10,15,20-tetrakis(pentafluorophe-
nyl)] porphyrin with Fe, Mn, and Co at the centers, and
Co(II)(5,10,15,20-tetrakis(pentafluorophenyl))porphyrin was
found to be the ideal metalloporphyrins; these exhibited
38.6% conversion for ethylbenzene 94% selectivity towards
acetophenone along with 2719 turnover numbers under opti-
mal conditions (at 100°C and 24h). Ma et al. [121] investi-
gated the selective oxidation of ethyl substituted benzene
with iron-containing hemin (a biomimetic system of catalysts)
with molecular oxygen in acetonitrile. They reported 90.32%
conversion of ethylbenzene and 94.30% selectivity toward
acetophenone at 100°C under 0.3MPa O2 for 9h. In situ
formed 1-phenylethyl hydroperoxide (PEHP) can easily be
decomposed via a hemolytic cleavage by Hemin complex to
acetophenone.

Raju et al. [122] studied the aerobic oxidation of ethyl-
benzene without any solvent or any other additives using
nickel on various supports such as SiO2, hydroxyapatite,
SBA-15, and USY zeolites prepared by impregnation.
Hydroxyapatite- and USY- (13% Na2O) supported nickel
catalysts showed better conversion and selectivity toward
acetophenone due to the presence of a proper amount of
comparatively weak acid sites which accelerate the formation
of a major product [123], whereas the strong acid sites fasten
the formation of side products [124]. Accordingly, the sam-
ple having a greater number of intermediate strength acidic
points presented high conversion with reasonable selectivity
to acetophenone in comparison to samples having a greater
number of strong acidic points. It is also identified that addi-
tional acidic catalysts usually favor the breaking of hydrocar-
bons, thereby expediting the formation of more undesirable

by-products and coke that lead to the deactivation of
catalysts.

In 2008, Murwani et al. [125] synthesized pure and doped
high surface aluminum fluorides (HS-AlF3) with various
reactive metals like iron (Fe), vanadium (V), manganese
(Mn), and niobium (Nb) by means of sol-gel fluorination.
Of the four different types of reactive metals, V and Fe-
doped aluminum fluoride produced the best results in ethyl-
benzene conversion and selectivity towards acetophenone at
60°C and solvent to TBHP ratio 1 : 3 since these two metals
are rich with surface Lewis acid sites having abundant chem-
isorption capability to oxygen. It was also found that acetoni-
trile is the standard solvent. Mn-doped sample contained
little quantity of medium-weak Lewis acid sites; however,
Nb-doped aluminum fluoride exhibited very high concentra-
tion of Bronsted acid sites, on the educts that could not be
necessarily activated. The functions of acid sites include (a)
the activation of the tert-butyl hydroperoxide on doped
metal fluorides acting as Lewis acid and redox center and
(b) the yielding of acetophenone from ethylbenzene as a
major product. Unfortunately, vanadium ion containing
HS-AlF3 which has a leaching effect did not show ethylben-
zene conversion under reaction condition.

Salavati-Niasari [126] encapsulated copper(II) com-
plexed with twelve-membered cyclic ligands containing three
contributing atoms (N2O2, N2S2, and N4) in macrocyclic ring
in zeolite-Y nanocavity with a flexible ligand method in a
two-step liquid phase reaction. This, first, adsorbs the ligand
source, 1,2-di(o-aminophenyl-, amino, oxo, thio)ethane,
N2X2 in the supercages of the Cu(II)-NaY and, finally, con-
denses the Cu(II) precursor complex [Cu(N2X2)]

2+ with
glyoxal or biacetyl. Good catalytic action (58.2%) with high
selectivity was found in ethylbenzene oxidation by zeolite
encapsulated ligand complexes at 60°C using TBHP oxidant;
this is because the encapsulated complexes ensure uniform
dispersion of metal complexes inside the nanoporous sup-
port which gives the structural integrity. The zeolite structure
can retain the visitor multiplexes dispersed and inhibit their
dimerization.

In 2010, Ghiaci et al. [127] synthesized the palladium
nanotubes as well as nanoparticles onto bentonite (an absor-
bent) modified with 3,3-(dodecylazanediyl)-bis-(N-(2-(2-
aminoethylamino)-ethyl)propanamide) (DAEP) having an
aliphatic tail (C-12) and a hydrophilic head. This modified
bentonite, called DAEP-bentonite, was operated as a nanor-
eactor for the synthesis of Pd2+ and Pd0 nanoparticles. They
carried out oxidation of ethylbenzene and found that Pd2+

on functionalized bentonite along with cetylpyridinium bro-
mide and DAEP showed higher activity compared to Pd(0)
onto identical support materials under similar reaction
condition.

George and Sugunan [128] synthesized five different
types of spinels, namely, CCr, CNCr-1, CNCr-2, CNCr-3,
and NCr depending on Cu, Ni, and Cr by a coprecipitation
method with the use of three consecutive nitrates such as
copper nitrate, nickel nitrate, and chromium nitrate. In the
liquid-phase oxidation of ethylbenzene, CNCr-2 resulted in
the maximum conversion (56.1%) and selectivity (68.7%)
under the same reaction condition. They also tested the
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efficiency of various solvents on catalytic activity and found
better product in the absence of a solvent. A mechanistic
scheme revealed chromite would be a convenient and eco-
friendly alternative for hazardous oxidants. NHPI can effi-
ciently improve the aerobic oxidation of hydrocarbon by
combining with various mediators such as metal compounds
[129–132], hemin [121], oximes [133], anthraquinones
[134], o-phenanthroline [135], azobisisobutyronitrile
(AIBN) [136], Ce(IV) [137], alkaline-earth chlorides [138],
I2/HNO3 [139], NO2 [140], and quaternary ammonium salts
[141].

Qin et al. [142] investigated the conciliation effect of
vanadium complexes on ethylbenzene oxidation using N-
hydroxyphthalimide (NHPI) at 90°C in benzonitrile. Of the
vanadium mediators used, a sequence of oxobis (8-quinoli-
nolato) vanadium(IV) complexes synthesized by coordina-
tion of 8-hydroxyquinoline or its derivatives with oxobis
(2,4-pentanedionate) vanadium(IV)(VIVO(acac)2) exhibited
a better mediation effect compared to VIV O(acac)2·NH4VO3
and V2O5 giving 60-69% conversion of ethylbenzene and
97% selectivity towards ketone product under optimum reac-
tion condition because of the dual effect of vanadium media-
tors on NHPI transformation to phthalimide-N-oxyl(PINO)
radical as well as the breakdown of 1-phenylethyl hydroper-
oxide to acetophenone [142].

A new immobilized bidentate Schiff base oxovanadiu-
m(IV) complex was prepared [143] using chloromethylated
crosslinked polystyrene microspheres (CMCPS micro-
spheres), a starting carrier. First, the chloromethyl group of
CMCPS microspheres was transferred to the aminomethyl
group through Delépine reaction with a hexamethylenetetra-
mine (HMTA) reagent forming aminomethylated (AM)
microspheres (AMCPS). Secondly, the Schiff base reaction
between the primary amino group of AMCPS and salicylal-
dehyde (SA) resulted in Schiff base-type resin microspheres
(SAAM-CPS) on which bidentate Schiff base ligand SAAM
were chemically attached. The subsequent coordination
between the ligand SAAM of SAAM-CPS micropores and
vanadyl sulfate (VOSO4) formed heterogeneous oxovanadiu-
m(IV) complex catalyst, chemically immobilized bidentate
Schiff base-type oxovanadium(IV) complex, and CPS-

VO(SAAM)2 microspheres. This complex efficiently carried
out oxidation of ethylbenzene under mild conditions with
excellent reusability.

Luo et al. [144] prepared an iron nanowire-filled carbon
nanotube (Fe@CNT), a magnetic separable heterogeneous
catalyst by chemical vapor deposition. Selective oxidation of
ethylbenzene showed that iron nanowire competently
improved CNTs activity by accelerating electron transfer in
dioxygen. Besides, Fe@CNTs could be recycled after consec-
utive six cycles with no loss of its catalytic activity simply by
applying external magnetic force. Miao et al. [145] synthe-
sized a sequence of mesoporous Cu-ZrPO (M-Cu-ZrPO) cat-
alysts for liquid-phase ethylbenzene oxidation with a surface
area of ~200m2/g, uniform pore size of ~7.8 nm, and various
copper content (0-30%) by facile one-pot evaporation. They
stated that M-Cu-ZrPO can retain its thermal stability, reus-
ability (more than five cycles), and ordered mesostructure
even after heating at 700°C. Due to its stability, the activity
of M-Cu-ZrPO steadily increased with raising copper con-
tents up to 30% with conversion 91.2% and selectivity 87%
towards acetophenone.

Tang et al. [152] synthesized and looked into the effect
of several N-doped graphene in ethylbenzene oxidation. In
all these reactions yielded acetophenone as the major prod-
ucts and little amount of benzaldehyde and benzoic acid as
by-products. In the N-doped graphene catalytic system, it
is not only the nitrogen but also the graphitic nitrogen cata-
lyzes the conversion of ethylbenzene to acetophenone
because the graphitic nitrogen is liable for TBHP activation
[153]. However, too much N-doped graphene demonstrated
an adverse effect on the activity. Usually, at high tempera-
ture, N-doped graphene exhibited good catalytic activity in
comparison to those reacted at low temperature. Tang
et al. also correlated the total nitrogen content and N-doped
graphite in yielding of acetophenone (Table 6).

Very recently, Yao et al. [151] reported the synthesis of
three novel catalysts (CuPp, MnPp, and ZnPp) by solvother-
mal methods and measured their catalytic activity in terms
of alkylbenzene conversion. The catalysts exhibited better
activities for ethylbenzene oxidation and selectivity towards
acetophenone. These catalysts can be recycled by simple

Table 6: Activity of graphitic nitrogen materials in selective oxidation of ethylbenzene [152].

Entry Sample Acetophenone (%) Nitrogen element (%) Oxygen element (%) Graphitic nitrogen (%)

1 Ac-250 55.9 0.59 11 0.21

2 Ac-450 84.1 4.8 7.9 1.2

3 Ac-650 87.9 3.8 4.0 1.4

4 Ac-850 81.6 6.1 3.0 3.4

5∗ Ac-850 49.9 6.1 3.0 3.4

6 Am-250 55.8 2.0 9.5 0.18

7 Am-450 86.5 2.6 7.9 0.35

8 Am-650 93.2 4.6 3.9 0.77

9 Am-850 57.9 5.2 4.6 1.1

10∗ Am-850 81.9 5.2 4.6 1.1

Reaction conditions: 1mmol ethylbenzene, 3 mmol TBHP, 10mg catalyst, and 3mL H2O were put into a 50mL sealed pressure glass vessel with magnetic
stirring (80°C (∗65°C)) 24 h.
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filtration with no loss of catalytic ability and selectivity.
Among these three catalysts, MnPp showed the highest cat-
alytic ability and the selectivity (99%). Although the conver-
sion rates of CoPp and CuPp catalysts were slightly lower,
the selectivity exceeded more than 98%. On the other hand,
ZnPp exhibited low catalytic ability in ethylbenzene conver-
sion (40%).

4. Current Approach for Oxidation Reaction

Recently, scientists are paying more attention to use the
catalysts especially heterogeneous for oxidation reactions
some of them have been summarized in Table 2.

5. Future Prospects

Several heterogeneous metal complexes are available for the
oxidation of alkylbenzenes at high temperatures (>300°C),
but the majority of the systems are not suitable for industrial
conversions since the reactive intermediates are converted to
various by-products that incur additional purification cost.
Besides, the product distribution further depends on several
factors. The profit-making interest in industrial catalysis of
ethylbenzene to carbonyl compounds is a priori and must
receive due interest in recent catalytic chemistry. The key
barrier is the harsh reaction condition, and hence, designing
a catalytic systemwith low cost and readily available selectivity
has been challenging. The innovation of a novel method and
modification of the existing techniques having clear advan-
tages will continue to receive attention in catalyst research.

6. Conclusions

The continuous importance of aerobic oxidation of the alkyl
substituted benzene to its corresponding ketone has inspired
researchers to develop an efficient, green, and novel catalyst.
Homogeneous catalysts have been investigated for high selec-
tivity and conversion rate for the ethylbenzene oxidation.
However, the reusable features of the supported metal cata-
lysts have got wider acceptability even though the catalytic
ability of the heterogeneous catalysts is still lower than the
homogeneous ones. Lots of improvements have been made
in the development of SiO2-Al2O3- and SiO2-based catalytic
system along with various metals and organic/semiorganic
linkers, and the selectivity of these systems has been demon-
strated with various activators as building units. The Au/SiO2
systems have made numerous progresses in the aerobic oxi-
dation of alkylbenzene. Apart from this, SiO2-Al2O3-based
catalysts have presented much reactivity and selectivity in a
variety of oxidation processes. Because of the substantial
improvements in product yield and catalyst reusability, het-
erogeneous catalysts have gained growing consideration in
the recent years. The wider availability along with various
physical features and porosities of several supports (e.g.,
mesoporous carbon hydroxyapatite, mesoporous silica, and
microporous zeolite) attracts think-tank to design and
generate catalytic systems as well as to explore their oxidation
scheme. Porous supports along with channels and well-
defined cages offer a nanoreactor environment, which can

present shape selectivity for substrates, products, and transi-
tion states.
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Nano-BiOBr photocatalysts were successfully prepared by hydrothermal synthesis using the ethylene glycol solution. The nano-
BiOBr photocatalysts were characterized and investigated by X-ray diffractometry (XRD), scanning electron microscopy (SEM),
photoluminescence (PL), and UV-vis diffuse reflectance spectroscopy (UV-Vis DRS), and the catalytic ability toward
photodegradation of rhodamine B (RhB) was also explored. The results showed that the crystallinity of the nano-BiOBr
photocatalyst decreased with the increase of the concentration, while it increased with the amount of the applied deionized
water. The morphology of the nano-BiOBr photocatalyst changed from microspheres to cubes and then to a mixture of
microspheres and flakes with the increasing of the concentration and from microspheres to flakes with the addition of the
deionized water. The results indicated that the concentration and solvents have an essential influence on the bandgap energy
values of the nano-BiOBr photocatalyst, and photocatalyst showed an excellent photocatalyst activity toward photodegradation
of RhB. The degradation yields of photocatalyst decreased with the increase of the concentration and increased with the
addition of the deionized water. PL intensity of photocatalyst increased with the increase of the concentration and weakened
with the addition of the deionized water.

1. Introduction

In recent years, the phenomenon of global water pollution
has become a more and more severe issue with the rapid
development of the economy, which has attracted wide-
spread attention because of the close relationship between
water resources and people’s daily work and life [1, 2].
Many ways can cause water pollution, one of them being
the textile industry and wastewaters with organic dye, which
are challenging due to their poor biodegradability [3–5].
Semiconductor bismuth halide (BiOX, X=Cl, Br, I)-based
photocatalysts have attracted extensive attention from
researchers because of their unique structure and excellent
photocatalytic properties [6, 7]. BiOBr was the target mate-
rial of the presented investigations because of its moderate
bandgap, open layered structure, high oxidation ability,
indirect transition mode, high visible light response ability,
and excellent stability [8, 9]. There are many methods to

prepare BiOBr, such as high temperature-based solid-state
[10], hydrothermal [11], solvothermal [12], water- (alcohol-
) based [13], ultrasound-assisted [14], and electrospinning
method [15]. Among them, hydro- and solvothermal
methods are the most commonly used synthesis pathways.
The structure, morphology, crystallinity, and phase forma-
tion of the photocatalysts can be effectively obtained through
controllable synthesis because of the slow product formation
rate, simple and easy ways to control reaction conditions, and
stable reaction environment during the water- (solvent-)
based thermal reaction [16]. For example, nano-BiOBr
microspheres were synthesized previously by the solvother-
mal method using ethylene glycol (EG) as a solvent [17]. On
the other hand, nano-BiOX microspheres were obtained
using other solvothermal methods and the same solvent
EG [18]. BiOBr/SrFe12O19 nanosheets were synthesized by
the solvothermal method using deionized water (DI) as a
solvent [19]. AgBr/BiOBr nano-heterostructure-decorated
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polyacrylonitrile nanofibers were synthesized by electro-
spinning technique and solvothermal treatment in the pres-
ence of an EG solution as the reductant [20].

Therefore, the present paper is aimed at using
Bi(NO3)·5H2O and CTAB as raw materials, with EG and
DI as a solvent, under the condition of different concen-
trations and different solvents to obtain nano-BiOBr
photocatalyst. The influences of different solvents and con-
centrations of precursors on the structure, morphology,
optical properties, and photocatalytic activities were also
investigated systematically.

2. Experiment Section

2.1. Synthesis of Nano-BiOBr Photocatalyst. In the first step,
2mmol of Bi(NO3)·5H2O is added to 80ml of EG, and the
solution was ultrasonicated until it was completely dissolved
(obtaining solution A). Afterward, 2mmol of CTAB was
introduced into solution A, stirred magnetically until it was
completely dissolved (solution B). Next, solution B was intro-
duced into a high-temperature reactor (the filling degree is
80%), and after constant temperature reaction at 180°C for
10 hours in an incubator, the solution was naturally cooled
to room temperature, and the precipitate was separated.
Finally, the precipitate was washed with DI and alcohol,
and then, the nano-BiOBr photocatalyst was finally obtained
after the drying procedure at 80°C for 12 hours. Table 1
shows the abbreviation and synthesis parameters of nano-
BiOBr photocatalyst obtained with different synthesis condi-
tions, abbreviating them with (a)–(d) in the latter stages of
the manuscript.

2.2. Characterization of Nano-BiOBr Photocatalyst. The
crystalline phases were determined by a Bruker D8 Advance
X-ray diffractometer (XRD) using a Cu Kα (λ = 0:15418 nm)
radiation in the θ~2θ Bragg. The morphologies of the as-
prepared samples were observed and investigated by a field
emission scanning electron microscope (FESEM, Nova
NanoSEM 450, FEI). The UV-vis absorption spectra of the
samples were measured with a Cary 5000 (Agilent, USA).
The photoluminescence (PL) spectra were observed with a
He-Cd laser 280nm.

2.3. Determination of the Photocatalytic Activity of the
Nano-BiOBr Photocatalyst. The photocatalytic reactions
were carried out in a CEL-LAB500E4 multisite photochem-
ical reaction system. The catalytic activity of the target deg-
radation product was evaluated by using nano-BiOBr
photocatalyst under the visible light source. In a typical
photocatalytic experiment, 0.05 g of the nano-BiOBr photo-
catalyst was dispersed into 50ml of RhB (10mg/l) solution
and magnetically stirred in the dark for 30min to reach the
adsorption-desorption equilibrium between RhB and the
nano-BiOBr photocatalyst. Then, the light source was turned
on, and a sample of 4ml of the suspension was continually
taken from the reaction cell at every 15 minutes and centri-
fuged. Finally, the absorbance of the supernatant at the max-
imum absorption wavelength was analysed through an
ultraviolet-visible spectrophotometer (UV-1901). The degra-

dation efficiencies were calculated according to the expres-
sion of degradation rate (1 − A/A0), where A0 is the
absorbance of the target degradation at its maximum absorp-
tion wavelength before illumination, and A is the absorbance
value after illumination for a certain time.

3. Results and Discussion

3.1. XRD Analysis. The XRD patterns of nano-BiOBr photo-
catalyst at different concentrations and different solvents are
shown in Figure 1. It is clear that the prepared nano-BiOBr
photocatalysts were consistent with the standard diffraction
pattern of tetragonal BiOBr (PDF#85-0862) (Figure 1(a)).
No other specific diffraction peaks were detected, indicating
that the nano-BiOBr photocatalysts prepared in different
concentrations and different solvents are pure tetragonal
nanoparticles. The intensity of the diffraction peak is weak-
ened with the increase of the concentration, indicating that
the concentrations are the key factor affecting the crystallin-
ity of nano-BiOBr photocatalyst, 2-theta was right-shifted,
and the crystal space d decreased according to the Prague
equation (d sin θ = nλ). The intensity of the diffraction peak
increases with the increase of DI, indicating that the increase
of DI throughout all the experiments is beneficial to increase
the crystallinity of nano-BiOBr photocatalyst; the influence
factors were more, and the main reason remains to be fur-
ther studied.

In order to study the stability of the nano-BiOBr photo-
catalyst, the XRD of the nano-BiOBr photocatalyst after the
photocatalytic reaction was investigated (Figure 1(b)). Com-
pared with the results before the photodegradation, there are
no noticeable changes in the crystal phases of the samples.

3.2. SEM Analysis. Figure 2 shows the SEM images of nano-
BiOBr photocatalysts prepared using different concentra-
tions and different solvents. As shown in Figure 2(a), BiOBr
microspheres with a diameter of ~2μm were obtained, and
the BiOBr microspheres are self-assembled from irregular
nanosheets with a thickness of ~10 nm. From Figure 2(b),
BiOBr cubes of ~2μm are obtained, BiOBr being also self-
assembled from irregular nanosheets in a fixed manner.
Compared with (a) photocatalyst, (b) photocatalyst is self-
assembled from nanosheets more densely, and the thickness
of the nanosheets is higher (~20nm). As shown in
Figure 2(c), irregular sheetlike nano-BiOBr was obtained;
compared with (b) photocatalyst, (c) photocatalyst is a nano-
sheet with a thickness of ~15 nm. From Figure 2(d), it can be
observed that a mixture of BiOBr microspheres and sheetlike
BiOBr is obtained. BiOBr microspheres are tightly assembled
from irregular nanosheets with a thickness of ~15 nm.

Table 1: The specific process parameters of samples.

Sample V1 : V2 CBi : CBr T (°C) Notes

(a) 8 : 0 1 : 1 180 V1: EG volume

(b) 8 : 0 1 : 3 180 V2: DI volume

(c) 8 : 1 1 : 3 180 CBi: the source of Bi
+3

(d) 8 : 0 1 : 5 180 CBr: the source of Br
-
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Compared with (b) photocatalysts, (d) photocatalysts have
more unassembled nanosheets, and the thickness of the
nanosheets is smaller and assembled in a way that cubes
become microspheres. The results showed that the mor-
phology of the nano-BiOBr photocatalyst changed from
microspheres to cubes and then to a mixture of microsphere
and flakes with the increasing of the concentration of pre-
cursors. Moreover, the morphology of nano-BiOBr photo-
catalyst changed from microspheres to flakes with the
addition of DI.

3.3. UV-Vis DRS Analysis. Figure 3 shows the UV-vis diffuse
reflectance spectra and corresponding bandgap energies of
the nano-BiOBr photocatalyst. It can be observed that the
absorption edges of (a)–(d) photocatalysts can be found at
439, 450, 446, and 453nm, respectively, indicating that the
absorption wavelength range of (d) photocatalyst is the larg-
est, and the absorption wavelength range of (a) photocatalyst
is the smallest, meaning that, more visible light can be
absorbed with the increasing of the concentration; the
absorbed visible light is reduced with the addition of DI.
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Figure 1: XRD patterns of samples (a) before and (b) after the reaction.
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Figure 2: SEM images of (a)–(d) photocatalysts.

3Journal of Nanomaterials



0.2

0.0

0.4

0.6

0.8

1.0

0.2

0.0

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

200 300 400 500 600 700 800

0.0

0.2

0.4

0.6

0.8

1.0

1.2

A
bs

or
ba

nc
e (

a.u
.)

A
bs

or
ba

nc
e (

a.u
.)

A
bs

or
ba

nc
e (

a.u
.)

A
bs

or
ba

nc
e (

a.u
.)

Wavelength (nm)

200 300 400 500 600 700 800
Wavelength (nm)

200 300 400 500 600 700 800
Wavelength (nm)

200 300 400 500 600 700 800
Wavelength (nm)

(A)

(C)

(B)

(D)

(a)

2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0
0.25
0.50
0.75
1.00
1.25
1.50
1.75
2.00
2.25
2.50

(𝛼
h
𝜐

)1/
2 (e

V
)1/

2
(𝛼
h
𝜐

)1/
2 (e

V
)1/

2

(𝛼
h
𝜐

)1/
2 (e

V
)1/

2
(𝛼
h
𝜐

)1/
2 (e

V
)1/

2

h𝜐 (eV)

2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0
h𝜐 (eV)

2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0
h𝜐 (eV)

2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0
h𝜐 (eV)

0.5

1.0

1.5

2.0

2.5

0.5

1.0

1.5

2.0

2.5

0.5

1.0

1.5

2.0

2.5

(A)

(C)

(B)

(D)

(b)

Figure 3: UV-vis diffuse reflectance spectra and a corresponding bandgap width of (A)–(D) photocatalysts.
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The position of the absorption edge is closely related to the
forbidden bands of the semiconductor photocatalyst. The
forbidden bandwidth of the BiOBr photocatalyst is calculated
by Equation (1) [21].

αhv = A hv − Egð Þn/2, ð1Þ

where α, h, ν, A, and Eg represent the intrinsic absorption
coefficient, the Planck constant, the frequency of light, the
proportion constant of photocatalyst, and the bandgap width
of semiconductor, respectively. n = 2 for direct bandgap
semiconductor, and n = 4 for indirect bandgap semiconduc-
tor. n = 4 because BiOBr photocatalyst is an indirect bandgap
semiconductor. Using the formula on the hν~ðαhνÞ1/2 curve,
as shown in Figure 3(b), it can be observed that the tangent in
the middle section of the curve and the intercept between
tangent and abscissa is the bandgap of BiOBr photocatalyst.
The bandgap of (a)–(d) photocatalyst measured by plotting
and tangent fitting was 2.77 eV, 2.57 eV, 2.67 eV, and
2.53 eV, respectively. It can be observed that the bandgap
decreases continuously with the increase of the concentration
and the bandgap increases with the addition of DI. It can be
concluded that the concentration of substances and solvents
has an important influence on the bandgap energy values of
BiOBr photocatalyst.

3.4. Photodegradation of RhB Using Nano-
BiOBr Semiconductors

3.4.1. UV-Vis Absorption Spectral Analysis. Figure 4 shows
the UV-vis absorption spectral changes of RhB aqueous
solution vs. irradiation time in the presence of the (a)–(d)
photocatalysts. With the increase of the irradiation time,
the absorption maximum of the spectra declined, and
the band shifted to a smaller wavelength, which indicates
N-demethylation and the destruction of the conjugated
structure in the RhB photodegradation process [22]. The
blue-shifted band implies that the main photocatalytic
degradation path of the RhB is N-demethylation. The major
peaks are reduced gradually during visible light irradiation,
indicating a step-by-step degradation of RhB. The RhB UV-
vis absorption spectra of the (a) photocatalyst were approxi-
mately a straight line after 60min of illumination, indicating
that the photocatalytic reaction of the (a) photocatalyst to
RhB was mainly completed. The absorption peak of RhB in
the visible light region of (a), (c), and (d) photocatalysts has
completely disappeared after 80min, and the decolourisation
efficiency reaches 100%. The RhB solution photodegraded
using (b) photocatalysts had a weak absorption peak at the
end of the process. The findings are in accordance with the
results obtained from previous sections, as the degradation
efficiency of photocatalyst decreases with the increase of the
concentration. On the other hand, the degradation efficiency
of photocatalyst increased with the addition of DI.

3.4.2. Degradation Efficiency for RhB of BiOBr Photocatalysts.
Figure 5 shows the degradation performance for RhB by
photocatalysts prepared in different concentrations and dif-
ferent solvents. The results showed that the degradation per-

formance of photocatalyst declines in varying degrees with
the increase of the concentration, which indicates that the
concentration can change the degradation performance of
the photocatalyst. The degradation performance of photoca-
talyst improves with the addition of DI. The degradation per-
formance of (a)–(d) photocatalysts to RhB was 96.3%, 68.8%,
88.1%, and 81.3%, respectively, after 60min of light irradia-
tion. It can be summarised that (a) photocatalyst showed
the highest photocatalytic activity for RhB.

3.5. PL Analysis. Nano-BiOBr photocatalyst using different
concentrations and different solvents were characterized by
photoluminescence (PL) spectroscopy to verify further the
conclusions mentioned above. The excitation wavelength
was 280nm, and the emission range was 400nm to 600 nm,
as shown in Figure 6. The movement, transfer, and recombi-
nation rate of photogenerated electron-hole pairs were
revealed by PL spectra. The lower the intensity of emission
peaks in PL spectra, the higher the separation efficiency of
electrons and holes in semiconductors and the higher the
photocatalytic activity of photocatalysts that were observable
[23]. It can also be seen that the PL intensity increases with
the increase of the concentration, while the photocatalytic
activity decreases. As can also be observed, the PL intensity
is weakened with the addition of DI and the photocatalytic
activity increased. It can be seen from the figure that all of
the photocatalysts have emission peaks at 437nm, 449nm,
and 466nm and the order of luminous intensity is
(b)> (d)> (c)> (a), which means that the recombination rate
of electrons and holes of the four materials decreases gradu-
ally and the photodegradation performance is gradually
enhanced, which is in accordance with the previous photo-
catalytic experiment results.

4. Conclusion

Nano-BiOBr photocatalysts were successfully prepared by
the hydrothermal method. The influences of different con-
centrations and different solvents on structure, morphology,
optical properties, and photocatalytic properties are investi-
gated systematically. The results show that the crystallinity
of the nano-BiOBr photocatalyst decreases with the increase
of the concentration and increases with the increase of the
DI. The morphology of the nano-BiOBr photocatalyst
changes from microspheres to cubes and then to a mixture
of microsphere and flakes with the increasing of concentra-
tion, from microspheres to flakes with the addition of DI. It
was also proved that the concentration and solvents have
an essential influence on the bandgap energy values of the
nano-BiOBr photocatalyst. The degradation performance of
photocatalyst with the decline in the increase of concentra-
tions improves with the addition of DI. The semiconductor
(a) showed the highest photocatalytic activity toward RhB.
PL intensity of photocatalyst increased with the increase of
the concentration and weakened by the addition of DI.
Therefore, the high photocatalytic activity of photocatalysts
for contaminant aqueous solution makes this research a
new platform to develop flexible photocatalyst for practical
applications in water purification.
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Figure 4: UV-vis absorption spectral changes of RhB aqueous solution as a function of irradiation time in the (a)–(d) photocatalysts.
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In the present article, the synthesis of TiO2/diazonium/graphene oxide and its photocatalytic activity for methylene blue (MB)
degradation have been demonstrated. The functionalization of graphene oxide (GO) with diazonium salt (diazonium-GO) was
conducted for enhancing the dispersibility of GO in distilled water. TiO2 was highly dispersed in diazonium-GO to form
TiO2/diazonium/graphene. The obtained specimens were characterized by X-ray diffraction, FT-IR spectroscopy, Raman
spectroscopy, UV-Vis spectroscopy, scanning electron microscope, transmission electron microscopy, and X-ray photoelectron
spectroscopy. It was found that the TiO2 phase in TiO2/diazonium/GO composites can be controlled by adjusting the amount of
ethanol or titanium oxide in the reactant mixture. The obtained composites exhibited photocatalytic activities for methylene
blue degradation (MB). The composite with ac. 70% anatase can provide the highest MB degradation efficiency. The studying of
some intermediates for MB photocatalytic degradation using LC-MS showed that structure of MB by the cleavage and oxidation
of one or more of the methyl group substituent on the amine groups lead to form compounds with low molecular masses. Total
organic carbon studies confirmed a complete mineralization of MB. The present catalyst was stable and recyclable after three
times with a negligible loss of catalytic activity. In addition, the TiO2/diazonium/GO can also photocatalyze for the degradation
of some other dyes (phenol, methyl red, and Congo red).

1. Introduction

Titanium oxide-based materials in several types and forms
have exhibited excellent potential as powerful photocatalysts
for various reactions thanks to their chemical stability, non-
toxicity, and high reactivity and interesting materials with
nonline optical properties for applications in ultrafast optical

information processing, optical switching, and optical limit-
ing for protection against strong laser radiation [1]. In partic-
ular, titanium oxide has been used for such significant
applications as the solar photons for the photocatalytic
depollution [2], energy conversion [3], and purification of
polluted water and air [4]. It is well known that three poly-
morphs of titania are brokite, anatase, and rutile. Rutile is a
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stable phase while brokite and anatase are metaphases.
Because of the difficulty in the synthesis, the catalytic activity
of brokite is seldom reported. Anatase exhibits higher
catalytic activities compared with those of rutile [5, 6].
However, detailed mechanisms and factors influencing dif-
ferent activities of these polymorphs are controversial.
During the photocatalytic process, the photo-induced elec-
trons and holes are generated because the electrons are
excited from the valence band (VB) of TiO2 to the con-
duction band (CB). The holes and electrons will react with
water and oxygen to form free radicals which can oxidize
and decompose the organic compounds [7]. However, the
fast recombination of excited state CB electrons and VB
holes without initiating the photocatalytic activity limits
TiO2 in catalytic applications. Many approaches of pre-
venting the photo-induced electron-hole recombination
have been reported, such as using TiO2 composites with
transition metal oxides [8, 9], noble metals [10, 11], and
carbon nanotubes (CNT) [12, 13].

Graphene is an interesting material because of its unique
electronic property [14], high mobility and transparency
[15], flexible structure, and high surface area [16]. Graphene
oxide (GO) could be considered as graphene functionalized
by hydroxyl, carboxylic acid, and epoxide groups [17, 18],
and their properties are sensitive to chemical doping,
adsorbed or bound species [19]. Generally, an electron
energy gap could be varied by oxidation of graphene, and
the value of the energy gap depends on oxidization degree
of graphene and species of oxygen-containing groups. It
means that GO could change from conducting to insulating
by tuning the C/O ratios [20, 21].

The combination of TiO2 with GO is considered as the
versatile composite for photocatalyst due to the excellent
absorbability and conductivity of GO. Much attempt on
investigation into the synthesis and application of
TiO2/GO composites as photocatalyst has been reported.
Chen et al. [22] reported the synthesis of visible-light-
driven graphene oxide/TiO2 composites with p/n hetero-
junction from TiCl3 source, and these semiconductors
could be excited by visible light and acted as a sensitizer
in graphene oxide/TiO2 composites. TiO2 nanorods are
self-assembled on the graphene oxide sheets at the water/-
toluene interface [23]. During the preparation of GO–TiO2
composites by sonicating the dispersed TiO2 nanoparticles
and GO in ethanol, Williams et al. [24] found that GO
can be reduced photocatalytically by TiO2 under UV light
irradiation. However, the formation of homogeneous mix-
ture of TiO2 and GO is often a problem because the easy
formation of agglomeration of both titania and GO pre-
vents the effective dispersion of these metal oxide nano-
particles in a GO matrix. In order to overcome this
experimental hinderance, several GO derivatives have been
prepared by grafting new functional groups such as ethyle-
nediamine [25], EDTA [26], and diazonium of sulfanilic
acid [27] through a GO backbone to form the water solu-
ble GO; as a result, nanooxide particles are effectively dis-
persed in a GO matrix. Continuing this idea, in the
present paper, GO was modified by the diazonium salt
of sulfanilic acid prior to dispersion of TiO2 on GO with

an idea to enhancing the possibility of inserting active
oxygen-containing polarization groups between graphite
layer in graphene oxide, which adjusts the semiconductiv-
ity of graphene oxide in the obtained composite. The pho-
tocatalytic activity of the TiO2/diazonium/GO composite
material was evaluated by the degradation of methylene
blue (MB) in the visible light region.

2. Experimental

2.1. Materials. Graphite powder (C, 99%), titanium tetra-
chloride (TiCl4, 99%), potassium permanganate (KMnO4,
99.5%), sodium nitrate (NaNO3, 99%), sulfuric acid
(H2SO4, 98%), and ethanol (C2H5OH, 99.5%) were purchased
from Merck. Hydrogen peroxide (H2O2, 30%), sulfanilic acid
((H2N)C6H4SO3H, 99.8%), ammonia solution (NH4OH,
25%), hydrochloric acid (HCl, 37%), 1,4-benzoquinone
(C6H4O2, ≥99%, BQ), dimethyl sulfoxide ((CH3)2SO, 99.9%,
DMSO), diamonium oxalate ((NH4)2C2O4·H2O), ≥99.5%,
AO), tert-Butanol ((CH3)3COH, ≥99%, TB), and methylene
blue (C16H18N3SCl, MB) were obtained from Sigma-Aldrich.
All chemicals used were of analytical grade and were used as
received without any further purification.

2.2. Synthesis of Graphene Oxide. GO was synthesized by a
modified Hummers’ method [28]. In a typical synthesis,
1.0 g of graphite powder was added into 2.5 g of NaNO3
and 100mL of concentrated H2SO4 under magnetic stirring.
Then, 3.0 g of KMnO4 was slowly added to this mixture at
10°C under stirring for 2 h before adding 100mL of distilled
water and heating up to 98°C under stirring for another 2 h.
After that, 10mL of H2O2 was poured into the mixture with
stirring for 2 h. As the result, the color of the mixture changed
to bright yellow. Finally, the mixture was filtered and washed
with a 5% HCl aqueous solution to remove metal ions,
followed by distilled water for removal of the acid. The
brown-black solid obtained was separated by ultrasonic
treatment in water and then dried at 60°C for 12h.

2.3. Synthesis of TiO2/Diazonium/GO Composites. The prep-
aration of modified graphene oxide was carried out as fol-
lows. Firstly, the diazonium salt was prepared by
dissolving 46mg of sulfanilic acid in 10mL of distilled
water containing 30mg of Na2CO3 in ice bath, then heat-
ing gently for sulfanilic acid to dissolve completely [27].
Next, 18mg of NaNO2 was dissolved into 5mL of distilled
water before being added to the prepared sulfanilic acid
solution. A 1N HCl solution (2.4mL) was added dropwise
to the above mixture and stirred to obtain diazotized sul-
fanilic acid. Next, 75mg of GO was added to the diazo-
nium solution and stirred continuously for 2 hours. The
solid was separated by filtering and drying. The samples
were diazotized sulfanilic acid-GO (denoted as Dia-GO).
Sulfanilic acid contains a sulfo group (SO3H) and an
amino group (NH2). The amino group can react with cold
nitrous acid to produce diazotized sulfanilic acid which
can be used to synthesize the sulfonated graphene oxide
composite.
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The reactions are assumed as follows:

2HO3S

+NaO3S−

+

0-5 °C 2 +NaO3S−

O3S−

O3S−O3S− N

NH2 + NaNO2 + 2HC1 N + 2NH2O + 2NaC1

N GO
+
N

+
N

N + GO

NH2 + CO2 + N2ONH2 + Na2 CO3

The composite of TiO2/Dia-GO was prepared as
described elsewhere [29]. Firstly, the effect of TiCl4 con-
centration on the phase formation of TiO2 phases was
studied. 15mg of Dia-GO was dissolved in 120mL solvent
(40mL ethanol/80mL distilled water) under ultrasonica-
tion for 2 hours. The mixture was cooled down at 0-5°C.
Then, 2mL TiCl4 was added slowly at different concentra-
tion to Dia-GO suspension under vigorous stirring to
obtain the brown suspension. The resulting suspension
was added to an autoclave at 180°C for 12 hours. The
obtained solid was separated by filter and washed by dis-
tilled water for several times and then dried at 60°C for
6 hours. The obtained samples are denoted as Tx-y/Dia-
GO: T0.05-40/Dia-GO, T0.15-40/Dia-GO, T0.45-40/Dia-
GO, and T1.35-40/Dia-GO with the symbol of x = 0:05,
0.15, 0.45, and 1.35 representing the concentration in mole
of titanium chloride and y of 40 representing the mL eth-
anol in 120mL mixture. Subsequently, the effect of etha-
nol/water ratio (v/v) used for the hydrolysis on the
titania phases was investigated. The procedure was
similar to the one mentioned above but only 120mL mix-
ture with the amount of ethanol differed from 20 to
120mL. The sample as denoted as T0.05-20/Dia-GO,
T0.05-40/Dia-GO, T0.05-60/Dia-GO, T0.05-80/Dia-GO,
T0.05-100/Dia-GO, and T0.05-120/Dia-GO corresponding
to the ethanol/distilled water (v/v) being 20/100, 40/80,
60/60, 80/40, 100/20, and 120/0.

2.4. Characterization of Materials. The X-ray diffraction
(XRD) data of all samples were collected in a D8
Advanced Bruker anode X-ray Diffractometer with Cu
Kα. The quantitative analysis of mixture of anatase-rutile
was performed using the XRD method as previously pro-
posed [30]. Particle diameters smaller 5 microns are desir-
able to ensure adequate reproducibility of diffraction
intensity measurement.

XR =
1

1 + 0:8 IA/IRð Þ ⋅ 100%,

XA =
1

1 + 1:26 IR/IAð Þ ⋅ 100%,
ð1Þ

where IA and IB, respectively, are the intensity of diffrac-
tion at (110) for rutile phase and (101) for anatase phase;
XR and XA are the percentage of rutile and anatase,
respectively; the experimental parameters of 0.80 and
1.26 are obtained from the regression of the relative given
amount of anatase and rutile versus IR/IA.

Transmission electron microscope (TEM) images were
obtained by JEOL JEM-2100F. FT-Infrared (IR) spectra for

the samples were recorded on an IR Prestige-21 spectropho-
tometer (Shimadzu). X-ray photoelectron spectrometry
(XPS) was used for surface analysis with an ESCALAB 250
(Thermo VG, UK) spectrometer with X-ray source mono-
chromated Al Kα radiation (1486.6 eV). DRS-UV-Vis
spectra were recorded with Jasco-V670 instrument. The
measurement of photoluminescence (PL) was conducted by
means of a spectrometer Horiba Jobin-Yvon HR800 LabRam
using UV excitation. The identification of MB degradation
was performed using a liquid chromatography-mass spec-
trometry (LC-MS) method (Ultimate 3000 plus, Hypersil
GOLD C18 (150 × 2:1 mm, 2.0μm), Thermo, MA, USA).

2.5. Photocatalytic Activity. In this study, the photocatalytic
activities of obtained materials were investigated via the
degradation of methylene blue (MB) in an aqueous solu-
tion under the irradiation of 75W-220V filament lamps
(Dien Quang) with a UV cut off filter (λ < 390 nm, d =
77 mm).

The experiments were carried out with a 500mL dye
solution at various concentrations containing 100mg of cat-
alyst. The mixture was stirred continuously for 2 hours in the
dark to establish an adsorption-desorption equilibrium
before turning on the lamp. Three millites of solution were
withdrawn after a certain time and centrifuged to remove
the solid. The concentration of MB in solution was deter-
mined by its absorption at λ max = 664 nm. Each experi-
ment was in triplicate.

The performance of MB mineralization was calculated
based on TOC (total organic carbon) measurements from

M = 100 × TOC0 – TOCt

TOC0
, ð2Þ

where TOC0 and TOCt are the MB concentrations at the ini-
tial and time t of the reaction, respectively. The concentration
of TOC was determined using a TOC analyzer (model: Multi
N/C®2100 S, Analytik Jena, Germany).
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Figure 1: X-ray diffraction patterns for GO (a), Dia-GO (b), and the
inset present the XRD pattern of graphite.
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3. Results and Discussion

3.1. Characterization of Materials

3.1.1. Preparation of Diazonium/GO (Dia-GO). Figure 1 pre-
sents XRD patterns of graphite, GO, and Dia-GO. The sharp
peak around 26.5° is characteristic of graphite [31] (the inset
of Figure 1). The peak at around 11.4° of GO can be attrib-
uted to the introduction of oxygen-containing functional
groups into the graphite sheets to form of graphene oxide
[32]. These functional groups, especially the -SO3H group
between the layers of GO, interact strongly with polarizing
groups on GO, leading to a shift of a 2θ angle to the smaller
value in GO [33, 34], resulting in an increase in dspacing from
7.82 Å for GO to 8.11Å for Dia-GO (Figures 1(a) and 1(b)).
The similar results have been also obtained in the reported
papers [34–36] in which GO is chemically functionalized
with diazonium of sulfanilic acid.

From Figure 2, it can be seen that the GO shows charac-
teristic bands of oxygen-containing functional group vibra-
tions: hydroxyl group (-OH) over the range of 3400-
3500 cm-1, C=O vibration (-COOH) at 1636-1700 cm-1, and
C-O vibration at 1229 cm-1 and 1060 cm-1 [37–39]. In addi-
tion, there are also characteristic peaks for the oscillation of

the O=S=O (group -SO3H) bond at 1620-1650 cm-1,
1400 cm-1, and 1100 cm-1 [40–43] in Dia-GO. These results
confirmed the formation of diazonium/graphene oxide.

3.1.2. The Preparation of TiO2/Diazonium/GO. The effect of
TiCl4 concentration on the phase formation of TiO2 was
investigated by XRD studies (Figure 3).

It can be seen that the obtained samples all exhibit char-
acteristic diffraction peaks of titanium oxide. As seen in
Figure 3, the formation of titanium oxide phases (rutile or
anatase) depended on titanium chloride concentration. The
rutile phase was formed primarily as the titanium chloride
concentration was high. T1.35-40/Dia-GO composed of
mainly rutile phase with characteristic peaks at 2θ angles of
27.4°, 36.1°, and 41.3° indexed as (110), (101), and (111),
respectively (JCPDS: No 21-1276), whereas anatase phase
increased with a decrease in titanium chloride concentration.
The characteristic peaks with increasing intensity of anatase
phase were observed at angles 2θ of 25.5°, 37°, 53.9°, 56.5°,
and 62.5° indexed as (101), (004), (200), (105), and (211),
respectively (JCPDS: No 21-1272). Primary estimation of
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Figure 2: FTIR spectra of GO (a), Dia-GO (b).
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Figure 3: XRD patterns of TiO2/Dia-GO samples.
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Figure 4: X-ray diffraction patterns for T0.05-y/Dia-GO samples
(y = 20, 40, 60, 80, 100, and 120mL ethanol).

Table 1: Phase composition and methylene blue conversion (%) of
TiO2/Dia-GO composites (C0,MB = 100mg/L, V = 100mL, mCat =
100mg, and time = 120 min).

Notation
Phase

composition (%) MB conversion (%)
Anatase Rutile

T1.35-40/Dia-GO 0 100 23.41

T0.45-40/Dia-GO 0 100 24.84

T0.15-40/Dia-GO 15.25 84.75 45.28

T0.05-40/Dia-GO 40.25 59.75 48.73

T0.05-60/Dia-GO 58.89 41.11 54.23

T0.05-80/Dia-GO 62.19 37.81 57.05

T0.05-100/Dia-GO 73.45 26.55 69.82

T0.05-120/Dia-GO 100 0 63.55
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catalytic activity for the obtained composite revealed that the
use of T0.05-40/Dia-GO led to the highest yield of MB degra-
dation. Therefore, T0.05-40/Dia-GO was selected to further

study the effect of ethanol/distilled water ratio on the forma-
tion of titanium oxide.

The composition of titanium oxide depends not only on
titanium chloride concentration but also on the amount of
ethanol used in the hydrolysis step. Figure 4 shows XRD pat-
terns of T0.05-y/Dia-GO composite materials synthesized at
various amounts of ethanol y (y: 20-120mL of ethanol used).

For T0.05-120/Dia-GO, TiO2 phase existed mainly in
anatase form with the characteristic diffraction peaks at 2θ
angle of 25.5° with high intensity. The intensity of this char-
acteristic peak decreased with the decrease of ethanol/dis-
tilled water ratio. Meanwhile, the intensity of characteristic
diffractions at 27.4° and 36.1° for rutile increased significantly
with the decrease of the ethanol/distilled ratio. The quan-
titative analysis of titanium oxide phase showed that when
the amount of ethanol increased from 20mL to 120mL,
the anatase TiO2 phase composition increased from
15.25% to 100%, corresponding to the reduction of rutile
phase composition from 84.75% to 0%. Thus, in the sam-
ples of synthetic materials, titanium oxide existed in both
forms, anatase and rutile.

The results of photocatalytic activity of TiO2/Dia-GO
nanocomposite are listed in Table 1. It can be seen that

(a)

Map sum spectrum

(b)

Figure 5: (a) TEM observation and (b) EDX spectrum of T0.05-100/Dia-GO.
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Figure 6: The nitrogen adsorption/desorption isotherms of T0.05-
100/Dia-GO.
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photocatalytic activity depended significantly on titania
phase composition. Composite with 100% TiO2 in rutile
phase exhibited the lowest photocatalytic activity onMB deg-
radation (around 23.4%). The photocatalytic activity
increased with an increase in the amount of anatase phase.
The MB degradation efficiency peaked at 69.8% as the ana-
tase phase growed to around 73.4% (corresponding to
T0.05-100/Dia-GO) before slightly reducing when the
amount of anatase phase kept increasing. It is well-known
that anatase has lower absorbance ability towards visible light
than rutile due to the larger band gap (3.2 eV) than that
(3.0 eV) of rutile. However, its indirect band gap provides a
longer lifetime of photoinduced electron/hole pairs than
direct band gap in rutile because the direct recombination
of photoexcited electrons from the conduction band to
valence band of anatase TiO2 is impossible [6]. The mixture
with an appropriate ratio of anatase and rutile should provide
the more superior photocatalytic activity than that of individ-
ual rutile or anatase. Then, T0.05-100/Dia-GO was selected
for further experiments.

The morphologies of T0.05-100/Dia-GO observed by
TEM are shown in Figure 5. The TiO2 nanoparticles were
dispersed highly over the Dia-GO sheet with an average par-
ticle size of 5-15 nm (Figure 5(a)). The crystallite size of
11.7 nm obtained by Debye-Scherrer analysis at (101) diffrac-
tion is close to the average size of TiO2 particles observed by
TEM indicated that the morphology of T0.05-100/Dia-GO
consists of single crystals of TiO2 highly dispersed on Dia-
GO. Elemental analysis for composite surface showed that
T0.05-100/Dia-GO consisted of N, S, and Ti (Figure 5(b))
as an additional evidence of the successful synthesis of the
composite of TiO2/diazonium/GO.

Based on the band theory of semiconductors, the con-
duction band (CB) of TiO2 is mainly determined by the Ti
3d orbital energy levels, while the valence band (VB) is
mainly formed from the O2p orbitals. As compared to
the O2p orbital, other nonmetal elements such as N and
S, P possess 2p orbitals locating at more negative energy
levels; hence, the partial substitution of the impurity dop-
ants N and S will result in the formation of new energy
bands above the TiO2 valence band, thus providing the
photocatalytic activity over the visible light region of
TiO2 [44].

The textural property of the obtained composite was
estimated by means of the nitrogen adsorption/desorption
isotherms (Figure 6). The isotherm curve is the type IV
and H3 according to IUPAC classification. The hysteresis
loop at the high relative pressure in the range of 0.5 to
0.9 indicated the existence of micromesoposity. The spe-
cific surface area of materials based on BET calculation
was 152 m2·g-1.

DRS-UV-Vis spectra of TiO2/GO (1), Dia-GO (2), and
T0.05-100/Dia-GO (3) are presented in Figure 7(a). Bulk
TiO2 is considered as an indirect semiconductor [45]. In
nanoparticles, the lattice periodicity is lost over a length-
scale comparable to the nanoparticle size so the effective-
ness of this selection rule breaks down and direct transi-
tions can actually be expected to take place [46, 47]. We
used the classical relation near the band-edge optical
absorption in a semiconductor to calculate the energy of
band-band transition

α =
A hν − Eg
� �n

hν
, ð3Þ

where α is the absorption coefficient, Eg is the energy gap,
hν is the photon energy, and n is equal to 1/2 for direct
transitions and 2 for indirect ones. The Eg value can be

calculated from the linear plot of ðαhνÞ1/n or ðαhνÞ2vs. h
ν by extrapolating at zero the linear portion near the
band-edge. (Figures 7(b) and 7(c)). Both types of plots
exhibit the highly linearity with R2 = 0:97 – 0:99 indicating
direct or indirect transition that likely occur. The value for
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Figure 7: (a) DRS-UV-Vis spectra of TiO2/GO (1), Dia-GO (2), and T0.05-100/Dia-GO (3); (b) Tauc’s plots of (αhν)1/2 vs. hν and (c) of
(αhν)2 vs. hν for TiO2/GO (1), Dia-GO (2), and T0.05-100/Dia-GO (3).

Table 2: Eg values for direct and indirect transitions of the
investigated samples.

Sample Eg (indirect) (eV) Eg (direct) (eV)

TiO2/GO 2.71 3.15

Dia-GO 2.62 3.12

T0.05-100/Dia-GO 2.35 3.09
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types of band gap energy is listed in Table 2. It is obvious
that the value of indirect band energy tends to be lower
than direct band energy that is similar to some previous
reports [45, 46]. It is found that the indirect band gap
energy decreased in the order TiO2/GO (2.71 eV)>Dia-
GO (2.62 eV)>T0.05-100/Dia-GO (2.35 eV) and these
TiO2-based materials exhibit the indirect band gap energy
smaller than that of pure TiO2 (3-3.2 eV) [45–47]. The
absorption edge shifts towards a visible region due to the
possible interaction of between TiO2 and modifiers (N
and S). This shift is assigned to the generation of interme-
diate gap energy levels near the valence band of titania.
Consequently, narrowing the band gap energy and mini-
mizing the recombination of photoexited electron/hole
pairs are considered for the obtained composite T0.05-
100/Dia-GO.

Raman spectroscopy is a useful approach for the
characterization of the physicochemical properties of
graphene-based composites. It is known that in Raman
spectroscopy, the G band is assigned to the first-order
scattering of the sp2 C atoms (∼1600 cm−1), and the D
band is attributed to a breathing mode of k-point pho-
tons (∼1300 cm−1). At the same time, an increase in ID/
IG ratio arises from a lower degree of crystallinity in
the graphitic structure. Two bands in the Raman spectra
of GO and T0.05-100/Dia-GO located at approximately
1300 and 1600 cm−1 attributed to the D band and G
band, respectively (Figure 8(a)). The ID/IG ratio increased
from 1.42 for GO to 1.45 for T0.05-100/Dia-GO suggest-
ing a decrease in the size of the in-plane sp2 domains
and the partially ordered crystal structure of graphene
oxide. These results provided more evidence for the insert
of titania and diazonium salt into graphene oxide.

PL spectra of obtained samples are shown in
Figure 8(b). It can be seen that the luminescent intensity
of rutile was the highest, followed by anatase, Dia-GO,
and TiO2/GO, and the lowest one belonged to T0.05-
100/Dia-GO. It is well known that low PL intensity means

low recombination of electron and holes; then, the oppo-
site would be high PL intensity would increase recombina-
tion rate and reduce photocatalytic activity. These results
demonstrate that the dispersion of TiO2 on graphene
reduces the recombination of photonic electrons and pho-
togenic holes, which may increase the photocatalytic activ-
ity of the material.

Figure 9(a) shows the XPS spectrum of T0.05-100/Dia-
GO composite, indicating the presence of the four main ele-
ments at 162, 284.6, 529.8, and 458.6 eV corresponding to
sulfur (S2p), carbon (C1s), oxygen (O1s), and titanium
(Ti2p), respectively. Figure 9(b) shows the XPS Ti2p core
level. It can be seen that characteristic peaks are at around
457.6 eV for Ti2p3/2 and 463.4 eV for Ti2p1/2, indicating a
successful loading of Ti on the surface of GO [5, 48].
Figure 9(c) represents the S2p doublet core peak locating at
160.8-169 eV, associated with a sulfonate type [49]. N1s spec-
trum is shown in Figure 9(d). The binding energy of around
399.6 eV can be assigned to tertiary amine [50]. The C1s
spectrum of GO in Figure 9(e) can be deconvoluted into
three peaks at 284.6, 286.7, and 288.5 eV, respectively. Two
main peaks at 284.6 and 286.7 eV are usually attributed
to adventitious carbon and graphitic carbon from GO,
and hydroxyl carbon (C-OH), respectively [51]. The
other peak at 288.5 eV can be assigned to carboxyl car-
bon (O-C=O) [51].

3.2. Photocatalytic Performance of TiO2/Diazonium/GO
Composites for MB Degradation in a Visible-Light Region

3.2.1. Leaching Experiment. The kinetics of decolorization
of MB in several conditions are shown in Figure 10. It
was found that the decolorization of MB was not observed
if visible light was irradiated in the absence of T0.05-
100/Dia-GO suggesting that MB was stable and did not
undergo photolysis. A leaching experiment was also con-
ducted in which the T0.05-100/Dia-GO was filtered by
centrifugation after 60min. of irradiation. The MB
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Figure 8: (a) Raman spectra of GO and T0.05-100/Dia-GO; (b) photoluminescence (PL) spectra of rutile (1), anatase (2), Dia-GO (3), TiO2-
GO (4), and T0.05-100/Dia-GO (5).
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decolorization was quenched even when the light was still
irradiated. This indicates that there was no leaching of the
active species into the reaction solution from the heteroge-
neous catalyst. The above experimental results confirmed
that T0.05-100/Dia-GO acted as a heterogeneous catalyst
in the degradation reaction of MB.

Figure 11(a) presents the adsorption kinetics and
photocatalytic decolorization of MB on TiO2/Dia-GO
catalyst. This catalyst presented a low adsorption capac-
ity of MB. The adsorption was saturated from 100min
to 120min depending on the initial MB concentration.
In this study, the light illumination was carried out only

when the dark adsorption reached adsorption/desorption
equilibrium.

3.2.2. Adsorption Isotherm. The equilibrium adsorption
capacity, qe, can be expressed as follows:

qe =
V ⋅ C0 − Ceð Þ

m
, ð4Þ

where C0 and Ce are the MB concentration at initial and
equilibrium time (mg·L-1); V is the volume of the MB solu-
tion (L); m is the mass of catalyst (g).
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Figure 9: XPS spectra of T0.05-100/Dia-GO: (a) survey spectrum; (b) Ti2p; (c) S2p; (d) N1s; (e) C1s.
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The relationship between Ce and qe is expressed by the
Langmuir isothermmodel as equation (5) and the Freundlich
model as equation (6):

qe =
ΚL ⋅ qm ⋅ Ce
1 + KL ⋅ Ce

, ð5Þ

qe = KF ⋅ C
1/n
e , ð6Þ

where qm is the maximum monolayer adsorption
capacity (mg·L-1); KL is the Langmuir adsorption equi-
librium constant (mg-1·L); KF and n are Freundlich
parameters.

The calculated parameters can be obtained from
nonlinear regression of equations (5) and (6) and are
listed in Table 3. A high determination coefficient
(R2 = 0:99) for Langmuir model and Freundlich model
indicated that the equilibrium data was well fitted in
both models. It implies a monolayer adsorption and
the existence of heterogeneous surface in the
adsorbents.

3.3. Decomposition Kinetics. Based on the Langmuir-
Hinshelwood model, the overall reaction could be illustrated
as follows:

T0:05 − 100/GO −Dia +MB ⇄
k1

k−1
T0:05 − 100/GO −Dia⋯MBð Þ∗

!k2 degradation products
ð7Þ

where k1 and k–1 are the forward/back adsorption rate con-
stant, respectively; k2 is the kinetic rate coefficient of the deg-
radation process.

The law rate is expressed as follows:

r = −
dC
dt

= kMLH ⋅ θ, ð8Þ

where C is the dye concentration (mg·L−1) at time t; kMLH is
the kinetic rate coefficient (mg·L−1·min−1); θ is the fraction of
the surface covered by MB. θ is expressed in the Langmuir
model as [37]

θ =
ΚL ⋅ C

1 + KL ⋅ C
: ð9Þ

Substituting (8) to (6) gives

dC
dt

= −kMLH ⋅
KL ⋅ C

1 + KL ⋅ C
: ð10Þ

Then,

ð 1 + KL ⋅ C
KL ⋅ C

⋅ dC = −
ð
kMLH ⋅ dt: ð11Þ

Integrating equation (11) with the boundary conditions
t⟶ 0 and C⟶ C0e gives

1
KL

⋅ ln C + C = −kMLH ⋅ t + I0, ð12Þ

when t = 0, then

I0 =
1
KL

⋅ ln C0e + C0e: ð13Þ

Substituting (13) into (12) gives

1
KL

⋅ ln C + C = −kMLH ⋅ t +
1
KL

⋅ ln C0e + C0e, ð14Þ

where C0e (mg·L−1) is the equilibrium concentration of
adsorbate at time t (min) taken from light illumination.

The plot of the (ð1/KÞ ln C + C) against t gives a straight
line with slope kMLH (Figure 11(b)).

For the kinetics of unimolecular reaction on heteroge-
neous catalyst the Langmuir-Hinshelwood model is widely
used. In this study, the Langmuir-Hinshelwood was also
applied to calculate the kinetic data for the sake of compari-
son. This model is as follows:

ln
Ct

C0
= −kLH ⋅ t, ð15Þ

where kLH is the rate constant of the degradation process
(min−1); C0 and Ct are MB initial concentration and concen-
tration at time t (mg·L−1).

The values of kMHL at different initial MB concentrations
for both models are listed in Table 4.

The determination coefficients of the straight lines
derived from the modified Langmuir-Hinshelwood model
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Figure 10: Leaching experiment (V = 500mL, C0 = 100mg · L−1;
mass of catalyst: 100mg).
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are significantly higher than those of the conventional
Langmuir-Hinshelwood model, demonstrating that the pro-
posed modified Langmuir-Hinshelwood model fitted better
for the experimental data. The comparison of rate constant
calculated by the Langmuir-Hinshelwood model of the pres-
ent catalyst with published literature is listed in Table 5. The
results show that the photocatalytic activity of TiO2/diazo-
nium/GO was relatively high compared with previous
reports.

3.3.1. The Proposed Mechanism of MB Degradation.
Figure 12 presents the UV-Vis spectra of MB solution at dif-
ferent reaction time.

The MB solution after 30 minutes of photocatalytic oxi-
dation were analyzed by mass spectroscopic LC-MS studies
(see Figures S1, 2, 3, 4, and 5). The finding showed that the
intermediates with the retention time of 1.88, 1.90, 1.93,
2.13, and 2.21 have m/z, respectively, 91.00259, 153.06585,
139.05020, 103.07536, and 167.08150. The molecular
formulae were HOOC-COOH, CH3-CH2-CH2-CH2-
COOH, H2N-C6H4-O-N=O, CH3-HN-C6H4-O-N=O, and
(CH3)2N-C6H4-O-N=O (see Schemes S1, 2, 3, 4, and 5).
These results indicate that phenothiazine structure and
benzene were possibly attacked by the hydroxyl or
superoxide radicals which were formed with the presence of

photoinduced hole/electron pairs. As the results, they
were oxidized and opened the ring to form the
intermediates during photocatalytic oxidation. The time
dependence of the total organic carbon (TOC) in MB
solution during photocatalytic degradation is presented in
Figure 12 showing that the TOC value reduced with an
increase in irradiation time (13.12mg·L-1 for initial time
and 0.67mg·L-1 for 600min. of photocatalytic degradation).
TOC reduced to 95% after 600 minutes which implied that
almost all MB is mineralized.

It is well known that the mechanism of photocatalytic
reaction in the intermediate phase involves the formation of
free radicals, the photoluminescent electrons, and the clear
optical holes [60]. In order to understand the mechanism of
the reaction, the effect of some quenchers during the catalyst
degradation of MB was investigated. In this work, we used
benzoquinone (BQ) as a quenching agent for ⋅O-2, ammo-
nium oxalate (AO) as the optical h+ hole scavenger, tert-
Butanol (TB) to quench ⋅OH, and dimethyl sulfoxide
(DMSO) to quench electron, e-. The solution was quenched
with an initial concentration of quencher of 1mM, for an ini-
tial TB concentration of 10mM. The results are presented in
Figure 13.

The research results showed that the presence of a
quencher reduced the optical decomposition efficiency of
MB compared to the nonquenching system (WQ). The
most obvious effect was DMSO where the degradation effi-
ciency only decreased to 18%, followed by AO with a
decrease to 37% and then BQ with a drop in the efficiency
to 42%. Meanwhile, TB scavenger did not show significant
effect on the degradation efficiency. From the contents dis-
cussed above, it can be concluded that the original
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Figure 11: (a) The adsorption and photodegradation kinetics of MB on T0.05-100/Dia-GO catalyst; (b) the plots of the ð1/KÞ ln C + C against
t different initial MB concentration.

Table 3: The parameters of Langmuir and Freundlich model.

Langmuir model Freundlich model
KL (L·mg-1) qm (mg·g-1) R2 KF N R2

3.2.10-2 138.12 0.99 5.837 1.35 0.99
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superoxide anion (⋅O-2), photogenic electrons, e-, and
photogenic holes, h+, all contribute to the MB decomposi-
tion process. Among the three determinants of the photo-
catalytic process performance of the study material are
photoluminescence and photonic hole, the most important
is the presence of photogenic electrons.

Table 4: The value of kMLH and kLH at different initial MB concentration over T0.05-100/Dia-GO.

Concentration (mg·L−1) Modified Langmuir-Hinshelwood model Langmuir-Hinshelwood model
kMLH (mg·L−1·min–1) R2 kLH (min-1) R2

20 0.121 0.99 0.160 0.98

40 0.180 0.99 0.019 0.97

60 0.242 0.99 0.207 9.96

80 0.310 1 0.235 0.97

100 0.411 1 0.289 0.98

Table 5: Comparison of rate constant of the present catalyst with published literature.

Catalyst
BET-specific

surface area (m2·g-1)
Light source
(nm, powder)

C0 (mg·L-1)/volume
(mL)/mcatalyst (mg)

kLH
(min-1)

References

ZnO 8.21 UV, 20W 10/100/50 0.022 [52]

ZnO/graphene oxide 31.58 UV, 20W 10/100/50 0.098 [52]

Pristine TiO2 (P25) — 254, 11W 10/100/50 0.009 [53]

Graphene-like carbon/TiO2 — 254, 11W 10/100/50 0.248 [53]

Pristine TiO2 (P25) 51 ≤370, 18W 9.60/100/50 0.050 [54]

Sm-TiO2 46 370, 18W 9.60/100/50 0.030 [54]

Ce-TiO2 46 370, 18W 9.60/100/50 0.025 [55]

TiO2 50 340, 125W 23/2750/375 0.025 [56]

CdS 111.2 >420, 500w 25/200/80 0.008 [56]

g-C3N4 9.8 >420, 500w 25/200/80 0.004 [56]

g-C3N4-CdS 166.5 >420, 500w 25/200/80 0.012 [56]

Ag/ZnO — >570, (high pressure sodium lamp) 5/-/150 0.005 [57]

Ta-ZnO 36 >420, 300 10/50/50 0.040 [58]

Eu-TiO2 — (400-800 nm), 60W, halogen lamp 3.19/100/100 0.008 [59]

TiO2/diazonium/GO 151.4 75W - 220V 20/100/100 0.160 The present work
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Figure 12: TOC of MB solution in the photocatalytic degradation
(V = 100mL; C0 = 100 ppm; mcatalyst = 100mg; reaction time is
30min).
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Proposed mechanism for the degradation of MB under
visible light-illumination in the presence of the TiO2/Dia-
GO photocatalyst is as follows:

TiO2/Dia −GO + hv⟶Dia/GO e−CBð Þ + TiO2 h+VB
� �

Dia/GO e−CBð Þ +O2 ⟶Dia/GO + •O−
2 ⟶Dia/GO + •OH

TiO2 e−CBð Þ +O2 ⟶ TiO2 + •O−
2 ⟶ TiO2 + •OH

TiO2 h+VB
� �

+OH− ⟶ •OH + TiO2

•O−
2, •OH, e−CB, h

+
VB +MB⟶Degradation products

ð16Þ

3.3.2. Recyclability. The T0.05-100/Dia-GO catalyst was
reused for several times. After each run, it was separated by
centrifugation, then washed with water and ethanol for three
times to remove any dye residual, and finally dried at 120°C
for 15h. The photocatalytic degradation efficiency of T0.05-
100/Dia-GO decreased from 100% to 92.72% after three
cycles (Figure 14(a)). The XRD patterns of the recycled
TiO2/Dia-GO samples stayed unaltered; therefore, it can be
inferred that TiO2/Dia-GO remained stable during photocat-
alytic degradation reactions (Figure 14(b)).

In addition, the obtained catalyst manifested excellent
photocatalytic degradation of several other dyes, including
phenol, methyl orange, and Congo red. As can be seen in
Figure 15, T0.05-100/Dia-GO composite exhibited superior
visible-light-responsive photocatalytic degradation of MB
compared with single TiO2 and TiO2/GO.

4. Conclusion

The synthesis of TiO2/diazonium/GO and an application to
MB photocatalytic degradation in a visible region have been
studied. Rutile or anatase phase in TiO2/diazonium/GO
composites can be controlled by adjusting the amount of
TiCl4 in the reaction mixture or ethanol/water ratio for
hydrolysis. TiO2/diazonium/GO with ac. 70% anatase in tita-
nia phase provided the highest MB degradation efficiency.

The photocatalytic oxidation exhibited a complete decompo-
sition of MB by the cleavage and oxidation of one or more of
the methyl substituents on the amine groups. We have pro-
posed a kinetic model by the combination of classical
Langmuir-Hinshelwood kinetic model and Langmuir iso-
therm model. The experimental data fit well the proposed
model. In addition, TiO2/diazonium/GO composite can cat-
alyze for photodegradation of several dyes such as phenol,
Congo red, and methyl red. The present catalyst with its sta-
bility and recyclable advantages is promising for application
in the treatment of dye wastes.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.
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Supplementary Materials

The liquid chromatography-mass spectroscopy (LC-MS)
analysis of the methylene blue (MB) solution recorded
after 30min of photocatalytic treatment is presented in
Figure 1–5S. This experimental data implies that at the
end of 30min irradiation, the reaction solution was signif-
icantly decolorized or degraded. This is evident by the
decrease in the MB peak intensity and the appearance of
new peaks detected at lower retention times which corre-
spond to new photocatalytic products of the dye. The find-
ing showed that the intermediates with the retention time
of 1.88, 1.90, 1.93, 2.13, and 2.21 have m/z, respectively,
91.00259, 153.06585, 139.05020, 103.07536, and
167.08150. The molecular formulae were HOOC-COOH,
CH3-HN-C6H4-O-N=O, H2N-C6H4-O-N=O, CH3-CH2-
CH2-CH2-COOH, and (CH3)2N-C6H4-O-N=O (Schemes
1, 2, 3, 4, and 5S). The proposed mass spectrometry frag-
mentation mechanism for the compound at retention time
of 1.88min is shown in Scheme 1S. This compound has
a formula that could be HOOC-COOH. The proposed
mass spectrometry fragmentation mechanisms for the
compound at retention time of 1.9min. The possible for-
mula is CH3-HN-C6H4-O-N=O. The proposed mass
spectrometry fragmentation mechanisms for the com-
pound at retention time of 1.93min is shown in Scheme
3S. The possible formula of this compound is H2N-
C6H4-O-N=O. The proposed mass spectrometry frag-
mentation mechanisms for the compound at retention
time of 2.13min is shown in Scheme 4S. Its formula
could be CH3-CH2-CH2-CH2-COOH. The proposed
mass spectrometry fragmentation mechanisms for the
compound at retention time of 2.21min. is shown in
Scheme 5S. This possible formula is (CH3)2NC6H4-O-
N=O. (Supplementary Materials)
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The role of surface nanoscale roughness on the charging behavior of nanostructured γ-AlOOH (Boehmite) and β-FeOOH
(Akaganeite)/γ-AlOOH (Boehmite) mesostructures deposited onto siliceous substrates has been investigated. Two-dimensional
(2D) quantum-sized and one-dimensional (1D) nanometer size γ-AlOOH (Boehmite) structures and 2D atomically-thin β-
FeOOH (Akaganeite) nanobelts with a mean width of approximately 10 nm were deposited onto siliceous substrates in aqueous
processes at moderate temperatures. Low cost and large scale manufacturing of siliceous substrates coated with 2D and 1D γ-
AlOOH (Boehmite) crystallites of 2.7± 0.5 nm in diameter, with an average length of 2.9± 0.9 nm and 250± 50 nm, respectively,
that were further functionalized with atomically thin 2D β-FeOOH (Akaganeite) nanobelts was demonstrated. Zeta potentials of
surfaces have been characterized by direct measurement of streaming potentials in NaCl aqueous electrolyte. A model
explaining the pH dependent behavior of the zeta potential was proposed. The isoelectric point values of rough nanostructured
surfaces are three pH units higher as compare to the flat crystalline γ-AlOOH (Boehmite) and β-FeOOH (Akaganeite) surfaces,
resulting in a high removal efficacy of submicron particles from aqueous suspension by the surfaces with combined microscale
and nanoscale structures. This suggests the existence of a coupling electrokinetic effect of the local electrical double layer (EDL)
fields with the local flow fields.

1. Introduction

Coating sand and diatomaceous earth (DE) particles with
aluminum and ferrous hydroxides changes the zeta potential
of filtration media from negative to positive in the pH range
from 3 to 11 and from 3 to 10, respectively. As a result, those
surface modified media greatly improve removal efficacy of
submicron particles [1–8]. The role of the electrical double
layer (EDL) and van der Waals (VDW) forces in particle
deposition is often viewed in terms of Derjaguin–Landau–
Verwey–Overbeek (DLVO) theory [9, 10], which was devel-
oped for smooth, homogeneous particles with ideal geome-
tries and with no EDL overlap. The influence of surface
roughness of filter media on streaming potential measure-
ments is well documented [11]. The samples made from the
same material with different surface roughness, measured

by the same method, in the same device showed zeta poten-
tial values significantly different from each other, while the
isoelectric point (IEP) values were identical between the
measurements [11]. Moreover, the velocity profiles for two
different spots along the surface of a multifilament fabric
showed circulation pattern between two yarns during the
streaming potential measurement. The general impact of
roughness is to amplify the long-range behavior of noncon-
tact DLVO forces with the approximate amplification factor
of exponential force between rough and smooth surfaces
exp(σroughness

2/λDebye
2), where σroughness is the mean rough-

ness [12]. Furthermore, the influence of particle shape and
particle size on the zeta potential of colloidal suspensions
is well known for the case of ultrapure silica powders where
the authors found that the maximum zeta potential occurs
for particle size ranging between 0.1 μm and 1μm [13].
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A variety of analytical and numerical models have been
developed to describe the pressure-driven flow over hetero-
geneous surfaces. The vast majority of these models assume
that the local electric double layer (EDL) field is independent
of the flow field [14–17]. However, for pressure-driven flow
over a surface with heterogeneous patches, the local EDL
fields are not uniform. This means that they are more differ-
ent above a patch than in the region between the patches.
This irregularity produces distortions in the equilibrium elec-
trostatic field. Consequently, the electrostatic potential can
alter the value of the zeta potential from its expected value
over a surface with uniformly smeared surface under condi-
tions of moderate surface charge [18–21]. The characteristic
symptom of field distortion is the generation of flow veloci-
ties in all three coordinate directions, including a circulation
pattern perpendicular to the main flow axis.

The present study of 1D and 2D nanostructures was
motivated by three primary considerations. The first one
was to present the characterization of the surface’s zeta
potentials by direct measurement of streaming potentials in
NaCl aqueous electrolyte. The isoelectric point values of
rough nanostructured surfaces are three pH units higher as
compare to the flat crystalline γ-AlOOH and β-FeOOH sur-
faces, resulting in a high removal efficacy for different classes
of contaminants such as metal ions [2], small colloidal parti-
cles [6–8], as well as biological particles like virus, bacteria
and cyst [1, 2]. The second motivation was to develop a
model that explains the pH dependent behavior of the zeta
potential based on contributions from the three morpho-
logical planes of different chemical composition existing
at siliceous particles coated with 2D and 1D γ-AlOOH
crystallites: γ-AlOOH face and edge layers, and silica basal
layer which are complex oxides of the two constituents:
γ-AlOOH and SiO2. The third one was provided by ageing
characteristics of the 2D, 1D γ -AlOOH and 2Dβ-FeOOH/
2Dγ-AlOOH crystallites, which showed no degradation in
performance (i.e., TEM, particle size distribution, etc.) over
periods of more than seven (2D materials) and fourteen
(1D materials) years. This is a very important finding since
siliceous substrates coated with 1D arrays is manufactured
and sold as non-woven media by Ahlstrom Filtration LLC
under the tradename Disruptor™. Siliceous substrates coated
with the 2Dγ-AlOOH and with a combination of 2Dγ-
AlOOH and 2Dβ-FeOOH crystallites is manufactured by
Argonide Corporation in large scale multi-tonnage processes.

2. Materials and Methods

2.1. Transmission Electron Microscopy (TEM) Study. The
TEM images (Figure 1(a), 1(b)) were recorded on the JEOL
JEM2010 TEM at 200 kV accelerating voltage. The high res-
olution TEM (HRTEM) images (Figure 1(c)-1(f)) were
recorded on the Tecnai F30 at 300 kV accelerating voltage.
It is important to note that boehmite bulk γ-AlOOHmaterial
has melting temperature over 1000°C (Tmelt~2050°C after
several phase transformations, i.e., γ −→ , δ −→ , θ −→
and α − ) [22]. It is also chemically inert and exhibits no
decomposed surface layer in air, giving it the best chances
of having 2D counterparts stable at room temperature [23].

Furthermore, it appears that the TEM high energy electrons
needed to get enough resolution do not cause apparent dam-
age to the sample.

2.2. Synthesis of 1D γ-AlOOH Crystals. The synthesis of
one-dimensional (1D) 2.7± 0.5 nanometer diameter 250±
50 nm long γ-AlOOH nanofibers seen in Figure 1(a) was
accomplished via reaction of aluminum powder with alkaline
water: [6].

2Al sð Þ + 4H2O lð Þ→ 2AlOOH sð Þ + 3H2 gð Þ ð1Þ

The synthesis of one-dimensional (1D) nanometer-sized
γ-AlOOH atomic crystals adhered to siliceous and cellulosic
substrates was accomplished via reaction (1) where alumi-
num powder reacts with alkaline water [6]. Amounts of
0.5 g of aluminum metal powder and 1.5 g of amorphous
borosilicate glass microfiber with average diameter of
0.6 μm were dispersed in 0.5 L liter of RO water and were
reacted in a 1 L stainless steel pot in the presence of 1mL of
10M NaOH at ambient pressure. The suspension was heated
to its boiling point at ambient pressure while mixing with an
air-driven mixer equipped with 5 cm diameter impeller at
300 RPM. The suspension was cooled down to 40-50°C, neu-
tralized with 10% sulfuric acid to pH6-8. The non-woven
paper-like mat were formed by conventional wet-laid paper
making technology. Nitrogen BET (Brunauer, Emmett,
Teller) specific surface area of dry sample of 1Dγ-AlOOH

nanostructure (Figure 1(a)) was Sγ−AlOOHBET = 475m2/g [6].

2.3. Synthesis of 2D Quantum-Sized γ-AlOOH Crystals
Adhered to Siliceous Substrates. Synthesis of 2D quantum-
sized γ-AlOOH crystals adhered to siliceous substrates
was accomplished via the same reaction (equation (1)) of
aluminum powder in the presence of siliceous substrate with
alkaline water. The step-by step descriptions of the 2D
quantum-sized γ-AlOOH crystals synthesis adhered to sili-
ceous substrate are reported in Ref. [8] The siliceous powder,
in form of diatomaceous earth (DE) was dispersed in 4 liters
of RO water and allowed to react with 17.5 g of micron size
aluminum powders in the presence of 40mL of 10M NaOH
at ambient pressure. It was heated to boiling point while mix-
ing with an air-driven mixer at 300 RPM. Then, the suspen-
sion was cooled down to 40-50°C and neutralized to pH6-8
with 10% sulfuric acid. Decantation was allowed. Then, it
was dried overnight at 100°C. Finally, the media was crushed
and sieved through a 170-mesh sieve. Nitrogen BET specific
surface area of dry sample of 5 μm diameter diatomaceous
earth (DE) particles coated with quantum-sized 2D γ-AlOOH
crystals of 2.7±0.5nm in diameter and 2.9±0.9nm long
(Figure 1(c), 1(d)) increased from SDE,APS=5 μmBET =51m2/g to

Sγ−AlOOH/DE
BET =69m2/g. This suggests formation of additional
surfaces on the substrate as seen in Figures 1(c), 1(d) and in
a sketch of Figure 2(a).

2.4. Synthesis of 1D Nanometer-Sized γ-AlOOH Crystals
Adhered to Siliceous Substrate. The synthesis of 1D 2.7
± 0.5 nanometer diameter γ-AlOOH nanofibers seen in
Figure 1(a) adhered to siliceous substrate (Figure 1(b))

2 Journal of Nanomaterials



was accomplished via the same reaction (equation (1)) of alu-
minum powder with alkaline water in the presence of the
substrate [6]. The non-woven paper-like mat was formed
by conventional wet-laid paper making technology.

2.5. Synthesis of Atomically Thin 2Dβ-FeOOH Nanobelt
Crystals Adhered to Siliceous Substrates Preliminary Coated
with 2D Quantum-Sized γ-AlOOH Crystals. The step-by step
description of the 2D quantum-sized β-FeOOH crystals syn-
thesis adhered to siliceous substrate were initially reported
in Ref. [8] The BET (Brunauer, Emmett, Teller) value due
to addition of ferric chloride increased by 42% from

Sγ−AlOOH/DE
BET = 69m2/g to Sγ−AlOOH/β−FeOOH/DE

BET = 98m2/g.

This suggests formation of additional surfaces on the sub-
strate as seen in Figure 1(f) (insets 1-3) and in a sketch
of Figure 2(b) of atomically thin nanobelts oriented par-
allel and normal to the substrate (insets 1 and 3) and
under an angle (inset 2) with electron beam either per-
pendicular (inset 1), parallel (inset 3), or under angle (inset
2) to the nanobelt.

3. Results and Discussion

3.1. High Resolution TEM Analysis. Representative samples
of 2D and 1Dmaterials obtained by the procedures described
above were investigated further by HRTEM. Figures 1(c),

20 nm
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Figure 1: TEM characterization of 2D and 1D γ-AlOOH and 2Dβ-FeOOH crystallites: (a) TEM image of the 1Dγ-AlOOH crystallites [6]; (b)
TEM image of the 1Dγ-AlOOH crystallites attached to a 0.6 μmdiameter microglass fiber [6]; (c) HRTEM image of the edge coverage of 5μm
diameter DE particle by the 2Dγ-AlOOH crystallites with atomic resolution. The separation of ≈0.24 nm is in agreement with the bulk
boehmite lattice parameter d(020) = 0.242(4) nm [24]; (d) HRTEM image of the surface coverage of 5 μm diameter DE particle by the 2Dγ-
AlOOH crystallites; (e), (f) HRTEM images of the surface coverage of 5μm diameter DE particle by 2D. γ-AlOOH crystallites further
functionalized with 2D atomically thin nanobelts of akaganeite . β-FeOOH crystallites.
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1(d) show examples of the atomic-resolution HRTEM images
of 2Dγ-AlOOH crystallites. Thickness of the 2Dγ-AlOOH
crystallites was estimated to be 2.9± 0.9 nm based on the
HRTEM images (Figures 1(c), 1(d)). When the lateral
dimensions of 2Dγ-AlOOH structure are approximated by
a circle, they are 7 and 10 times greater than the boehmite
a and c unit cell dimensions, correspondently (Figure 2,
insert). This is consistent with boehmite crystal growth,
which occurs mainly along the a–c plane where atomic in-
plane bonds are stronger than the weak, van der Waals
(VDW)-type, interlayer bond along the b-axis [24]. Assum-
ing that the crystals seen in Figures 1(c), 1(d) are fully dense
γ-AlOOH cylinders (Figure 2(a)) with diameter d=2.7±
0.5 nm that covers a fraction θ=0.082± 0.016 of the silica
surface (Figure 1(d)) with nitrogen BET (Brunauer, Emmett,
Teller) specific surface area values of SDE,APS=5 μmBET = 51m2/g
and Sγ−AlOOH/DE

BET = 69m2/g, the ratio

l/d = Sγ−AlOOH/DE
BET − SDEBET

� �
/ 4SDEBETθ
� �

≈ 1:08 ± 0:20 ð2Þ

translates into l=2.9± 0.9 nm implying that the average
length l of the 2Dγ-AlOOH crystals seen in Figures 1(c),
1(d) is 2-3 times of boehmite cell dimension b=1.212(1)
nm [24]. Figure 2(a) shows a sketch of 2Dγ-AlOOH crys-
tallites comprising from two or three atomically thin layers
deposited onto siliceous substrate linked together by the
weak van der Waals (VDW)-type interlayer bond along
the b-axis.

The width of 2D nanobelt β-FeOOH crystals attached to
silica surface is 9-10 times of the akaganeite a or c unit cell
dimension (see Figures 1(e), 1(f) between white arrows). This
is consistent with akaganeite crystal growth, which occurs
mainly along the a-c plane in both directions where atomic

in-plane bonds are stronger than the weak van der Waals
(VDW)-type interlayer bonds along the b-axis.

Such lateral 2D structures on silica surface would not
increase available BET (Brunauer, Emmett, Teller) surface
area. Yet, the BET surface area increased by 42% from

Sγ−AlOOH/DE
BET =69m2/g to Sβ−FeOOH/γ−AlOOH/DE

BET =98m2/g. This
suggests the formation of additional surfaces on siliceous
substrate as seen in Figure 1(f) (insets 1-3). Single-, double-
or few-layer crystallites could be identified in an optical and
TEM microscopes due to their different contrast that
increases with increasing number of layers [25]. Further,
assuming that these atomically thin nanobelts are fully dense
β-FeOOH parallelepipeds that covers a fraction of silica sur-
face of θ=0.03± 0.02 (Figures 1(e), 1(f)), the BET specific
surface area value would increase by:

ΔS = Sβ−FeOOH/γ−AlOOH/DE
BET − Sγ−AlOOH/DE

BET

� �

= 2θ/δρFeOOH ≈ 20 ± 15m2/g ð3Þ

where δ is the thickness of 2D platelets approximately
equals to a or c akaganeite cell dimensions of 1 nm. Such
a model explains a 42% increase in BET surface area from

Sγ−AlOOH/DE
BET =69m2/g to Sβ−FeOOH/γ−AlOOH/DE

BET = 98m2/g.

3.2. Zeta Potentials of 2D and 1D γ-AlOOH and 2D γ-
AlOOH/β-FeOOH Crystallites Deposited onto Siliceous
Particles. It was found that siliceous particles coated with
2D and 1D γ-AlOOH crystallites are positively charged in
aqueous solution with zeta potential ≥40mV [26] at γ-
AlOOH loading greater than 15 weight percent (wt%) [1]
as compared to the negatively charged character of the bare
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Figure 2: Sketches of 2Dγ-AlOOH and 2Dβ-FeOOH crystallites deposited onto siliceous substrate: (a) The lateral dimensions (diameter) are
7-10 times of the γ-AlOOH a-c unit cell dimensions; (b) The 2Dγ-AlOOH/DE surface functionalized with 2D atomically thin nanobelts of
2Dβ-FeOOH crystallites.
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siliceous substrates (zeta potential ≤ -70mV) [1]. Figure 3
shows zeta potential of siliceous powder coated with 2D
and 1D γ-AlOOH and with 2D β-FeOOH/2D γ-AlOOH
crystallites as a function of pH. The point of zero charge
(pHPZC) describes the condition when the electrical charge
density on a surface is zero [27]. The pHPZC values of sili-
ceous particles coated with 1D, 2D γ-AlOOH, and 2D β-
FeOOH/2D γ-AlOOH were determined to be 11.6± 0.2 for
1D γ-AlOOH [26], 11.4± 0.2 for 2D γ-AlOOH [26], and
10.5± 0.3 for 2D β-FeOOH/2D γ-AlOOH (see Figure 3(a)).
Those values are three pH units higher as compare to the
average values for flat crystalline γ-AlOOH [26, 27] and
β-FeOOH [27] surfaces. Borghi et al. [28] observed a
remarkable reduction by several pH units of the isoelectric
point (IEP) on rough nanostructured surfaces, with respect
to flat crystalline rutile TiO2. In order to explain the
observed behavior of IEP, Borghi et al. [28] considered the
roughness-induced self-overlap of the electrical double layers
as a potential source of deviation from the trend expected for
flat surfaces. Contrary to the acidic behavior of nanostruc-
tured surfaces crystalline rutile (Lewis acid sites), siliceous
particles coated with quantum size 2D, 1D γ-AlOOH and

2Dβ-FeOOH crystallites behave preferentially as basic loci
[1].

In general, the total charge per unit surface area in the
diffuse layer around a particle can be evaluated with the
use of the Graham equation (see Eq. (6).3.27 of Ref. [17]).
For a symmetric electrolyte (z+ = - z- = z) in water at 25°C,
the Graham equation is reduced to (see equation (6).3.28 of
Ref. [17]):

σd = −11:74c1/2 sinh 19:46 zψdð Þ ð4Þ

where σd is in μC/cm2 and ψd measures the electrostatic
potential at, or very near to, the beginning of the diffuse dou-
ble layer (i.e., ψd ≈ ζ) in volts and c is the ionic concentration
in mol/L.

In the case of small potentials (ζ < 100mV [29]) and a
monovalent electrolyte (z+ = -z- = z =1), equation (4) can
be approximated with good precision to equation (5):

σd ≈ −230ζ c1/2 for electrolyte with z+
= −z− = z = 1 and ζ < 100mV

ð5Þ

This equation allows to estimate the charge density, σd, at
the beginning of the diffuse double layer as a function of pH.
A satisfactory model (e.g., a triple layer model (see Figure
6.10.3 of Ref. [17]) of the interface should reproduce both
the σ0/pH, where σ0 is the surface charge density on the par-
ticle, and ζ/pH curves as seen in Figure 3(b)).

Three morphological planes of different chemical com-
position exist at siliceous particles coated with 2D and 1D
γ-AlOOH crystallites: γ-AlOOH face and edge layers, and
siliceous basal layer which are complex oxides of the two con-
stituents γ-AlOOH and SiO2. Following a model proposed by
Stumm for kaolinite [30], we can distinguish the following
type of surface ligands at the silica and boehmite face and
edge surfaces: i) =MOH groups such as Al-OH-Al groups
at the boehmite face surface, Si-O-Si groups at the siliceous
basal surface, and=AlOH and/or = SiOH groups at the
boehmite edge surface; ii) XO- group such as (Al-O-Si)-

where Al is situated at the boehmite edge surface and Si is
on the siliceous basal surface (Figure 2(a)). Based on electron
microscopic studies of a negative gold sol attachment to a
kaolinite edge surface performed by Thiessen [31], van
Olphen has shown a pH-dependent charge at the edges of
the kaolinite platelets (see Figure 22 of Ref. [32]). The conclu-
sion was that the double-layer structure is challenging due to
the fact that two crystallographically different surfaces are
carrying a different type of double layers that under certain
condition can have opposite signs. Measurements of the elec-
tric double layer (EDL) properties of CaF2 [33], α-Al2O3
(Sapphire) [34], and TiO2 (Rutile) [35] indicated significant
differences (up to 2 pH units) between the isoelectric points
in various crystallographic orientations of surfaces.

The pHPZC is the same as the isoelectric point (IEP) if
there is no specific adsorption of other ions than the potential
determining H+/OH− at the surface. At this point, the por-
tion of the charge due to H+ and OH- or their complexes
becomes zero. At pH11.4, the pHPZC and the proton density,
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Figure 3: True zeta potentials of siliceous powder coated with 1D,
2D γ-AlOOH and 2Dβ-FeOOH/2Dγ-AlOOH crystallites as a
function of pH: (a) Siliceous powder coated with 1D, 2D γ-
AlOOH [26] and 2Dβ-FeOOH/2Dγ-AlOOH crystallites (present
work). (b) Surface protonation of two distinct types of OH groups
localized at the boehmite face and edge surfaces.
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ΓH, on 2D γ-AlOOH face surface are zero (Figure 3(b)). In
the present work, we assumed that the boehmite edge surface
is protonated at the same level in the pH range from 3.0 to
10.5 (broken horizontal line in Figure 3(b)) and the proton-
ation is proportional to the zeta potential at pH10.5 and is
equal to the surface charge, ΓH = σedge, pH = 10.5. The surface
charge of the edge surface in the pH range from 10.5 to
11.4 was estimated as:

σedge,10:5<pH<11:4
o = σedge,pH=10:5

o ζedge,10:5<pH<11:4/ζpH=10:5
� �

ð6Þ

The excess proton density ΓH, which is equal to the sur-
face charge, σ0, at the surface hydroxyl group is displayed
as a function of pH. Surface protonation of the 2D γ-AlOOH
crystallites is interpreted as a successive protonation of the
two distinct types of OH group localized on boehmite face
and edge surfaces. Under this assumption, we estimated the
pHPZC values of the edge surface at approximately 11.4
± 0.2 and boehmite face surface at approximately 9.5± 0.5.
The latter value is within accuracy with an average value of
8.7± 0.9 obtained for smooth boehmite surfaces [26, 27]
and the former value is within accuracy with the pHPZC of
aluminum hydroxide γ-AlOOH adjuvant of 11.4 [36] that
is morphologically and geometrically similar to the nanofi-
bers seen in Figure 1(a).

3.3. Removal Efficacy of Submicron Particles as a Function of
pH and Electrolyte Ionic Strength. Table 1 shows initial
removal efficacy of biological particles from aqueous solution
associated with pressure-driven flow through micrometer
size pores of either 2Dγ-AlOOH/DE or 2Dβ-FeOOH/2Dγ-
AlOOH/DE particles packed into a 3-mm deep precoat [37]
or through a 1Dγ-AlOOH/microglass non-woven filter
media [6, 7].

Table 1 displays that siliceous particles coated with 2D
and 1D γ-AlOOH and 2Dβ-FeOOH/2Dγ-AlOOH/DE struc-
tures resulted in a high removal efficacy (in all cases greater
than 99.9%) of biological particles regardless of zeta potential
value in the range from 15mV to 56mV. Estimations show

that Brownian displacement does not play significant role
in removal efficacy of micron size Raoultella Terrigena (RT)
bacteria in a 3mm deep 2D γ-AlOOH/DE and 2D β-
FeOOH/2D γ-AlOOH/DE precoats with mean flow pore size
of dmean-flow= 24± 4 μm for diatomaceous earth (DE) with
average particle size of 80μm [2]. When the Stokes–Einstein
equation [38] is applied to a spherical particle suspended in
water, it produces an estimated root-mean-square displace-
ment during a contact time of 4.5 s in a 3-mm deep precoat
of only 1.8μm in the case of RT bacteria. Furthermore, the
electrostatic attraction should not play significant role in
the case of RT bacteria due to highly efficient shielding by
the electric double layer (EDL) layer with Debye length as
short as 1.6Å in the 3.4M NaCl electrolyte (Table 1). Aniso-
tropic characteristics of EDL layer have been observed in
numerous material systems (see, e.g., Refs. [34–30]). For
instance, in recent study of dendrimer-biomembrane inter-
action [29], the self-assembly processes of a mixture of
charged polyamidoamine (PAMAM) dendrimers and dipal-
mitoylphosphatidylcholine (DPPC) lipids were investigated
by means of zeta potential analysis, Raman and X-ray scatter-
ing. Zwitterionic DPPC liposomes showed substantially
different behaviors during their interaction with negatively
charged sodium carboxylate terminated (COO– Na+) den-
drimers or positively charged amino terminated (− NH2)
dendrimers [29].

3.4. Removal Efficacy of Bio Particles by a Mixture of
Opposively Charged Particles. In this section, we will discuss
the 3D flow structure associated with pressure-driven flow
throughmicrometer size pores of a mixture of equal but oppo-
site charged particles packed into a 3-mm deep precoat [37].
The surfaces of diatomaceous earth (DE) and 2D γ-AlOOH/
DE particles have similar but opposite values of zeta poten-
tials [1]. In such a case, there is an excess of positive ions
over the DE surface, but negative ions dominate over the
2D γ-AlOOH/DE surface to balance out the positive surface
charge. The difference in the surface potential results in an
electrostatic potential gradient within the local electric dou-
ble layer (EDL) fields near the transition zone between the
two regions. The presence of this potential gradient results

Table 1: Initial removal efficacy of biological particles as a function of pH and electrolyte ionic strength.

Material
Zeta potential,

mV
pH

Electrolyte ionic
strength, mM

Debye length,
λD,

a nm
RT Removal
efficacy, LRVe

MS2 Removal
efficacy, LRVe

1Dγ-AlOOH/microglassb 47± 9

7.0

0.002(1) 215

>7.0 5.1

2Dγ-AlOOH/DEc 56± 9 >7.0 6.3

2Dβ-FeOOH/2Dγ-AlOOH/DEd 20± 3 >7.0 >6.0
1Dγ-AlOOH/microglassb 47± 9

3400 0.16
7.7f 3.8f

2Dγ-AlOOH/DEc 56± 9 >7.1 5.3

1Dγ-AlOOH/microglassb 23± 6

10.5

0.33(3)e 17
>6.9f 7.4f

2Dγ-AlOOH/DEc 15± 3 >4.5 3.1

1Dγ-AlOOH/microglassb 23± 6
3400 0.16

7.7f 3.8f

2Dγ-AlOOH/DEc 15± 3 5.5 4.0

Notes: a) For NaCl electrolyte with bulk concentration cNaCl at T = 25°C the Debye length equals to λD ≅ 0:304/ ffiffiffiffiffiffiffiffiffiffi
cNaCl

p
(in nm) where cNaCl is the concentration

of the salt, in mol/dm3; b) Non-woven 1Dγ-AlOOH/microglass media; c) 3-mm 2Dγ-AlOOH/DE precoat [37]; d) 3-mm 2Dβ-FeOOH/2Dγ-AlOOH/DE
precoat [37]; e) Logarithm reduction value; f) Removal efficacy by 2 layers of 1Dγ-AlOOH/microglass non-woven media.
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in a body force on the microbes and/or ions in the double
layer; however, in this case, an opposite body force is applied
to the negative ions over the positively charged particle. As a
result, the net body force over the region is zero and the cir-
culation velocity perpendicular to the main flow becomes
negligible [18–21]. For the purpose of this study, it was
selected that 2D γ-AlOOH/DE and DE particles have equal
average size of d=80±3 μm. It was assumed to be packed
in simple cubic cell with particles only at the corners as seen
in Figure 4(a), 4(b). DE particles were mixed with 2D γ-
AlOOH/DE particles with DE content in the mix of 10-,
25-, 50-, and 75-wt% and formed a 3-mm deep precoats
(Δthickness = 3mm). Assuming a cubic cell packing, the num-
ber of layers is estimated as Nlayers =Δthickness/daverage~38.

Table 2 shows removal efficacy of MS2 virus and Raoul-
tella Terrigena (RT) bacteria by 3mm precoats of diatoma-
ceous earth (DE) particles coated with 2D γ-AlOOH
crystallites mixed with uncoated DE particles at a flow veloc-
ity of 0.67mm/s, neutral pH7 and ionic strength of 2± 1μM
[1]. The mean flow pore diameter of the precoat layer was
determined to be 24± 4μm [2]. Table 2 also provides exper-
imental evidence of a behavior when a 3mm precoat is losing

adsorption properties of the 2D γ-AlOOH/DE at much faster
rate than one can expect based on the weight fraction of DE
in the mix. For example, for a 50/50-wt%mix, one can expect
a reduction in adsorption efficacy by a factor of two or by
log10(1/2) = -0.3 based on the 2D γ-AlOOH/DE fraction in
the mix while experimental reductions are 3.5± 1.0 logarithm
reduction value (LRV) for MS2 virus and greater than 4.7
LRV for RT bacteria (Table 2). This is consistent with the
case when at least one of the neighboring particles on the side
of the cube perpendicular to the flow direction has opposite
sign of the surface charge, i.e., -|σ2| for DE than the other
neighboring particles, i.e., + |σ1| for 2D γ-AlOOH/DE ceas-
ing the circulation pattern in that pore involving four neigh-
boring particles. That is, one DE particle is cancelling out
high removal efficacy of three 2D γ-AlOOH/DE particles sit-
uated on the same side of the cube perpendicular to the flow
direction (Figure 4(b)).

The average number of layers in a pore formed by a
group of four 2D γ-AlOOH/DE particles with no diatoma-
ceous earth (DE) particle in the group decreases rapidly as
DE loadings in the mix increases. Finally, Table 2 presents
average number of layers in a pore of the precoat layer
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Figure 4: Removal efficacy of MS2 virus and RT bacteria by 3-mm deep precoat made from a mixture of 2Dγ-AlOOH/DE and DE particles
with equal average particle size [1, 37]; (a, b) Diagram showing net surface charge density and velocity vector contours in the double layer
region for the close cubic cell packing of: (a) 2Dγ-AlOOH/DE particles; (b) Mixture of DE and 2Dγ-AlOOH/DE particles.

Table 2: Removal efficacy of MS2 virus and RT bacteria by a mixture of equal size but opposively charged 2Dγ-AlOOH/DE and DE
particlesa.

Wt% DE in the mix of
2Dγ-AlOOH/DE and DE
particles in 3mm precoat

Average number of layers
formed by four neighboring
2Dγ-AlOOH/DE particles

Average layer thickness
formed by four neighboring

2Dγ-AlOOH/DE particles,b mm

MS2 removal
efficacy, LRV

RT removal
efficacy, LRV

0 38 3.0 6.1± 0.1 >7.7
10 29 2.3 5.1± 0.2 6.7± 0.5
25 13 1.0 3.6± 0.4 3.9± 0.3
50 5 0.4 2.6± 0.9 3.0± 0.3
75 1 0.1 1.0± 0.2 2.2± 0.1
100 0 0.0 0.5± 0.1 0.7± 0.2
Notes: a) Based on data of Ref. [1]; b) Proportional to the average number of layers formed by four neighboring 2Dγ-AlOOH/DE particles (column 2).
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formed by a group of four 2D γ-AlOOH/DE particles with no
DE particle in the group together with the average layer
thickness in the 3-mm precoat formed by four neighboring
2D γ-AlOOH/DE particles with no DE particle in the group.

3.5. Removal Efficacy of Bioparticles due to Particle
Interactions.Another important reason why siliceous particles
coated with 2D and 1D γ-AlOOH and 2D β-FeOOH/2D γ
AlOOH/DE structures resulted in a high removal efficacy of
biological particles is their strong electropositive charge prop-
erties when dispersed in polar liquids. These media’s structure
assemblies create a strong field that extends from the alumina
surface into an aqueous dispersive medium, which is many
orders (>4) greater than the one predicted by the Derjaguin–
Landau–Verwey–Overbeek (DLVO) theory, especially at high
ionic strength [12]. It is important to note that the DLVO the-
ory was developed for smooth, homogeneous particles with
ideal geometries and with no EDL overlap [9, 10]. For this rea-
son, the stronger field extension observed in the media can be
simply explained by the general impact of roughness, which is
to amplify the long-range behaviour of noncontact DLVO
forces with the amplification factor of exponential force
between rough and smooth surfaces [12]. The adsorption
mechanism is mainly influenced by the combination of their
inherent charge and the acquired induced polarization charge,
rather than by physical entrapment based on particle size. 2D
and 1D γ-AlOOH and 2D β-FeOOH/2D γ AlOOH/DE struc-
tures have a high dynamic response for adsorption, allowing
purification within very shallow bed at high flow velocities
and low differential pressure [1, 2].

3.6. FlowMixing via Electrokinetic Circulation. Electrokinetic
phenomena are typically second-order phenomena, e.g., in
streaming current measurements, an applied mechanical
force produces an electric current [14]. When treated phe-
nomenologically, the second order phenomena can be
treated by irreversible thermodynamics [15]. Even though
classical thermodynamics describes electric double layer
(EDL) at rest, in electrokinetics EDL is not at rest. However,
usually the deviations from the equilibrium distribution of
charge are disregarded [15].

Figure 4 shows removal efficacy of MS2 virus and
Raoultella Terrigena (RT) bacteria by 3-mm deep precoat
of 2Dγ-AlOOH/DE and diatomaceous earth (DE) particle
mixture with equal average particle sizes of 80μm as a func-
tion of average layer thickness formed by four neighboring
2Dγ-AlOOH/DE particles.

Figure 4 also reveals good correlation (coefficient of
determination R2> 0.99) between logarithm reduction values
(LRV) of microbial removal efficacy and average layer thick-
ness formed by four neighboring 2D γ-AlOOH/DE particles
(Table 2):

log10 Cinitial/Cf iltrate

� �
= x/x0 + a, ð7Þ

where a is a constant and x0 is the average thickness of 2D
γ-AlOOH/DE layer within a mix that would reduce the ini-
tial concentration, Cinitial, by a factor of 10. The thickness of
2D γ-AlOOH/DE precoat layer that would reduce concentra-
tion of biological particles in the water stream by a factor of
10 is equal to x0(MS2) =0.8mm for MS2 virus and
x0(RT)= 0.5mm for RT bacteria.

3.7. Ageing Characteristics of the 2D and 1D γ-AlOOH
Crystallites. The main application of the prepared 2Dγ-
AlOOH, 1Dγ-AlOOH, and 2Dβ-FeOOH/2Dγ-AlOOH crys-
tallites deposited on diatomaceous earth (DE) particles is as
water purification media. Additionally, since we are propos-
ing a low cost and large-scale production of these crystallites,
it was important to know their stability throughout the time.
For this reason, the removal efficacy of aqueous particles by
the prepared 1D, 2D γ-AlOOH, and 2Dβ-FeOOH/2Dγ-
AlOOH crystallites was evaluated after fourteen and seven
years, respectively (Table 3).

From the results presented in Table 3, it was found that
the prepared 1D, 2D γ -AlOOH and 2Dβ-FeOOH/2Dγ-
AlOOH crystallites remain monocrystalline under ambient
conditions and no degradation in performance (i.e., TEM,
particle size distribution, etc.) was noticed over periods of
seven to fourteen years of manufacturing. This finding makes
the crystallites to be industrially applicable.

4. Conclusions

In conclusion, aluminum-water reaction (equation (1)) has
successfully been used to produce 2D and 1D quantum-
sized and nanometer-sized γ-AlOOH mesostructures depos-
ited onto siliceous substrates in a one-step process at moder-
ate temperature [6–8]. Low cost, large scale manufacturing
(several metric tons per year) of siliceous substrates coated
with 2D and 1D arrays of γ-AlOOH crystallites and further
functionalized with 2D atomically thin nanobelts of aka-
ganeite β-FeOOH crystallites was demonstrated. A model
explaining the pH dependent behavior of the zeta

Table 3: Initial removal efficacy of bioparticles at neutral pH as a function of ageinga.

Material Ageing time RT removal efficacy,a LRV MS2 removal efficacy,a LRV

1Dγ-AlOOH/microglassb
As produced >6.5 >7.0

Aged for 14 years >7.0 >7.3

2Dγ-AlOOH/DEc
As produced >7.3 >7.0

Aged for 7 years >7.3 >6.2

2Dβ-FeOOH/2Dγ-AlOOH/DEd
As produced >6.8 >5.8

Aged for 7 years >7.3 >5.4
Notes: a) Based on data of Ref. [1]; b) Non-woven media; c) DE with average particle size of 18 μm; d) DE with average particle size of 60 μm.
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potential based on contributions from the three morpho-
logical planes of different chemical composition existing at
siliceous particles coated with 2D and 1D γ-AlOOH crystal-
lites was proposed: γ-AlOOH face and edge layers, and sili-
ceous basal layer which are complex oxides of the two
constituents: γ-AlOOH and SiO2. The isoelectric point values
of rough 2D γ-AlOOH, 1D γ-AlOOH, and 2D β-FeOOH/2D
γ-AlOOH crystallites deposited on DE surfaces were
increased by three pH units as compare to the flat crystalline
γ-AlOOH and β-FeOOH surfaces resulting in a high removal
efficacy of submicron particles from aqueous suspension by
the surfaces with combined microscale and nanoscale struc-
tures. This suggests the existence of coupling electrokinetic
effect of the local electric double layer (EDL) fields with the
local flow fields which was further confirmed by a good cor-
relation (coefficient of determination R2> 0.99) between LRV
values of microbial removal efficacy and average layer thick-
ness formed by four neighboring 2Dγ-AlOOH/DE particles
(Table 2). Finally, the prepared 2D and 1D γ-AlOOH crystal-
lites remain monocrystalline under ambient conditions and
no degradation in characteristics (i.e., TEM, particle size dis-
tribution, etc.) and performance (i.e., virus, bacteria and
metal ion removal efficacy) was noticed over periods of sev-
eral years (i.e., seven to fourteen years).
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