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A great attention is being paid to catalysts which act to
enhance the rate or yield of the reaction without being
consumed by the reaction itself. Catalysis has become a key
strategy in solving many of today’s challenges. Up to now,
almost all industrial processes employ catalyst in multiple
forms to increase economic viability, frombatteries to refiner-
ies. Meanwhile, increased concerns about environmental
pollution have led to the development of novel catalysts,
which can catalyze desirable chemical reactions. Catalysis
is rather prevalent everywhere as a key enabling technol-
ogy in energy conversion, fuel production, production of
chemicals, and environmentalmitigation. On the other hand,
nanotechnology has become an indispensable tool ofmaterial
engineering for catalysis related applications. Nanoparticles
with controlled morphology and structure have a higher
surface area, which provide the best platform to catalyze
desirable chemical transformations and lead to the increased
catalytic activity. The current barrier for widespread indus-
trial and environmental use is ascribed to the controlled
synthesis of nanocrystals with high-energy surfaces and the
understanding of synthesis-structure-performance relation-
ships. Multidisciplinary advances from chemistry, physics,
and materials science have played a major role in catalyst
synthesis, structural and compositional modification, and
mechanistic understanding with molecular and atomic-level
precision by advanced characterization techniques and mod-
eling.

Last year, we invited investigators to contribute original
research as well as review articles that address the field
of advanced nanocatalysts. We encourage manuscripts that
will concern new progress in controlled synthesis, thorough
understanding of the reaction mechanism and cutting-edge
characterization techniques. Today, we are very happy to
publish this special issue of this journal.

In this issue, original research and review articles are
accepted. The research papers focused on nanocatalysts with
novel structure produced by innovative synthetic technolo-
gies and detailed kinetic mechanism through experiments
and promising application.
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Ability to control the metal arrangement in bimetallic nanocatalysts is the key to improving their catalytic activity. To investigate
howmetal distribution in nanostructures can bemodified, we developed a computer simulationmodel on the synthesis of bimetallic
nanoparticles obtained in microemulsions by a one-pot method. The calculations allow predicting the metal arrangement in
nanoparticle under different experimental conditions. We present results for two couples of metals, Au/Pt (Δ𝜀 = 0.26V) and
Au/Ag (Δ𝜀 = 0.19V), but conclusions can be generalized to other bimetallic pairs with similar difference in standard reduction
potentials. It was proved that both surface and interior compositions can be controlled at nanometer resolution easily by changing
the initial reactant concentration inside micelles. Kinetic analysis demonstrates that the confinement of reactants inside micelles
has a strong effect on the reaction rates of the metal precursors. As a result, the final nanocatalyst shows a more mixed core and a
better defined shell as concentration is higher.

1. Introduction

The development of new improved nanocatalysts has
attracted extensive research due to scientific and techno-
logical interest [1–3]. Special attention was paid to core-shell
bimetallic nanoparticles.The presence of an additional metal
in bimetallic nanoparticles leads to different properties
from monometallic ones. Such particles not only maximize
the catalytic surface due to a high surface-to-volume ratio,
but also enhance catalytic properties in comparison to
monometallic nanoparticles even at lower temperatures
[4, 5]. Specifically, the catalytic behaviour of monolayers
of one metal on another metal was shown to be definitely
different compared to those of the parent metals [6]. It was
shown that the formation of a bond between two different
metals on a surface induces an electronic transfer towards
the metal with more empty states in the valence band. This
implies that the heteronuclear metal-metal bond depends
on the geometry of the bimetallic particle [7], which in turn
strongly affects catalytic activity. As an example, the catalytic
activity of Au/Pt particles was shown to be directly related to

surface composition [8]. Therefore, the ability to control the
metal arrangement in bimetallic nanoparticles is the key to
improving the catalytic activity.

In spite of existing several successful strategies to obtain
core-shell bimetallic nanoparticles, the control of the metals
arrangement is still an open question [8–11]. Moreover, the
metal distribution in a bimetallic nanoparticle depends not
only on the particular couple of metals but also on the
preparation method [12, 13]. So we will focus our attention
on one particular route to prepare bimetallic nanoparticles,
the precipitation of nanoparticles inside the droplets of a
microemulsion [9, 10, 14, 15]. A water in oil (w/o)microemul-
sion consists of water droplets dispersed in the oil phase
and stabilized interfacially by a surfactant monolayer [16,
17]. Reactants (metal precursors and reducing agent) are
solved inside the water droplets. Mixing of two or more
microemulsions (each containing one of the reactants) can
result in the formation ofmonodispersemetal particles inside
these aqueous nanoreactors.The reacting species are believed
to be exchanged between water droplets during interdroplet
collision, which can be able to open a channel for mass
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transfer [14, 18]. Microemulsion micelles are ideal templates
because each droplet can isolate a particle from those in
neighboring droplets. In this way, particle aggregation is
prevented, so this method allows a precise control over the
composition and size of the final nanoparticles. In the case of
bimetallic nanoparticles, the reacting species are two different
metal precursors and a reducing agent, initially located
in different microemulsion droplets. Due to collisions and
material interdroplet exchange, both chemical reductions can
take place inside the same water pool, resulting in a bimetal-
lic nanoparticle which remains confined in the micelle.
Nanoparticles composed of different couples of metals have
been prepared by this method [19–22]. Nevertheless, even
using microemulsions, there are a high number of variables
controlling the final arrangement of the two metals in the
nanoparticle. In order to optimize the metal distribution
in a bimetallic nanocatalyst, a deeper understanding of the
mechanism of nanoparticle formation in microemulsions
is needed. We have developed a Monte Carlo simulation
model, which predicts themetal distribution in the bimetallic
particle and allowed us to study nanoparticle formation
from a kinetic point of view. The validity of the model
predictions was proved by comparison between experimental
and simulation results [23]. The metal arrangement of Au/Pt
nanoparticles prepared in a 75% isooctane/20% tergitol/5%
water microemulsion was studied by HR-STEM (scanning
transmission electron microscopy) and cross section with
EDX analysis was performed to get their nanostructure.
Theoretical STEM profiles were calculated from the struc-
tures predicted by simulation, using the same synthesis
conditions compared to those of experimental studies. A
successful concordance between simulated and experimen-
tal STEM profiles supports the validity of the simulation
model.

For a better understanding of the metals arrangement in
a bimetallic nanocatalyst, one must take into account that a
nanoparticle is formed from a nucleus, which can grow by
building up new layers as new atoms are deposited on the
previous ones. If there are two different metal atoms in the
reaction medium, the metal distribution in final particle will
be defined by the sequence of deposition of the two metals.
The long term objective of the present study is implementing
the know-how in the preparation of bimetallic nanoparticles
in microemulsions. Such a challenge aim can only be reached
if the factors affecting the sequence of metals are analyzed.

First, it is well-known that this sequence is conditioned
by the rates of chemical reduction of the two metal ions. If
ions of two different metals are very close to each other (as
inside a water pool), and one metal reduces faster than the
other, the sequence of deposition will be first the faster metal
and then the slower one. So the resulting distribution will
be a core-shell structure. On the contrary, a mix of metals
is expected when both ions are reduced simultaneosuly.
Therefore, at first, the key factor to decide what structure
should be (core-shell or mix) is the difference in reduction
potentials of bothmetals [1, 24–26]. Nevertheless, it is not the
only factor, because core-shell geometries have been obtained
from metals with quite similar reduction potential, such as
Pt/Ag [27, 28], Pd/Au [29], and Pt/Pd [19, 20, 30–32].

Second, the order of metals deposition is also affected
by the nucleation rate of each metal [33, 34]. This is based
on the fact that clustering used to take a longer time
than reduction [35], so the chemical reduction is usually
considered as instantaneous. In this case, the subsequent
nucleation process would be the major factor to determine
the order of metals. Consequently, the majority of seeds from
which nanoparticles are formed will be composed of the
metal with the fastest nucleation. The growth of these seeds
will lead to a monometallic core. The slower metal would be
deposited on the core forming the surrounding shell. This
argument was used to explain Pd-Pt bimetallic nanocluster
structures [20, 21, 36].

Also relevant to the discussion is the observation that
the last two factors, reduction rate and nucleation rate, are
characteristics of the particular couple of metals. That is, if
one wants to prepare a bimetallic nanoparticle composed of
two specific metals, the reduction potentials and the critical
nucleus sizes cannot be modified. However, both processes
(reduction and nucleation) can be altered by changing the
values of reactants concentration. Therefore, a third factor
affecting the sequence of metals can be concentration, which
is easily modified.

Finally, one must keep in mind that micelles are demon-
strated to be a reaction medium that does not always
obey classical assumptions. As an example, it was proved
that the usual definition of pH cannot be employed inside
micelles [37]. So chemical kinetics in micelles must take
into account the compartmentalization of the reactionmedia
[38]. Although the fact that reactants are trapped into
micelles plays a key role in metal arrangement in bimetallic
nanoparticles, studies in this direction are limited. In the
research at hand, a comprehensive analysis of the resulting
nanostructures is performed, based on the hypothesis that
metal arrangement is due to the particular combination of
three main factors: the difference in reduction rate of both
metals (characteristic of the pair of metals), the intermicellar
exchange rate (determined by microemulsion composition),
and the amount of metal precursors inside micelles. All
together give rise to a particular order of metals deposition,
which in turn determines the metal distribution in final
nanoparticle. To investigate how metal distribution in the
nanostructure can be easily modified by changing reactant
concentration, two couples of metals were chosen, and
microemulsion composition was kept unvariable. Because of
their high catalytic activity the nanocatalysts chosen for the
studywereAu/Pt [12, 13, 39–42] andAu/Ag [43–46].The cou-
ple of the metals was characterized by the ratio between the
reduction rates of the fast and the slowmetal.The structure of
Au/Pt nanoparticles (difference in standard reduction poten-
tials Δ𝜀 = 0.26V) was shown to be successfully reproduced
by simulation by means of reduction rates ratio VAu/VPt ≈ 10
[23]. By means of the Volmer equation, a smaller difference
in standard reduction potentials such as Au/Ag system (Δ𝜀 ≈
0.19V) can be simulated by a reduction rate ratio VAu/VAg ≈ 5.
Because the reduction rate ratio is the simulation parameter
used to characterize the nature of the metals, all results can
be generalized to other bimetallic systems whose difference
in standard reduction potentials is about this range.
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4HAuCl4 + 3N2H5OH→ 4Au + 16HCl + 3N2 + 3H2O

Scheme 1: Scheme of nanoparticle formation inside microemulsion droplets.

2. Simulation Model

The kinetic course of the reaction is simulated as follows (see
[47] for details): the microemulsion is described as a set of
micelles, which move and collide with each other. Initially,
each kind of reactant is located in one microemulsion.
The reactants are the metal salts (HAuCl

4
and H

2
PtCl
6
to

prepare Au/Pt, or HAuCl
4
and AgNO

3
to prepare Au/Ag)

and the reductor agent hydrazine. The concentration of
reactants can bemodified by varying the concentration of the
water phase for each microemulsion. To study the influence
of concentration we present results using different average
values of the number of reactants inside the droplets, keeping
a 1 : 1 proportion: ⟨𝑐Au salt⟩ = ⟨𝑐Pt or Ag salt⟩ = 4, 32, 64, and 128
metal ions in a droplet, which corresponds to 0.02M, 0.16M,
0.40M, and 0.64M, respectively.Thenmicroemulsions, each
one containing one reactant, are mixed.

The diffusion of micelles is assumed to be governed by
Brownian motion. Upon collision micelles can establish a
water channel forming a transient dimer, exchanging their
contents (reactants, products, and/or growing particles). In
each step, 10% of micelles are randomly chosen to col-
lide, fuse, and redisperse, allowing material exchange (see
Scheme 1). One Monte Carlo step (mcs) is completed when
the composition of colliding droplets is revised after collision
according to the criteria described below.

The intermicellar exchange protocol of free units (reac-
tants and nonaggregated metal atoms) consists in their
redistribution between two colliding droplets in accordance
with the concentration gradient principle: reactants and
free metal atoms are transferred from the more to the less
occupied droplet. The exchange parameter (𝑘ex) quantifies
the maximum amount of reactants (metal precursors and/or
reductor agent) and metallic atoms which can be transferred
during a collision. When collision takes place between two
micelles containing different kind of reactants, redistribution
of material can lead to one metal precursor and the reductor
being located inside the same micelle. At this stage, chemical
reduction can take place. Model assumes that chemical
reduction of Au precursor is instantaneous (100% of HAuCl

4

inside the same micelle is reduced); that is, reaction is
completed, and only Au atoms and excess of reactants (either
Au salt and/or hydrazine) are to be distributed in daughter
micelles.This implies that reactantsAu salt and hydrazinewill

not exist together in a micelle. To take into account different
reductions rates, the probability that reactants are trapped
together in the samemicelle which reduce tometal atoms can
be diminished. To simulate the Au/Pt synthesis only 10% of
H
2
PtCl
6
is reduced in each collision (VAu/VPt = 10). In the

case of Au/Ag, 20% of the pairs AgNO
3
and hydrazine avail-

able in the micelle produce Ag atoms (VAu/VAg = 5). The rest
ofmetal salt and reducing agent remain in themicelle andwill
be exchanged or will react in a posterior collision. All atoms
produced in each micelle are considered to be aggregated
forming a growing nanoparticle. As the synthesis advances,
more micelles carry reactants and particles simultaneously.
If one colliding droplet is carrying a particle, the reaction
always proceeds on it, acting as nucleation point. When both
collidingmicelles contain particles, reaction takes place in the
micelle containing the larger one, which has a larger surface,
increasing the probability of playing as catalyst.

The intermicellar exchange protocol of growing particles
is limited by the size of the channel through which colliding
micelles exchange their content, which is determined by the
flexibility of the surfactant film. The flexibility parameter
(𝑓) specifies the maximum particle size for transfer between
micelles. The exchange criteria of particles are also dictated
by Ostwald ripening, which assumes that the largest particles
will grow by condensation of material, coming from the
smallest particles that solubilise more readily than larger
ones.Therefore, if both collidingmicelles contain particle, the
smaller one is transferred to the micelle carrying the larger
one, whenever the channel size would be large enough.

Despite their simplicity, material intermicellar exchange
protocols allow us to simulate the surfactant film flexibility.
At first, the requirements for material intermicellar exchange
to take place are that colliding micelles must remain long
enough together, and the size of the channel connecting both
micelles must be large enough. It can be assumed that the
main factor determining the exchange of isolated species
(reactants and free metals) is the dimer stability, because they
traverse the intermicellar channel one by one. That is, more
species can be exchanged when the twomicelles stay together
longer (higher dimer stability), and channel size would not
be relevant. Based on this, 𝑘ex is related to the dimer stability.
On the contrary, the channel size becomes decisive when the
transferred material is a particle constituted by aggregation
of metal atoms, which have to be exchanged as a whole. As a
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consequence, this kind ofmaterial exchange will be restricted
by the intermicellar channel size (𝑓 parameter). From this
picture, the flexibility of the surfactant film is included
in the simulation model by means of 𝑘ex (dimer stability)
and 𝑓 (intermicellar channel size) parameters [48]. Good
agreement between simulation and experimental results was
obtained when a rigid film, such as AOT (dioctyl sodium
sulfosuccinate)/n-heptane/water microemulsion, was related
to a channel size 𝑓 = 5, associated with 𝑘ex = 1 free atom
exchanged during a collision [49]. In case of flexible film,
both factors have to rise together. In this study we present
results obtained using a more flexible microemulsion, such
as isooctane/tergitol/water, which was successful compared
to simulation data using 𝑓 = 30, 𝑘ex = 5 [23].

Each simulation run ends when the contents of each
micelle remain invariable; that is, all metal salts were reduced
and no material intermicellar exchange is taking place. It
results in a set of micelles, each one of which can contain
one particle. The metal distribution in the final particle is
defined by the order with which the two metals are deposited
on particle surface. Therefore, in order to study the particle
composition, the sequence of the two metals in each micelle
is monitored as a function on time.

The metals in each nanoparticle are assumed to take
a spherical arrangement. Each nanoparticle sequence is
divided in ten concentric layers, and the dispersity and
averaged composition (% Au) are calculated layer by layer.
Finally results are averaged over 1000 runs. The composition
(% Au) of each layer is showed by a colour grading: the
degradation goes from blue (0%–10% of fast metal Au) to red
(90%–100% Au). Grey means a 50% of each metal. A lighter
colour indicates a higher proportion of pure metal in the
layer. The resulting structures are represented as histograms,
in which the number of particles with a given % Au is
monitored layer by layer. In this way the layer composition
can be observed from the core (inner layer) to the shell
(outer layer). It allows us to study how themetal arrangement
changes as the synthesis advances. Likewise, the nanoparticle
composition is also described bymeans of concentric spheres.
The thickness of each sphere is proportional to the number of
layers with a given % Au, keeping the same colour code.

3. Results and Discussion

3.1. Changing the Metal Salt Concentration: Structural Study
on Metals Distribution in Final Nanoparticle. First of all, we
will study the metal distribution in final nanoparticle for two
different values of the reduction rates ratio of the two metals.
To isolate this dependence, the microemulsion composition
(characterized by 𝑓 = 30, 𝑘ex = 5) and the nucleation
rates of both metals (𝑛∗Au = 𝑛

∗

Ag = 𝑛
∗

Pt = 1) must be kept
constant. Figure 1 shows the predicted structures. In these
figures, the reduction rate of the fast metal (Au) is considered
instantaneous: that is, 100% Au salts inside the same micelle
give rise to Au. The reduction rate of the slower metal (Pt or
Ag) is decreased from VAu/VAg = 5 (20%Ag salts react in each
Monte Carlo step; see first column in Figure 1) to VAu/VPt = 10
(10% Pt salts react; see second column in Figure 1). Each file

in Figure 1 shows results for different values of initial metal
salts concentration.

Figure 1(a) shows the nanostructure obtained using a
small difference in reduction rates and a low concentration
(VAu/VPt = 5, ⟨𝑐⟩ = 4 reactants per micelle). One can see
that the composition of the inner layers (core) is enriched in
the faster reduction metal (Au, see red bar on the left). By
observing from the inner to the outer layers, the composition
of the surrounded layers evolves to a mix of the two metals
as the synthesis advances. At the end of the process, most of
the particles have a shell which is composed of approximately
50% in each metal. When the reduction rate ratio is larger
(see Figure 1(b), VAu/VPt = 10, ⟨𝑐⟩ = 4), more Au is mainly
located in the core, and the surrounding shells show a slight
enrichment in the slower metal. It was shown that a further
increase in Vfast/Vslow gives rise to better segregated metals
[22, 25, 26]. In contrast, a further decrease in reduction
rate ratios leads to more mixed structures, so an alloy was
obtained for equal reduction rates (Vfast/Vslow = 1) [25]. From
these results, one could think that the ratios between both
reduction rates Vfast/Vslow = 5, 10 are not large enough to give
rise to a core-shell distribution. However, if concentration
is increased (keeping constant the reduction rate ratio) the
metal distribution changes drastically: most of the particles
show an Au core, surrounded by mixed middle layers, finally
covered by a slow metal-shell (see blue bar on the right
in Figure 1). Two main features must be pointed out from
this figure: First, independently of reactants concentration,
the metal segregation is better as the reduction rate ratio is
larger (see Figure 1, from left to right), as expected. Second,
nanostructure can be modified by a change in concentration,
as experimentally observed [23]. To provide a deeper insight
into the influence of the initial reactant concentration on
metal distribution, histograms in Figure 1 must be compared
from the top to the bottom.Thefirst column in Figure 1 clearly
shows how, in spite of the small difference in chemical reduc-
tion rate ratio, themetal segregation is enhanced by high reac-
tant concentration: from an Au-enriched core covered by an
alloyed shell obtained at small concentration (see Figure 1(a),
⟨𝑐⟩ = 4 metal ions in a micelle) to the incipient formation
of a shell at higher concentration (see Figure 1(c), ⟨𝑐⟩ = 32),
which evolves to a better defined shell when concentration
is increased (see blue bars on the right in Figure 1(e), ⟨𝑐⟩ =
128). The same qualitative behaviour is obtained at larger
reduction rate ratio (see second column in Figure 1). One
can conclude that the metal distribution in a bimetallic
nanoparticle can be modified at nanometer resolution just by
changing the reactants concentration. This is an unexpected
result, which is supported by experimental observations [23].
It is well-known that the rate of a bimolecular reaction,
such as reduction, increases with concentration. But the
concentration of both metal salts was the same in all cases,
so it may be expected that the influence of concentration
on both reductions was similar. However, the analysis of
the histograms proves that metal segregation in core-shell
nanostructures depends on concentration. On the one hand,
the shell is more pronounced at higher concentration. On
the other hand, concerning the core, note that the larger
the concentration, the larger the quantity of the slow metal
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Figure 1: Histograms represent the number of particles with a given percentage of the faster metal (Au) in each layer, from the nanoparticle
core to the surface for two different couples of metals. (a) Reduction rate ratio VAu/VAg = 5 and metal salt concentration ⟨𝑐⟩ = 4 metal ions
in a micelle; (b) reduction rate ratio VAu/VPt = 10 and concentration ⟨𝑐⟩ = 4 ions; (c) VAu/VAg = 5 and ⟨𝑐⟩ = 32; (d) VAu/VPt = 10and ⟨𝑐⟩ = 32;
(e) VAu/VAg = 5 and ⟨𝑐⟩ = 128; (f) VAu/VPt = 10 and ⟨𝑐⟩ = 128 ions. Scheme color: blue (0%–45% of Au), grey (45%–55% of Au), and red
(55%–100% of Au). Less red means less Au (faster metal). Circles in each histogram represent nanoparticle structure in concentric layers,
keeping the same color scheme. Surfactant film flexibility (𝑘ex = 5, 𝑓 = 30).



6 Journal of Nanomaterials

(�

Time (mcs)
0 50 100 150 200

N
um

be
r o

f m
et

al
 at

om
s

0

5000

10000

15000

20000

Fast metal

Slow metal

Au
Au/�Ag = 5)

Au (�Au/�Pt = 10)

Ag (�Au/�Pt = 5)

Pt (�Au/�Pt = 10)

⟨c⟩ = 32 reactants/micelle

(a)

Time (mcs)
0 50 100 150 200

N
um

be
r o

f m
et

al
 at

om
s

0

10000

20000

30000

40000

50000

60000

70000

Au

Pt

⟨c⟩ = 128

⟨c⟩ = 64

⟨c⟩ = 32

⟨c⟩ = 4

�Au/�Pt = 10

(b)

Figure 2: (a) Time evolution of the number of metal atoms obtained in micelles using different reduction rate ratio Vfast/Vslow = 5, 10.
Continuous and discontinuous lines show the obtaining of fast (Au) and slow (Ag or Pt) metals, respectively. Synthesis conditions: flexible
film (𝑘ex = 5, 𝑓 = 30), average concentration ⟨𝑐⟩ = 32 metal salts in a micelle. Scheme colour: blue lines represent VAu/VAg = 5; red lines
represent VAu/VPt = 10. (b) Number of metal atoms obtained in micelles versus time using different concentration and keeping constant the
reduction rate ratio VAu/VPt = 10.

forming the inner layers.That is, larger concentrations lead to
more mixed cores (see Figure 1, from the top to the bottom).
This wouldmean that the slowmetal will be more accelerated
by concentration compared to the faster one. Understanding
this behaviour is not obvious. One must take into account
that reversemicelles are demonstrated to be reactionmedium
that does not always obey classical assumptions.The dynamic
properties of themicroemulsion, which facilitates their use as
confined reactionmedia, play a key role in the chemical kinet-
ics. With the aim of explaining this unpredicted evolution
of metal distribution in the nanostructure, a deeper kinetic
study is explained below.

3.2. Changing the Metal Salt Concentration: Kinetic Study.
The whole speed at which nanoparticle is built up depends
not only on the chemical reduction rates but also on the
intermicellar exchange rate and concentration. The final
nanoparticle was proven to be due to the particular combi-
nation of these three factors, which in turn determine the
particular sequence of deposition of the two metals on the
growing particle [38]. The simulation model allows us to
monitor the number of metal atoms produced in all micelles
as the synthesis advances. Continuous lines in Figure 2(a)
represent the number of faster atoms (Au) and discontinuous
lines correspond to slower ones (Ag, VAu/VAg = 5 or Pt, VAu/
VPt = 10). These data were obtained keeping fixed con-
centration (⟨𝑐⟩ = 32 atoms/micelle), that is, the synthesis
conditions shown in Figures 1(c) and 1(d).The reduction rate
ratios VAu/VAg = 5 and VAu/VPt = 10 are showed in blue
and red, respectively. A plateau is reached when the reactants

have been exhausted.As expected, the slower reducedmetal is
produced later (see discontinuous lines). Fast and slow curves
appear more separately as the second metal reduction rate
is slowing down (compare blue and red lines). Concerning
the influence of concentration on the curves, Figure 2(b)
shows the results obtained at different initial concentrations
for a reduction rate ratio VAu/VPt = 10. As before, the quan-
tities of Au and Pt produced at different concentrations
as the synthesis advances are showed by continuous and
discontinuous lines, respectively. One can observe that all Au
curves have the same slope, except that concentration was
very low. In this case, the reactant concentration appears to
be the controlling factor, as expected. On the contrary, higher
concentration does not result in a faster rate because the
controlling step is the intermicellar exchange rate [47]. These
data were obtained using an exchange parameter 𝑘ex = 5, so
only 5 molecules can be exchanged between micelles during
each collision. That is, although the number of metal salts in
one micelle was higher (e.g., ⟨𝑐⟩ = 32 atoms/micelle), only a
maximum of 5Au salts can be transferred in a collision. This
implies that a maximum of 5Au atoms can be produced if
there is enough reducing agent located in the micelle. This
restriction also governs the exchange of slow metal salts, but,
in this case, only 10% of the pairs of Pt salt and reducing agent
carried by the same micelle react. The remaining reactants
stay in the micelle, resulting in a local accumulation due to
cage-like effect. Previous studies suggest that micelle plays as
a cage [37, 47, 50]. The hypothesis is that reactants located
inside the samemicelle can fail to react the first time, but they
have more opportunities as long as they remain in the same
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Figure 3: (a) Reaction rate versus time obtained using different reduction rate ratio: (a) VAu/VAg = 5 and (b) VAu/VPt = 10, and different average
concentration in a micelle. Continuous and discontinuous lines show the obtaining of fast (Au) and slow (Ag or Pt) metals, respectively.
Synthesis conditions: flexible film (𝑘ex = 5, 𝑓 = 30). Scheme colour: ⟨𝑐⟩ = 4, 32, 64, and 128 metal salts in a micelle are represented by blue,
grey, green, and red lines, respectively.

micelle. Consequently, the chemical reduction can continue
independentally from a new intermicellar collision. In this
waymicelles allow for less encounters between reactants than
continuous reactionmedia, but reactants confined inmicelles
remain near each other for much longer. As a result, slower
metal reaction rate increases due to a cage-like effect.

The cage effect in micelles can be proved by calculating
the overall reaction rate of each metal from the slopes of
the curves showed in Figure 2. The overall reaction rate,
estimated as 𝑑𝑛atom/𝑑𝑡, takes into account not only the
chemical reduction rate but also the material intermicellar
exchange rate. The calculated Au and Pt reaction rates are
showed in Figure 3 as continuous and discontinuous lines,
respectively, keeping the same scheme color compared to
that used in Figure 2(b). All curves show a maximum, from
which the usual decay is obtained. The growing rate before
the maximum is due to the reactants redistribution between
micelles, because only when the metal salt and the reducing
agent are carried by the same micelle, chemical reduction
can take place. That is, as the reactants are redistributed,
more intermicellar collisions can result in chemical reaction,
so reaction rate increases. After the maximum, the usual
decay versus time can be observed as reactants have been
consumed. In spite of the similarities, the fast and the
slow metals show different behaviour. In relation to Au, the
fact that reactants are trapped inside micelles causes the
Au reduction to be mainly controlled by the intermicellar
exchange rate. This is reflected in the slopes of Au curves,
which are equal before and after the peak for all concentration
values and reduction rate ratios (see continuous lines in
Figure 2). That is, Au reaction rate steadily increases while
material has been exchanged between micelles and steadily

decreases while there are Au salts. When concentration is
high enough, Au reaction rate reaches a threshold dictated
by the intermicellar exchange rate from which it cannot
increase anymore (see continuous red line). At this stage, Au
reaction rate remains constant as long as the quantity of Au
precursor is enough. It implies that the intuitive idea that
larger concentration always gives rise to a faster reduction
rate was proved to be not always true in reverse micelle
[47]. Note that intermicellar control cannot be reached at low
concentration because precursor salt is exhausted earlier.

Concerning slow metal reaction rates (see discontinuous
lines in Figure 2), one could expect a behaviour similar
to Au rate, because exchange restrictions are the same for
both metals. Indeed, before the peak, the only effect of
increasing concentration on the slow reaction is the obtaining
of higher and later maxima.The maximum is higher because
high concentration results in faster reaction rate, which is
reached later because of intermicellar exchange restrictions.
Nevertheless, the speed at which the slow rate falls after the
peak is strongly dependent on concentration, contrary to
Au reaction rate. This unexpected result can be explained
by the effect of confinement on both metals: in relation to
the faster metal, once the intermicellar exchange allows the
location of both reactants enclosed in the same micelle, the
reaction is very quick. But in the case of a slow reduction,
the reactants which fail to react the first time remain in
the micelle, so they will be close together for longer. They
can react later, regardless of whether or not an intermicellar
exchange takes place. It results in a faster slow reaction rate
due to cage-like effect. It is important to point out that the
fast reduction is not affected by the cage effect, because no
reactants accumulation takes place. On the contrary, slow
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rate depends on the exchange rate (as the Au case) and, in
addition, depends on the accumulation of reactants, which
will be higher as concentration is higher. Given that cage
effect accelerates the slow reaction, it also results in a quicker
decay of the slow reaction rate as observed in Figure 3.

3.3. Chemical Kinetics and Metal Distribution. The reac-
tion rate profiles allow us to understand the influence of
concentration and reduction rate ratio on resulting metal
distribution in bimetallic nanostructures. The gap between
the faster and the smaller reaction rates at the initial stages
of the synthesis, when the core is building up, is shown by
the grey arrows in Figure 3. Because the time required to
reach equilibrium depends on concentration and reduction
rate ratios, grey arrows are located at the stage at which
20% of total metal atoms have been deposited (the core
is completed), for comparison purposes. The fact that the
length of grey arrows is shorter as concentration is larger is
directly related to metal distribution in the core: the shorter
the gap, the smaller the difference between the reaction rates
of the two metals, so the core is more mixed, as shown
in Figure 1. That is, the high degree of mixture in the
core observed at high concentrations is accounted for the
acceleration of slow metal rate. In each pair of curves the
factors affecting the rate (concentration, reduction rate ratio,
and intermicellar exchange rate) are kept fixed, so the slow
metal acceleration can be associated with the cage effect,
which is more pronounced as concentration increases. By
comparing Figures 3(a) and 3(b), one can observe that the
gap is larger when Vfast/Vslow ratio is higher, as expected. It
results in a larger Au-enrichment in core, as observed in the
structures shown in Figure 1.

Finally, the formation of the shell can also be explained on
the basis of the differences between both rates. Pink arrows
in Figure 3 show the gap between the faster and slower
metals rates at later stages of the synthesis (90% of the total
metals were deposited), that is, when the shell is forming.
As expected, a larger Vfast/Vslow ratio gives rise to a larger
gap, directly related to better separated shell. Likewise, the
fact that shell is better defined at high concentration is also
accounted for by the increasing gap between both rates as
concentration increases. A priori, one could think that the
slowmetal enriched shell, enhanced by higher concentration,
is contrary to the acceleration caused by cage effect. Although
slow metal acceleration favours earlier deposition, a high
concentration also means that the available quantity of slow
metal at later stage of the synthesis is higher. This delay in
slow metal reduction determines the pure shell formation
observed at high concentration (see Figure 1).

These results can be extended to oil in water micelles
(e.g., in the preparation of hydrophobic particles solved inside
micelles) because the main cause of the cage effect is the
confinement of reactants inside micelles, which takes place
independently of the kind of micelle.

4. Conclusions

The fact that reactants are trapped into micelles plays a
key role in metal arrangement in bimetallic nanocatalysts,

because it affects the metals reduction in different ways.
On the one hand, the intermicellar exchange rate is the
controlling step of the fast metal reaction. On the other hand,
slow metal reduction is also affected by the cage effect, which
is more pronounced as concentration increases. It is reflected
in the metal distribution of the nanocatalyst, which shows a
more mixed core and a better defined shell as concentration
is higher.

In summary, the surface composition of bimetallic
nanocatalysts can be fine-tuned by choosing the adequate
components of the microemulsion and reactant concentra-
tion. For a given couple of metals in a fixed microemulsion,
the metal distribution of the final nanoparticle can be
manipulated by changing the reactant concentration.
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“Effects of the intermicellar exchange on the size control of
nanoparticles synthesized in microemulsions,” Langmuir, vol.
17, no. 23, pp. 7251–7254, 2001.

[49] C. Tojo, M. C. Blanco, and M. A. López-Quintela, “Preparation
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Porous ZnO/SnS
2
nanocomposites with adjustable SnS

2
contents were prepared viamicrowave-assisted heating of different aqueous

solutions of SnS
2
precursors in the presence of fixed amount of ZnCO

3
nanoparticles at pH 7. The structures, compositions, BET

specific surface areas, and optical properties of the as-prepared products were characterized by X-ray diffraction, energy dispersive
X-ray spectroscopy, transmission electron microscopy, N

2
adsorption, and UV-Vis absorption spectra. Photocatalytic activities

of the samples were tested by the removal of aqueous ciprofloxacin, CrVI, and methylene blue under visible-light (𝜆 > 420 nm)
irradiation. The experimental results reveal that the as-prepared heterogeneous nanostructures exhibit much higher visible-light-
driven photocatalytic activity for the degradation of the pollutants than pure SnS

2
nanocrystals. The photocatalytic degradation

rates (𝐶
𝑡
/𝐶
0
) of the pollutants for the most active heterogeneous nanostructure are about 10, 49, and 9 times higher than that of

pure SnS
2
. The enhanced photocatalytic activities exhibited by the heterojunctions could be ascribed to the synergetic effect of

enhanced absorption in the visible region and the reduced rate of charge carrier recombination because of efficient separation and
electron transfer from the SnS

2
to ZnO nanoparticles.

1. Introduction

The occurrence of subnano- to microquantities of the syn-
thetic broad-based antibiotic ciprofloxacin (CIP) in surface
and ground waters is an emerging source of high concern
[1, 2]. The presence of CIP in aquatic environments, albeit at
low concentrations,may lead to serious environmental issues.
Of immediate concern is the high likelihood of inducing the
evolution and proliferation of multidrug resistant bacteria
[3]. On the mid and long term, the concern stems from not
knowing the risks posed by CIP to ecosystems and human
health. Because existing conventional water treatment plants
are not designed to treat pharmaceutical products, there is the
urgent need to develop cost-effective treatment technology to
cope with this problem. In this context, advanced oxidation
processes (AOPs) are being intensively investigated as pos-
sible remediation techniques. Advanced oxidation processes

hold much promise in this regard because of their ability
to produce highly reactive oxidative species (ROS) that are
capable of complete mineralization of recalcitrant organic,
biological, and inorganic pollutants [4].

Many types of AOPs are being considered for water
decontamination [5, 6]. These include electrochemical, pho-
tochemical, photocatalytic processes, or their combinations.
The photochemical and electrochemical processes, such as
ozonation [7, 8], photo/electro-Fenton [9, 10], and persulfate
[11, 12], use expensive precursors (O

3
, H
2
O
2
, and Fe2+

coupled with UV photons or electricity) to generate ROS.
On the other hand, the photocatalytic decomposition (PCD)
produces ROS without the need of any chemical and can
be operated at ambient conditions. Furthermore, PCD has
the inherent potential to be simple, reusable, efficient, and
clean and can be designed to utilize a significant portion of
the infinitely free energy from the sun. For these reasons,
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PCD is widely regarded as a potentially viable AOP for water
purification [13–15]. In heterogeneous photocatalytic decon-
tamination (PCD) process, a semiconductor (SC) material
harnesses energy from photons that pose energies equal to
or greater than its band gap. The absorbed energy is utilized
to excite electrons from the valence band to the conduction
band of the semiconductor. The photogenerated electrons
and holes then react with adsorbates such as O

2
, H
2
O to

initiate the production of ROS radicals that directly degrade
pollutants [16–18].

The fate and economic viability of PCD in large-scale
water purification process are contingent on the development
of high-performance photocatalyst(s) [19]. From industrial
perspective, the optimal catalyst must possess the ability to
transform the pollutant(s) entirely to harmless molecule(s).
Additionally, itmust have a bandgap (with suitably positioned
conduction and valence bands) that absorbs light in the
visible range and remains stable in contact with the water
matrix. Furthermore, it should be nontoxic, abundant, and
cheap. Towards this goal, a considerable variety of semicon-
ductor materials have been tested for this purpose in the past
decades. Table 1 gives a summary of some of the most recent
materials investigated as photocatalysts for CIP degradation.

Among the materials under consideration are SnS
2
and

ZnO semiconductors with bulk band gaps of about 2.2 eV and
3.37 eV, respectively [20].They are among themost promising
photocatalysts, owing to their low cost, nontoxic nature, and
high photocatalytic activity [21–23]. Moreover, they have
matched band potentials; that is, both the valence band
and conduction band potentials of SnS

2
are more negative

than those of ZnO [24]. Thermodynamically, this allows the
photogenerated electron to easily transfer from the conduc-
tion band of SnS

2
to the conduction band of ZnO under

visible-light (𝜆 > 420 nm) irradiation, hence, enhancing the
separation of photogenerated electrons and holes in SnS

2
and

bringing about the sensitization of ZnO. For this reason, the
ZnO/SnS

2
composites with appropriate compositions should

have higher visible-light-driven photocatalytic activity than
individual SnS

2
and ZnO.

On the basis of these considerations, we report a study
on the synthesis of porous ZnO/SnS

2
nanosphere heterojunc-

tions via a three-step process, including (1) room temperature
synthesis of ZnCO

3
in polyvinyl pyrrolidone-ethylene glycol

solution, (2) microwave-assisted conformal deposition of
SnS
2
layer on the ZnCO

3
nanospheres, and (3) calcination

of the ZnCO
3
/SnS
2
nanospheres at 360∘C. The objectives

are to evaluate the effectiveness of porous ZnO/SnS
2
as a

photocatalyst for the removal of (a) CIP and (b) hexavalent
chromium ion andmethylene blue. In addition, the source of
enhanced photoactivity (if any) will be investigated. To the
best of our knowledge, no such work on porous ZnO

3
/SnS
2

was ever reported.

2. Materials and Methods

2.1. Chemicals. All chemicals and reagents used in this work
were of analytical grade and they were used as-received with-
out any purification. The materials are ammonium hydrogen

carbonate (NH
4
HCO
3
, Friendemann Schimdt Chemical,

Germany), tin (IV) chloride pentahydrate (SnCl
4
⋅ 5H
2
O,

Acros, New Jersey, US), sodium sulfide (Na
2
S ⋅ 𝑥H

2
O,

QRec, Thailand), ethylene glycol (HOCH
2
CH
2
OH, Merck,

Germany), zinc sulfate heptahydrate (ZnSO
4
⋅ 7H
2
O, R &

M Chemicals, UK), and polyvinyl pyrrolidone (PVP 58000,
Alfa Aesar, UK), and denatured absolute ethanol (CH

3
OH,

Globe Chemicals, Germany). Model pollutants purchased
include ciprofloxacin hydrochloride (C

17
H
18
FN
3
O
3
HCl,

Cadila’s Ciprodac, India), potassium dichromate (K
2
Cr
2
O
7
,

AR grade, Systerm, Malaysia), and methylene blue (MB)
whose structures and concentrations in test liquids are shown
in Table 2. Distilled deionized water 18.2mΩ⋅cm was pre-
pared using TKA instrument and used to prepare all aqueous
solutions.

2.2. Synthesis of ZnCO
3
. Zinc carbonate (ZnCO

3
) was pre-

pared according to an earlier reported procedure with slight
modification [25]. 2.9 g (0.01 gmol) of ZnSO

4
(Solution A)

and 1.6 g (0.02 gmol) of NH
4
HCO
3
(Solution B) were each

dissolved in 50mL of 5wt% PVP-ethylene glycol solution
at 70∘C. Solution B was added in a dropwise manner to
Solution A under magnetic stirring at 800 rpm. The mixture
was stirred for 1 h, and the white precipitate formed was
collected by centrifuge at 6 000 rpm for 3min.The precipitate
was washed with distilled deionized water (3×) and then with
denatured absolute ethanol (3×). Finally, the moist ZnCO

3

precipitate obtained was dried in an oven at 70∘C for 6 h.

2.3. Microwave-Assisted Synthesis of ZnO/SnS
2
. A predeter-

mined mass of ZnCO
3
powder was dispersed by sonication

for 30min in 100mL (NaOH neutralized) solution of SnCl
4
⋅

5H
2
O (pH 7) in argon sparged distilled deionized (DDI)

water. After that, 20mL solution of Na
2
S also in argon

sparged DDI was dropped in the ZnCO
3
dispersion under

vigorous stirring (800 rpm). The colloidal solution under
vigorous stirring was irradiated using microwave in a pulsed
regime of 5 s on, 20 s off at 20% power (180W) in an oven for
10min. The whitish brown ZnCO

3
/SnS
2
precipitate formed

was collected by centrifuge and washed as explained in
Section 2.2. The cleaned solid was calcined in a stagnant
air furnace at 360∘C for 3 h. Three different samples were
prepared at various mass ratios of Sn4+ source and Zn2+
source that were controlled as 25, 50, and 75wt%. Details
of the experimental condition are given in Table 3. The as-
preparedZnO/SnS

2
powders are designatedZOSS-1, ZOSS-2,

and ZOSS-3, respectively, and referred to as such in the text.
For the purpose of comparison, ZnO and SnS

2
were also

produced in 5% PVP-EG solution using microwave heating
as above.

2.4. Characterization. Investigation of the crystallinity and
the phase structures of the samples was carried out on a
Phillips Analytical X-ray diffractometer. All measurements
were done with Cu

𝐾-𝛼 radiation between 2𝜃 values of 20
∘ and

80∘ at a scan rate of 0.033∘s−1 using accelerating voltage and
current of 40mV and 40mA, respectively. Ultraviolet-Visible
(UV-Vis) absorbance spectra of samples were obtained on a
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Table 1: Photocatalysts and experimental conditions reported for the degradation of ciprofloxacin.

Photocatalyst Catalyst Concentration Radiation Illumination CIP References
load, mg mg/L time, min removal, %

ZnO 20 5 UV-A 60 ∼50 [21]
Bio MgO

𝑥
50 10 NGb 720 100 [52]

KMn8O16 50a — NG 30 >90 [53]
Ag/Pt@TiO2 80 10 Vis. 120 99 [54]
Ag@NC-TiO2 80 10 Vis. 150 98 [55]
TiO2 500 33 UV-Vis — — [45]
rGOc-BiVO4 20 10 UV 60 68.2 [56]
TiO2-P25 500 14 UV — — [57]
Pt-BiO4 150 10 Vis. 60 91.97 [58]
Anatase-TiO2 1000 50 UV 120 — [59]
NaCl/TiO2 100 10 Vis. 60 70.90 [13]
aMolar ratio of catalyst to CIP; bNG = not given, crGO = reduced graphene oxide.

Table 2: Pollutants and some experimental conditions used in testing the photocatalytic activity of the porous ZnO/SnS2 heterostructures.
Unless otherwise indicated, reactions were performed at (30 ± 1)∘C in a water-jacketed photoreactor, continuously air/argon-sparged and
stirred at 400 rpm.

Model pollutant Chemical structure Initial concentration, pH
mgL−1 (𝜇molL−1)

Dichromate ion
O O O

O
OO

O
CrCr

2−

35.5 (120.7) 5.21

Ciprofloxacin

O

O ClH

OHN

N
FHN

40 (120.7) 6.10

Methylene blue NN

N

CH3

CH3Cl−

S+
CH3

CH3

38.6 (120.7) 7.60

Shimadzu model UV-1800 spectrophotometer. Absorbance
measurements are converted to absorption coefficient (𝛼)
from 𝛼 = 2.303𝐴/𝑑, where 𝑑 is the path length of the quartz
cuvette and 𝐴 is the absorbance [26, 27]. The calculated 𝛼
are used in Tauc equation [𝛼ℎ] = 𝐾(ℎ] − 𝐸bg)

𝑛] to estimate
the energy gap of the nanocomposite [28, 29]. Morphological
structures of the samples were viewed and photographed
on a Hitachi scanning electron microscope (FESEM) model
S-3400N. Energy-dispersive X-ray spectrometry (EDS) was
also taken on the same machine. Fine structural details were
investigated with a Hitachi transmission electron micro-
scope, model H-7100 STEM. Surface area of the samples
was determined from BET measurements on a 3Flex Surface
Characterization Analyzer (Micrometrics, USA). Isoelectric
point (IEP) of ZOSS-2 was determined using ZetaSizer Nano
ZS (Malvern, UK) instrument.

2.5. Batch Photocatalytic Activity Measurement. Photocat-
alytic activities of the nanocomposite were investigated by

photocatalytic degradation of ciprofloxacin (CIP) in 400mL
immersion well photoreactor (model RQ400, Photochemical
Reactors, UK). In a run, 200mg of a catalyst was added
to 300mL aqueous solution of the pollutant in the reaction
flask at natural pH (see Table 2). The suspension was stirred
at 400 rpm for 30min (based on preliminary contact time
test result) in the dark to allow for adsorption-desorption
equilibrium. Visible-light irradiation (𝜆 > 420 nm) was
generated by a 200W quartz tungsten halogen lamp (Osram
Sylvania Inc., US)whichwaswrapped in aUVfiltering plastic
sheet (F20UVYellow, Fluorolite Plastics, US) to remove stray
UV radiation. The lamp was switched on for 10min–15min
to reach maximum output prior to coupling to the reaction
flask. After that, the light source was coupled to the reaction
flask to start the photoreaction under continuous stirring at
400 rpm and O

2
supply. The lamp and reactor temperature

was maintained at (30 ± 1)∘C by cooling water. About 3mL
of the reaction mixture was drawn from the reactor vessel at
scheduled time intervals to the maximum specified time.The
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Table 3: Designation and summary of synthesis conditions, BET specific area, BJH pore volume, band gaps, and valence band potential of
the as-synthesized specimens.

Name
aZn2+ bSn4+ Na2S

cMass 𝐴BET BJH 𝐸
𝑔

𝐸VB

mmol mmol mmol % m2/g cm3/g eV eV
ZnO 40 0 0 0 62.7 0.823 3.3 2.9
ZOSS-1 40 3.6 7.2 25 39.4 0.571 2.9 2.2
ZOSS-2 40 7.1 14.3 50 109.1 0.767 2.8 2.1
ZOSS-3 40 10.7 21.4 75 69.7 0.229 2.6 2.0
SnS2 0 14.3 28.5 100 19.7 0.665 2.4 2.2
aZnCO3;

bSnCl4⋅5H2O;
cSnCl4⋅5H2O:ZnCO3.
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Figure 1: XRD patterns of the as-prepared ZnO and SnS
2
and the heterojunctions.

aliquots were immediately centrifuged at 6 000 rpm for 3min
to separate the photocatalyst from the supernatant.

2.6. Analytical Methods. The temporal concentrations of the
pollutants in the different supernatants were determined
using established methods in the technical literature based
on optical absorbance measurements. Absorbance of CrVI
was taken at 540 nm according to the 1,5-diphenylcarbazide
(DPC) procedure [30]. Those of CIP and MB were taken at
275 nm [31] and 664 nm, respectively. Where necessary, the
absorbances were converted to concentration using calibra-
tion curves for the different pollutants.

3. Results and Discussions

3.1. Characterization of As-Synthesized Photocatalysts

3.1.1. Crystallinity and Structural. The crystalline phases of
the as-prepared samples were investigated with XRD and the
results are shown in Figure 1. The peaks on the diffractogram
of pure ZnO could be indexed to reflections from (100), (002),
(101), (102), (110), (103), and (112) planes of pure wurtzite

structure of ZnO (PDF number: 36-1451). Those on the pure
SnS
2
diffractogramwere indexed to the (100), (101), (110), and

(201) planes of pure hexagonal phase of SnS
2
(PDF number:

23-0677). On the other hand, the diffractograms of the
heterojunctions (ZOSS-1, ZOSS-2, and ZOSS-3) show peaks
coming from the planes of ZnO and those of SnS

2
, hence

confirming that the composite powders consist of ZnO and
SnS
2
phases. All the XRD patterns exhibit strong reflections

and no trace of impurity peaks could be detected indicating
the high crystallinity and phase purity of the products. The
SnS
2
peaks on the diffractograms of ZOSS-1, ZOSS-2, and

ZOSS-3 exhibit an evolutionary development with increased
SnS
2
content fromZOSS-1 to ZOSS-3.The evolutionary trend

is a commonly observed XRD feature of composite materials
[32].

3.1.2. Surface Morphological and Elemental Analysis. The
morphology and structure of ZnO, heterojunctions, and SnS

2

are photographed with SEM as shown in Figures 2(a)–2(e),
respectively. The SEM images of zincite and SnS

2
in Figures

2(a) and 2(e) show that they consist of uniformly shaped
and sized spherical aggregates with sizes between 0.2𝜇m and
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Figure 2: Lowmagnification SEMmicrographs of (a) ZnO, (b) ZOSS-1, (c) ZOSS-2, (d) ZOSS-3, (e) SnS
2
, and (f) EDX spectrum of ZOSS-2.

Scale bar 2𝜇m.

0.8 𝜇m.After compounding (Figures 2(b)–2(d)), the resulting
composites show rough faced agglomerates that consist of
spheres of ZnO covered and cemented together by mass
of SnS

2
. The degree of agglomeration increases with SnS

2

content from 25% to 75%. At 75%, petal like features of SnS
2

began to appear as shown in Figure 2(d).
The morphology of the smaller particles is further elu-

cidated by the TEM micrograph. The TEM image of ZOSS-
2 is shown in Figure 3(a). From this picture, it is clear
that the ZOSS-2 heterostructure is made up of uniformly
sized spheroidal particles. The dotted rectangular part in
Figure 3(a) was further magnified, as shown in the inset. The
enlarged portion displays that the surface of the ZnO (black
spheroids) particles is entirely encased by SnS (gray mass)
material. Particle size estimate obtained by counting shows
the average diameter 𝑑

𝑝
of ZOSS-2 to be (10.9 ± 0.2) nm

(Figure 3(b)). EDX analysis was performed to determine the
elemental compositions of the ZOSS-surfaces. The analysis
result for ZOSS-2 is shown on the EDX plot (Figure 2(f)), and

it further confirms the coexistence of the elements Zn, O, S,
and Sn.

3.1.3. Optical Absorbance Analysis. Optical absorbance spec-
tral studies in the UV-Vis region were done to estimate the
band gaps of the synthesized photocatalysts. Figure 4 displays
the plots for pristine ZnO and SnS

2
and for the ZnO/SnS

2

(ZOSS-1 to -3) heterojunctions. It is seen that zincite exhibits
no optical absorption in visible-light region due to its large
energy band gap (3.3 eV). The spectra of the heterojunctions
showed steep absorption over the visible-light region, indi-
cating that the visible-light response of ZnO/SnS

2
materials

is a manifestation of the transition between the VB and
CB not from hybrid energy levels [33, 34]. The band gaps
estimated from the Tauc plot (inset of Figure 4) are tabulated
in Table 3. They range from 2.6 eV to 2.9 eV. The visible-
light absorption abilities of the heterojunctions gradually
increased with increasing SnS

2
. The present findings seem
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to be consistent with other research that reported similar
visible-light absorption trend of semiconductor nanocom-
posite materials [35].

3.1.4. Surface Area and Pore Size Distribution. The specific
surface areas and pore sizes of the different photocata-
lysts were determined by nitrogen adsorption-desorption

isotherms. The isotherms obtained revealed that all the
pure phases and the heterojunctions have typical type IV
isotherms according to the IUPAC classification of sorp-
tion isotherms. Figure 5(a) shows the adsorption-desorption
isotherms for ZOSS-2. The isotherm with its characteristic
type H1 hysteresis loop shows that the synthesized ZOSS-2
is purely a mesoporous material that contains similar sized
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Figure 5: (a) Representative nitrogen adsorption-desorption isotherms and the BET surface area plot (inset) for ZOSS-2. (b) BJH pore size
distribution. (c) 𝜁 potential of porous ZnO/SnS

2
suspension as a function of pH showing the isoelectric point.

nonintersecting cylindrical mesopores [36]. The specific
surface area for ZOSS-2 calculated according to the BET
theory was found to be 109.1m2g−1. This is much bigger than
the areas of pure ZnO (62.7m2g−1) and SnS

2
(19.7m2g−1).

The monolayer capacity and the BET constant of ZOSS-2
were found to be 25.1 cm3g−1 STP and 84.5, respectively. The
material also shows a moderate pore volume of 0.72 cm3g−1.
The pore size distribution (inset of Figure 5(b)) calculated
by BJH method shows that the pore diameters are in the
mesoporous range with an average pore diameter equal
to 3.8 nm. Similar properties for the other samples were
calculated and summarized in Table 3. It is observed that the
surface area increases SnS

2
< ZOSS-1 < ZnO < ZOSS-3 <

ZOSS-2.

3.2. Proposed Mechanism for the Synthesis of Porous
ZnO/SnS

2
. Scheme 1 is a pictorial illustration of the

proposed steps for the formation of porous ZOSS-2
nanosphere heterojunctions.

First, uniformly shaped nanospheres of ZnCO
3
are pro-

duced by precipitation in 5% PVP-EG solution:

ZnSO
4
+ 2NH

4
HCO
3

5% PVP-EG soln.
→

ZnCO
3
↓ + (NH

4
)
2
SO
4
+ CO
2
↑ +H

2
O

(1a)

Secondly, SnS
2
nanocrystal layer is deposited on the ZnCO

3

nanospheres in an aqueous solution (pH 7) to produce the
ZnCO

3
/SnS
2
core-shell nanospheres according to the net

ionic equation:

Sn4+
(aq) + 2S

2−

(aq)
ZnCO3
→
H2O

ZnCO
3
/SnS
2
↓ + 4NaCl (1b)



8 Journal of Nanomaterials

−20 0 20 40 60 80 100 120

Ph
ot

ol
ys

is
Zn

O
Sn

S 2

ZO
SS

-3
ZO

SS
-2

ZO
SS

-1

m
m

-Z
O

SS

Illumination time (min)
CI

P 
re

m
ov

ed
 (%

)

1.0

0.8

0.6

0.4

0.2

0.0

N
or

m
al

iz
ed

 C
IP

 co
nc

en
tr

at
io

n 
(C

t/
C
0
)

Photolysis
ZnO
SnS2

ZOSS-3
mm-ZOSS
Model fit

100

80

60

40

20

0

Figure 6:Visible-light (𝜆 > 420 nm) induced photodegradation ofCIP by photolysis and by photocatalysis over different catalysts. Inset shows
the comparison of the quantity of CIP removed in 60min by photocatalysis over the different catalysis. Rate coefficient for each reaction is
tabulated in Table 4.

CalcinationSn4+ + 2S2−

CO2

CO
2 CO

2ZnCO3 ZnCO3/SnS2 Porous ZnO/SnS2

360∘C

Scheme 1: Schematic illustration of the conversion processes from ZnCO
3
nanospheres to porous ZnO/SnS

2
heterojunction.

Finally, the ZnCO
3
/SnS
2
core-shell nanospheres are con-

verted to porous ZnO/SnS
2
nanosphere heterojuctions by

thermal decomposition at 360∘C for 3 h:

ZnCO
3
/SnS
2

heat
→
360
∘C
ZnO/SnS

2
porous

+ CO
2
↑ (1c)

3.3. Measurement of Photocatalytic Activity

3.3.1. Degradation of Ciprofloxacin. Figure 6 shows the decay
in concentration of ciprofloxacin with time as a function of
photocatalysts type under visible-light. It also shows that, in
the absence of the catalyst, the degradation of CIP does not
occur. In the presence of the as-synthesized photocatalysts
(except ZnO) however, appreciable fall in the concentrations
of the pollutant was observed, indicating that the catalysts
are photoactive under visible-light. The negligible activity
exhibited by ZnO could be attributed to its large band gap
[21] which makes it most photoactive under UV light but not

under visible-light. The percentage removal of CIP over the
different catalysts in 60min is shown as inset of Figure 6.
From the figure, it is clear that the photoactivity catalysts
have various activities in removing CIP. The heterojunctions
(ZOSS-1–3) exhibit much higher photocatalytic activities
than single phase ZnO and SnS

2
. After 60min of visible-

light illumination, the CIP removal over ZnO and SnS
2
was

<10% and about 30%, respectively. In contrast, the percent-
age decomposition in 60min over each heterojunction was
>80%.Moreover in 120min,CIPwas completely decomposed
over the heterojunctions. It is worth noting that the coating
of a small amount (25%) of SnS

2
on ZnO results in a sharp

increase of CIP decomposition from 5.9% to 82.3% (ZOSS-1).
As the SnS

2
content increases to 50% (ZOSS-2), the highest

photocatalytic activity was recorded. A further increase in
SnS
2
content to 75% (ZOSS-3) however results in a drop in

photocatalytic activity.
The slight differences in activities of the heterojunctions

under visible-light could be tied to the differences in their



Journal of Nanomaterials 9

SnS
2
content.When the content of SnS

2
is low as in ZOSS-1, it

is very likely that a significant portion of ZnO is not covered.
Thus, the visible-light response of this sample might be weak
due to less SnS

2
content. On the other hand, more content

of SnS
2
will result in greater SnS

2
coating and also lead to the

development of high density of interfacial defects. Depending
on the density of defects, they could either promote or
impede charge carrier separation [37–39]. Low density of
defects is believed to be beneficial to separation and mobility
of charge carriers [40]. However, when the defects become
more, they could act as electron-hole recombination centers.
Consequently, electrons and holes are quenched at these
centers instead of separating and thus lead to decrease of
photocatalytic activity. Therefore, it is probable that the fall
in activity noticed for ZOSS-3 could be ascribed to high
density of charge defects as a result of more Sn4+ ions being
incorporated into the structure of ZnO.Thus, theremust exist
an optimum composition for ZnO/SnS

2
nanocomposite to

achieve the highest photocatalytic activity. For these reasons,
ZOSS-2 with SnS

2
content of 50% possessed the highest

photocatalytic activity among heterojunctions.
To evaluate the role of chemically induced interfacial

binding on the photocatalytic activity of the heterojunction
systems, 2 parts pure phase ZnO and 1 part pure phase
SnS were mechanically mixed to produce a system with
same composition as ZOSS-2 and used to photooxidized
CIP under the same conditions. The activity recorded is
also shown in Figure 6. The mechanically mixed specimen
(mm-ZOSS) shows a rather low photocatalytic performance
(32.2%) for decomposition of CIP compared to chemically
produced heterojunctions. The performance of mm-ZOSS is
marginally higher than the performance of the pure phase
SnS
2
(28.2%). The low activity shown by mm-ZOSS could

be explained by the relatively loose binding between the
two semiconductors which hinders efficient charge transfer
between them. As reported [39, 41], the main advantage of
the wet synthesis of the heterojunctions is the formation of
tight chemically bonded interfaces between the twomaterials
(see Figure 3(a)).The tight binding between the two semicon-
ductorsmakes charge transfer between them spatially smooth
[42–44].

3.3.2. Multiactivity Test and Kinetics. In order to better assess
the activity of ZOSS-2, its performance to transform anionic
(hexavalent chromium CrVI) and cationic (methylene blue
(MB)) pollutant was investigated. The results of the inves-
tigation are shown in Figure 7 and they show that ZOSS-2
interacts differentlywith themodel pollutants under dark and
illuminated conditions. Under the experimental conditions
tabulated in Table 2, ZOSS-2 shows excellent interaction with
the pollutants. It reversely adsorbed 15.2% of CrVI from its
solution and when the solution was exposed to visible-light,
81.3% of the residual CrVI was reduced to CrIII in 10min. By
20thmin of illumination, the amount of CrVI was practically
reduced to zero. About 6.1% of CIP was adsorbed onto ZOSS-
2 and upon irradiation with light, 90.2% of the residual
CIP was removed. In the case of MB, 0.2% of the dye was
adsorbed after 30min and after 60min of irradiation, 98.2%
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Figure 7: Visible-light (𝜆 > 420 nm) photodegradation of CrVI, CIP,
and MB over ZOSS-2 photocatalyst. Inset shows a comparison of
CIP removed by adsorption and photocatalysis.

of the residual dye content was removed by photocatalysis.
These findings show that adsorption plays only a nominal
role in the transformation of the three model pollutants over
ZOSS-2, suggesting that the transformation of the pollutants
(especially for CIP and MB) mainly occurs in the bulk fluid,
not on the catalyst surface.

To quantitatively understand the pollutants’ transfor-
mation kinetics, experimental data were analyzed with the
heterogeneous pseudo-first-order model as expressed by (2).
The model has been applied successively [14, 16, 21, 42, 45] to
represent the photocatalytic degradation process if the initial
concentration of pollutant is low:

𝐶
𝑡
= 𝐶
0
exp (−𝑘

𝑟
𝑡) , (2)

where 𝐶
0
and 𝐶

𝑡
are the concentrations of each pollutant

in solution at time 0 (optimum contact time to achieve
adsorption-desorption equilibrium) and 𝑡, respectively, and
𝑘
𝑟
is the pseudo-first-order rate constant. The rate constants

calculated from the nonlinear fit (NLF) of data to (2) and their
corresponding 𝜒2 goodness of fit values for all the catalysts
tested are tabulated in Table 4. A careful inspection of the
𝜒
2-values reveals that a reasonably good fit of experimental

data to the kinetic model was achieved (𝜒2 < 0.1). It
is clearly evident from the table that the rate constants of
pollutant transformation by ZOSS-2 are much higher than
the other catalysts. For the same initial molar concentration
of pollutants, CIP, Cr(VI), and MB, the rate of their removal
over ZOSS-2 is about 9.2, 49, and 9 faster than by single
phase SnS

2
. The higher activity exhibited by ZOSS-2 could
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Table 4: Pseudo-first-order rate constants and the respective chi-square test statistics of the model fit for the photocatalytic transformations
of the model pollutants over the as-prepared catalysts.

Pollutant ZnO SnS2 ZOSS-1 ZOSS-2 ZOSS-3 mm-ZOSS
10
−3
𝑘
𝑟

a
𝜒
2

10
−3
𝑘
𝑟

𝜒
2

10
−3
𝑘
𝑟

𝜒
2

10
−3
𝑘
𝑟

𝜒
2

10
−3
𝑘
𝑟

𝜒
2

10
−3
𝑘
𝑟

𝜒
2

CIP 1.2b 0.0002 6.2 0.0010 27.2 0.0785 57.1 0.0102 33.3 0.0867 6.8 0.0201
CrVI ∼0c — 6.8 0.0003 NAd NA 311.9 0.0020 NA NA NA NA
MB ∼0 — 10.9 0.0017 NA NA 99.4 0.0016 NA NA NA NA
aAll 𝑘𝑟 have units of min−1; bsee text for explanation; cZnO is a large band gap semiconductor that is not active in visible-light. dExperiment not performed.

be attributed to its large surface area that offers more surface
for visible-light absorption compared to the others. Similar
findings have been reported in many reports [19, 42, 46–
48]. Moreover, the dramatic increase in photoactivity of the
nanocomposite is usually explained as a consequence of the
formation of tight binding interface between the constituting
semiconductors which favors charge carrier separation.

3.4. Apparent Quantum Yield. A measure of the energy
utilization efficiency of the reactor-photocatalyst system was
assessed using the apparent quantum yield (𝜂app) concept.
On the basis of time required to achieve 90% conversion
level, 𝜂app is defined [49] as the ratio of the rate of 90%
converted molecule over the number of photons with the
required energy to cause excitation of the photocatalyst that
enter the reactor. Accordingly, 𝜂app for the degradation of CIP
can be expressed mathematically as

𝜂
𝜆1−𝜆2

app =
𝑁
90%/𝑡90%

(𝐴 irr/ℎ𝑐) ∫
𝜆2

𝜆1

𝐼 (𝜆) 𝜆 𝑑𝜆

, (3)

where𝑁
90% is the number of pollutantmolecules degraded at

the 90% conversion level, 𝑡
90% is the time required to achieve

90% conversion in seconds, 𝐼 (Wm−2nm−1) is the spectral
irradiance intensity,𝐴 irr (m

2) is the irradiated catalyst surface
area (= 50.2m2), ℎ (= 6.62 × 10

−34 Js) is Plank’s constant,
𝑐 (= 2.997 × 10

8ms−1) is the speed of light in vacuum,
and 𝜆

1
, 𝜆
2
are the lower and upper wavelengths of the

spectral band of interest. In this evaluation, the numerical
integration of (3) is restrictedwithin the 420 nm (𝜆

1
)–443 nm

(𝜆
2
) spectral bandwidth for ZOSS-2. A visible high resolution

spectra-photo radiometer (model BLK-HR-VIS, StellarNet
Inc., US) was used to obtain the spectral distribution of the
200W tungsten halogen lamp between 390 nm and 500 nm,
as shown in Figure 8. The spectral irradiance of the lamp
at the surface of outer wall of the immersion well was used
to estimate the number of photons entering the reacting
mixture.The apparent quantum yieldwas computed using (3)
to be 0.225%.

3.5. Stability of the ZnO/SnS2 Photocatalyst. Although the as-
synthesized ZOSS-2 heterojunction has shown excellent pho-
tocatalytic activity, this positive characteristic will amount
to naught if the catalyst is not stable for repeat operation.
For this reason, its stability was investigated by recycling it
over and over in the decomposition of CIP under visible-
light. Before any new cycle of the experimental run, the
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Figure 8: Spectral irradiance of the 200W tungsten halogen lamp
measured at the outer wall of the immersion wall (≈ 10.0 cm away
from the lamp). Shaded area represents the spectral band of interest.

used catalyst was first cleaned, dried, and weighed.The result
of the stability test is shown in Figure 9 and from it, it is
apparent that there is very little lost in the activity of the
ZOSS-2 photocatalyst after the first five reuse cycles. From
this finding, it can be supposed that, under the current set of
experimental conditions, ZOSS-2 is a stable photocatalyst.

3.6. Charge Transfer between the SnS
2
and ZnO Crystals and

Enhancement of Photocatalytic Activity of ZnO/SnS
2
. It is

widely believed [19, 35, 39, 44] that the much better perfor-
mance exhibited by composite semiconductor photocatalysts
over single phase materials is mainly due to the phenomenon
of electric-field-assisted photon induced charge separation
and transfer across the systems’ boundary. Thus, in order to
understand the charge separation process between SnS

2
and

ZnO interface, the valence band (VB) and conduction band
(CB) potentials at the point of zero charge were calculated
according to the electronegativity concept [50] using the
empirical equations

𝐸VB = 𝜓 − 𝐸
𝑒
+ 0.5𝐸

𝑔
, (4a)

𝐸CB = 𝐸VB − 𝐸𝑔, (4b)

where 𝜓 is the absolute electronegativity of the semiconduc-
tor, which is defined as the geometric mean of the abso-
lute electronegativity of the constituent atoms. The absolute
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electronegativity of the constituent atoms is defined as the
arithmetic mean of the atomic electron affinity and the first
ionization energy. The 𝜓 values for SnS

2
and ZnO were cal-

culated with data from Pearson [51] to be 5.17 eV and 5.79 eV,
respectively.𝐸𝑒 is the energy of free electrons on the hydrogen
scale (ca. 4.5 eV) and𝐸

𝑔
is the band gap of the semiconductor.

The 𝐸
𝑔
values for ZnO and SnS

2
obtained in the experiments

are 3.3 eV and 2.4 eV, respectively. Accordingly, the VB and
CB energy values of SnS

2
crystals were calculated to be 1.87 eV

and −0.53 eV while those for ZnO crystals were determined
to be 2.89 eV and −0.36 eV, respectively.

Using the computed band potentials, the electronic band
diagram of the heterojunction is drawn and shown in
Scheme 2. As seen from the scheme, the ZnO/SnS

2
het-

erojunction is a “staggered” type II system. The CB edge
potential of SnS

2
(−0.53 eV) is at a more negative potential

than that of ZnO (−0.36 eV). Hence, visible-light excited

electrons in the CB of SnS
2
crystal can readily move across

the system boundary to the CB of ZnO. At the other end,
the holes (h+) created as a result of photon excitation of
electrons remain in the VB of SnS

2
because it is at a lower

potential than the VB of ZnO. In addition, the separation
of electron-hole pairs is also aided by the internal electric
fields generated within the depletion region of the two
semiconductors. In other words, the small built-in voltage
also induces the separation of electron-hole pairs both at
the interface and in the individual semiconductors [43].
This also helps to reduce the probability of electron-hole
recombination within the crystals. As a result, electrons
are localized on the ZnO surface and holes on the SnS

2

surface.The separation and localization of electrons andholes
in different semiconductors could effectively inhibit their
recombination. Consequently, the lifetimes of these charge
carriers are prolonged.This gives them the higher probability
to partake in redox reactions which manifests as increased
activity for the heterojunctions [42, 48].

4. Conclusions

Porous ZnO/SnS
2
heterostructures were synthesized through

simple microwave-assisted heating chemical method at pH
7. The presence of SnS

2
extended the spectral response

of ZnO from the UV to the visible region, enabling the
heterostructures to efficiently remove ciprofloxacin, hexava-
lent chromium, and methylene blue from aqueous solutions
under visible-light irradiation. The characterization results
confirmed the formation of heterojunction and revealed that
the heterojunction could promote the transfer of photo-
electrons and thus inhibit their recombination with holes,
leading to enhanced photocatalytic activity. The study sug-
gests that the porous ZnO/SnS

2
heterostructures are new

types of visible-light-driven photocatalysts for environmental
applications.
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Copyright © 2015 Nancy Gabriela Garćıa-Morales et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

This paper describes the application of glassy carbon modified electrodes bearing Aux-Agy nanoparticles to catalyze the
electrochemical oxidation of glucose. In particular, the paper shows the influence of the Ag content on this oxidation process.
A simple method was applied to prepare the nanoparticles, which were characterized by transmission electron microscopy,
Ultraviolet-Visible spectroscopy, X-ray diffraction spectroscopy, and cyclic voltammetry. These nanoparticles were used to modify
glassy carbon electrodes. The effectiveness of these electrodes for electrochemical glucose oxidation was evaluated. The modified
glassy carbon electrodes are highly sensitive to glucose oxidation in alkaline media, which could be attributed to the presence of
Aux-Agy nanoparticles on the electrode surface. The voltammetric results suggest that the glucose oxidation speed is controlled by
the glucose diffusion to the electrode surface. These results also show that the catalytic activity of the electrodes depends on the Ag
content of the nanoparticles. Best results were obtained for the Au

80
-Ag
20
nanoparticles modified electrode. This electrode could

be used for Gluconic acid (GA) production.

1. Introduction

Glucose electrooxidation, specifically on Au electrodes, has
been extensively studied because it is a reaction of scientific
and industrial interest [1–11]. Due to the high catalytic
activity of modified electrodes bearing nanoparticles, Au
nanoparticles have been studied for glucose fuel cells [12–
14], for degradation of dyes [15–17], and, last but not least,
for glucose sensor in medical applications [18–21]. Fur-
thermore, bimetallic nanoparticles have received more and
more attention because their amazing optical, electronic,
and catalytic properties, leading to various applications, as,

indeed, sensors, catalysis, or SERS substrates [22–29], and
so forth. Among these nanoparticles, Aux-Agy or Aux-Pty
bimetallic nanoparticles have been extensively explored for
different electrochemical reactions as methanol and glucose
electrooxidation [30–34].

On the other hand, Gluconic acid (GA) is a high
value added chemical used as intermediate in the food,
pharmaceutical, and beverage industries. The only com-
mercial/industrial method to produce GA is by glucose
biochemical oxidation [35], whose main disadvantages are
slow reaction rate, low space-time, and problematic enzyme-
product separation. In the past few years, heterogeneous
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Table 1: Composition of Au-Ag nanoparticles synthesized.

Sample Composition % wt Au % wt Ag HAuCl
4
(mol) AgNO

3
(mol)

M1 Au
100

100 0 2.53 ∗ 10
−4 0

M2 Au
90
Ag
10

90 10 2.28 ∗ 10
−4

4.63 ∗ 10
−5

M3 Au
80
Ag
20

80 20 2.03 ∗ 10
−4

9.27 ∗ 10
−5

M4 Au
70
Ag
30

70 30 1.77 ∗ 10
−4

1.39 ∗ 10
−4

catalysis using Pt, Pd, or Au nanoparticles has attractedmuch
attention [36, 37]. The selective glucose oxidation to GA
has been reported using Au clusters as catalyst and O

2
as

oxidant giving a yield of 98% at mild conditions, that is, 50∘C
and atmospheric pressure. Indeed, higher costs, electrode
poisoning, and hard reuse of nanocatalyst make this process
far from competitive GA production [38]. Some studies have
been oriented to the use of bi- and trimetallic nanoparticles to
overcome the noneconomic electrochemical GA production,
at least to elucidate the best nanoparticle composition for
the electrooxidation of glucose. In this sense, bimetallic Au-
Ag nanoparticles show important synergistic effects in the
catalytic properties; these properties depend upon metals
ratio of nanoparticle, nanoparticle synthesis, nanoparticle
size, form, and crystallographic orientation [39, 40]; indeed, it
has been shown that the surfacemorphology and particularly
the size of nanoparticles can be easily controlled by experi-
mentally adjusting the synthesis conditions [41, 42].

In our previous work, we reported that Au nanoparticles
supported on glassy carbon presented a catalytic activity
and selectivity towards glucose oxidation, depending on the
particle size and on the crystallographic orientation. Results
also suggest that oxidation process in these conditions is
taking place with lower poisoning of the surface in the case
of the Au nanoparticles than formassive gold that the process
is irreversible, and perhaps there are some chemical reactions
involved in the overall oxidation process [25].

The aim of this work is to evaluate the catalytic properties
of Aux-AgyNPs towards the glucose electrooxidation; hence,
we studied mainly the Au-Ag nanoparticles voltammetric
response of different Au-Ag ratio.

2. Experimental Section

2.1. Preparation of Aux-Agy Nanoparticles (Aux-AgyNPs).
Aux-AgyNPs were prepared according to a previously pub-
lished procedure [25]. The procedure has been modified
in order to prepare bimetallic nanoparticles. Briefly, 30mL
of aqueous solutions containing the respective amount of
HAuCl

4
and AgNO

3
to give nanoparticles Au

100
(M1),

Au-Ag
90/10

(M2), Au-Ag
80/20

(M3), and Au-Ag
70/30

(M4)
was prepared (see Table 1) and was added to 10mL of
toluene (Aldrich) containing 0.34mM of tetraoctylammo-
nium bromide (TOAB 98%, Fluka) as a phase-transfer agent.
Dodecanethiol (Aldrich) was incorporated to these different
solutions as a stabilizing agent in an Au-Ag : thiol 2 : 1 ratio
followed by the addition of an excess of NaBH

4
as an

aqueous reducing agent.The reaction was allowed to proceed
under constant stirring at controlled temperature (80∘C), for

3 h. Finally, colored dispersions were obtained and purified
several times in ethanol (J. T. Baker). The resulting Au-Ag
nanoparticles were characterized by transmission electron
microscopy (TEM), UV-Visible spectroscopy (UV-Vis), X-
ray diffraction spectroscopy (XRD), and cyclic voltammetry
(CV).

2.2. Preparation of Glassy Carbon Modified Electrodes. To
remove the thiol stabilizing agent layer from Aux-AgyNPs,
the NPs were mixed with Vulcan XC-72 and were heated at
300∘C for 2 hours under air atmosphere; the temperature was
controlled within 2∘C.

Then, Aux-AgyNPs-modified electrodes were prepared
as follows: 1 𝜇L aliquot of thiol-Aux-AgyNPs in hexane and
Nafion (5% Electrochem) were mixed (1 : 10 ratio) and cast
onto a carbon disk (CD) followed by natural evaporation at
room temperature.

2.3. Characterization of Nanoparticles. Synthesized Aux-
AgyNPs were characterized using TEM, UV-Vis, XRD, and
cyclic voltammetry (CV). TEM characterizations were per-
formed on a TITAN 80-300 FEI microscope and the particle
size distributionwasmeasured fromabout 200 particles using
the TEM images. Nanoparticles samples dissolved in hexane
were cast onto a carbon-coated copper grid sample holder
followed by natural evaporation at room temperature. UV-
Vismeasurementswere carried out onHP spectrophotometer
model 8453. XRD measurements were obtained using a
Siemens D5000 diffractometer. Spectra were collected from
10 to 80∘ at a speed of 0.002∘⋅seg−1. Cyclic voltammetric
measurements were performed in BioLogic VSP Modular
5 channels Potentiostat/Galvanostat using a three-electrode
conventional cell. A separated compartment and an Ag/AgCl
electrode were used as reference and a Pt wire as the counter
electrode; all potentials were referred to this electrode.
Glucose 0.01M in KOH 0.3M solution was used for the
electrochemical characterization. The solution was purged
for twenty minutes with high-purity nitrogen before taking
measurements.

3. Results and Discussion

3.1. Characterization of Aux-AgyNPs

3.1.1. TEM Characterization. Figures 1(a)–1(d) show TEM
micrographs of the synthesized Aux-Agy nanoparticles
(labeled as M1 to M4) and their particle size distribution.
Synthesis of Aux-AgyNPs can be easily controlled to obtain
narrow particle size distribution of spherical nanoparticles
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Figure 1: TEM images of thiol caped Au-Ag bimetallic nanoparticles. (a) Au
100

Ag
0
, (b) Au

90
Ag
10
, (c) Au

80
Ag
20
, and (d) Au

70
Ag
30
.



4 Journal of Nanomaterials

ranging from 1 to 7 nm. Figures 2(a)–2(d) show the Aux-
AgyNPs supported in Vulcan after heat treatment for thiol
elimination. It can be seen that Aux-AgyNPs keep their
spherical form but at the same time there is an increase in
size and distribution. The final size ranges from 6 to 40 nm;
in spite of the size increase, the Aux-AgyNPs are still small
compared to other synthesis methods [33].

3.1.2. UV-Visible. It is well known that nanoparticles have
surface plasmon (SP) resonance absorption bands in the
visible region. SP resonance bands are strongly dependent
on the size, shape, composition, and medium dielectric
properties [43–46].

Figure 3 showsUV-Visible spectra fromAuxAgy nanopar-
ticles dispersed in hexane. Au and Ag nanoparticles are
known to have plasmon bands in the visible region located at
520 and 420 nm, respectively. In the figure, distinct peaks are
observed clearly at 530, 520, 512, and 506 nm; all these peaks
are located at intermediate positions between the Au and Ag
plasmon bands.The plasmon band is blue-shifted as the silver
amount increases.

Two plasmon bands would be expected for a physical
mixture of Au and Ag nanoparticles and the formation of an
Au-Ag alloy could be deduced from the fact that the optical
absorption spectrum shows only one plasmon band for all the
samples [47, 48].

The formation of spherical Aux-AgyNPs was demon-
strated by TEM (Figure 1). Indeed, upon heat treatment for
thiol elimination, the Aux-AgyNPs, in spite of slight size
increase, keep the spherical form as shown in Figure 2.
Results are in agreement with the literature [25].

3.1.3. XRD Characterization. Figure 4 shows the XRD pat-
terns of the different NPs synthesized. XRD analysis revealed
in all the samples the presence of four representative diffrac-
tion peaks of face-centered cubic (fcc) structure that cor-
respond to (111), (200), (220), and (311) planes. The angles
of these diffraction peaks in all the samples were greater
than those for pure Ag (38.11, 44.27, 64.42, and 77.47∘) and
lower than those for pure Au (38.18, 44.39, 64.57, and 77.54∘)
according to the standards for Ag [JCPDS 04-0783] and Au
[JCPDS 04-0784]. These results confirm again the formation
of an alloy of Au-Ag. No other impurity peak is detected in
the samples.

The intensity of each signal respect to the other signals
means the proportion of each orientation present in that
particular nanoparticle. For nanoparticles synthesized by our
method, the main factor influencing the orientation plane is
the Au-Ag : thiol ratio [25]. In this case, we used a constant
Au-Ag : thiol ratio of 2 : 1 in order to obtain a (111) : (200) plane
ratio of 2.3–2.8.

3.1.4. Electrochemical Characterization. We have used cyclic
voltammetry for the Aux-AgyNPs electrochemical character-
ization. Figure 5 shows the response of both electrodes, Au
polycrystalline (Poly-Au) (Figure 5(a)) and carbon disk Au

100

nanoparticle-modified electrode (Figure 5(b)) in 0.3MKOH.
We can see the typical Au voltammetric response, that is,

the formation and reduction of Au oxides. The surface area
of the Au

100
NPs electrode was larger than that of a Poly-

Au electrode by integrating the reduction charge of gold
oxide monolayer. It indicated that there was nanostructured
gold on the Au NPs electrode. The Au

100
NPs electrode

exhibited the same behavior of Poly-Au electrode, having
higher current densities of relative peaks compared to that of
Poly-Au electrode. Poly-Au and Au

100
NPs electrodes exhibit

the anodic peak located at 0.28V corresponding to the
oxidation of gold. The cathodic peak is located at 0.07V
for Au

100
NPs and 0.1 V for Poly-Au corresponding to the

subsequent reduction of the gold oxides. Nevertheless, there
was a weak cathodic peak located at −0.2V for Au

100
NPs

and−0.18 V for Poly-Au attributed to desorption of hydroxide
anions.

As the content of Ag in nanoparticles increases (Au
80
Ag
20

and Au
70
Ag
30
, Figures 5(c) and 5(d)), the voltammogram

changes to take the form of that of Ag nanoparticles in
alkalinemedia (Figures 5(e) and 6(f)) [49].The cyclic voltam-
mograms of the silver disk electrode or silver nanoparticle-
modified electrode in alkalinemedia show three anodic peaks
(Ox
1
, Ox
2
, and Ox

3
) appearing at 0.25, 0.33, and 0.65V,

respectively (Figures 5(e) and 6(f)). During a reverse scan,
two cathodic peaks (R

1
and R

2
) appeared at 0.38 and 0.06V,

respectively, as reported in previous studies [49]. The first
anodic peak (Ox

1
) is due to the electroformation of the

monolayer of Ag
2
O. The second anodic peak (Ox

2
) is due to

the formation of themultilayer of Ag
2
O.The third peak (Ox

3
)

is due to the oxidation of Ag
2
O to AgO or direct oxidation of

Ag to AgO.
The cathodic current peak R

1
is due to the reduction of

AgO to Ag
2
O, and R

2
corresponds to the reduction of Ag

2
O

to Ag. A small anodic peak (Ox
4
) at 0.63V appears during

the cathodic scan, but it was dependent on the scan rate
and occurred only when the scan rate is faster than 50mV/s.
Stonehart has suggested that peak Ox

4
is associated with

autocatalytic oxidation process to convert Ag
2
O to AgO [50].

When the nuclei of AgO formed at the Ag
2
O surface during

the anodic scan, further formation of AgO became easy and
occurred at a lower potential than the initial formation of
AgO nuclei. Therefore, during the cathodic scan, further
formation ofAgO resulted in the appearance of a small anodic
peak.

It can be seen in Figure 5(c) (Au
80
Ag
20
) that the anodic

scan shows three peaks probably due to the oxidation of
gold (Ox

1
), the electroformation of the monolayer of Ag

2
O

(Ox
2
), and the oxidation of Ag

2
O toAgO (Ox

3
).The cathodic

scan shows also three peaks probably corresponding to the
reduction of AgO to a multilayer of Ag

2
O (R
1
), the reduction

of Ag
2
O to Ag (R

2
), and the reduction of Au oxides (R

3
).

As a consequence of the increase inAg content, the anodic
scan of Au

70
Ag
30
NPs shows two peaks. The first one (Ox

1
)

is clearly due to the simultaneous formation of Au oxides
and the formation of the Ag

2
Omonolayer because practically

these two processes take place at the same potential resulting
in one peak; the second anodic peak (Ox

2
) is due to the

oxidation of Ag
2
O to AgO. The cathodic scan shows four

peaks: R
1
is due to the reduction of AgO to a multilayer

of Ag
2
O, R
2
is due to the reduction of Ag

2
O to Ag, and
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Figure 2: TEM images of Au-Ag bimetallic nanoparticles supported in Vulcan after heat treatment for thiol elimination. (a) Au
100

Ag
0
, (b)

Au
90
Ag
10
, (c) Au

80
Ag
20
, and (d) Au

70
Ag
30
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peaks R
3
and R

4
are due to the reduction of the gold oxides

and the desorption of hydroxide anions. These results are in
agreement with others works [49, 51].

3.1.5. Electrochemical Oxidation of Glucose on AuNPs and
Au-AgNPs. Figures 6(a)–6(e) compares the voltammograms
obtained for the electrochemical oxidation of 10mM glucose
at the Poly-Au electrode and the Aux-AgyNPs electrodes
in 0.3M KOH solution. The Poly-Au and the Aux-AgyNPs
electrodes demonstrated a typical voltammetric response
for glucose. Interestingly, the current density of oxidation
of glucose on the Aux-AgyNPs electrodes was higher than
that on Poly-Au electrode; it could be attributed to the
high surface area of Aux-AgyNPs. However, the only Aux-
AgyNPs electrode that did not show better performance is
theM4 electrode (Au

70
-Ag
30
); hence, we discard it for further

experiments and analysis.

Table 2: Oxidation peak and current density as a function of Ag
content.

Sample Potential, 𝐸/V versus
Ag/AgCl/KCl sat’d

Current density
(mAcm−2) @ 0.49V
versus Ag/AgCl/KCl

sat’d
Poly-Au −0.52 ± 0.01 1.0 ± 0.1
M1 (Au

100
-Ag
0
) −0.39 ± 0.03 1.2 ± 0.1

M2 (Au
90
-Ag
10
) −0.41 ± 0.04 0.82 ± 0.1

M3 (Au
80
-Ag
20
) −0.49 ± 0.04 1.9 ± 0.3

M4 (Au
70
-Ag
30
) −0.54 ± 0.04 0.5 ± 0.1

There is also a shift of the glucose potential oxidation on
the Aux-AgyNPs M1, M2, and M3 electrodes with respect to
the Poly-Au electrode (see Table 2); the shift is to less-negative
potentials and reveals that the Aux-AgyNPs electrodes could
catalyze the oxidation of glucose. Indeed, we show in Table 2,
for comparison purposes, the current density under the
same potential for the electrode tested. These results are
similar to that of Qiaofan’s work on glucose oxidation in an
alkaline electrolyte obtained at bimetallic Au-Ag/RGO/GC
(bimetallic Au-Ag/reduced grapheme oxide/glassy carbon)
nanoparticles modified electrode [51].

The CV curves of the Aux-AgyNPs electrode presented
a typical two-step oxidation process and three obvious
oxidation peaks in the positive scan were observed. As the
mechanism for the electrocatalytic oxidation of glucose at
Aux-AgyNPs electrodes is a multistep one, the first step
mediated the chemisorptions of hydroxide anions onto the
electrode surface, leading to the formation of hydrous gold-
silver oxide (Aux-AgyOHads) which was believed to be the
catalytic component of Aux-AgyNPs electrodes [52].

The glucose oxidation highly depends on the quan-
tity of Aux-AgyOHads and the premonolayer oxidation was
enhanced at Aux-AgyNPs surface.The first peak, Ox

1
, located

between −0.54 and −0.39V could be attributed to the
electrosorption of glucose to form adsorbed intermediate
gluconolactone, releasing one proton per glucose molecule.
At around these potentials, there could be a very limited num-
ber of Aux-AgyOHads sites on the Aux-AgyNPs surfaces due
to the reductive nature of the electrodes potential. Glucose
molecules interacted with the Aux-AgyOHads sites to give rise
to the intermediate, gluconolactone [53, 54]. Nevertheless,
the accumulation of gluconolactone blocks the active sites of
the Aux-AgyNPs electrode surface inhibiting the direct oxi-
dation of glucose, leading to the decrease of current density.
The second oxidation peak Ox

2
appeared at a more positive

potential located between 0.18 and 0.26V depending on the
Ag content in the electrode.When the potential reaches those
values, the population of Aux-AgyOHads sites on the Aux-
AgyNPs electrode increased; hence, catalytic oxidation of the
intermediates takes place. A further positive increase in the
potential to around 0.6V gives rise to the formation of gold-
silver oxides on the surface of Aux-AgyNPs. The formation
of Au-Ag oxides results in a decrease of the number of the
Aux-AgyOHads sites on the surface Aux-AgyNPs and impedes
the electrocatalytic oxidation of glucose and by-products.The
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Figure 7: Plots of current density versus V−1/2 (a) first oxidation scan peak, (b) second oxidation scan peak, and (c) oxidation cathodic peak.

current density, then, decreases dramatically at more positive
values than 0.60V, due to formation of gold and silver oxides.
In the negative potential scan, the reduction of the surface
gold and silver oxides would occur at the potential more
negative than 0.16V. Then, enough surface active sites would
be available for the direct oxidation of glucose, resulting in
a sharp increase in anodic current showing a peak (Ox

3
),

located between 0.001 and 0.15 V, depending on the Ag
content in the electrode. Tang’s group had reported a similar
result; that is, there is a sharp increase in anodic current with
a peak at 0.1 V [53]. The surface structure of a gold electrode
influenced the electrooxidation of glucose via the influence
on the adsorption of OH− anions and gold oxide surface
monolayer formation [55]. The as-prepared Aux-AgyNPs

electrode exhibited better performance on electrocatalytic
oxidation toward glucose than a Poly-Au electrode.

To evaluate the kinetics of the glucose oxidation on the
Aux-AgyNPs, the CVs of the electrodes in a 0.3M KOH
solution containing 10mM glucose at different scan rates
were recorded (figure not shown). The peak Ox

1
in the

positive scan, located between −0.54 and −0.39V, corre-
sponds to the direct oxidation of glucose and the current
density is proportional to the square root of scan rate for
all the electrodes used (Poly-Au, M1, M2, M3, and M4,
Figure 7(a)); this fact suggests a linear diffusion-controlled
process. Indeed, it is in agreement with the proposed mech-
anism for peak Ox

1
, in which sufficient active sites on the

hydroxyl coated gold surface allowed direct oxidation of
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glucose to generate gluconolactone [25, 56]. We can see that
the order from better to worst with respect to the glucose
oxidation is M3 > M1 > M2 > Poly-Au > M4. As expected,
the current density of all electrodes increases as scan rate
rises but that of Poly-Au remains practically unchanged.
Furthermore, the slope of Au

𝑥
-Ag
𝑦
NPs increases depending

on the Ag content in the NPs. The Au
80
-Ag
20

electrode
has the highest slope, that is, the highest glucose oxidation
rate.

In Figure 7(b), we can see the plot of current density
versus square root of scan rate corresponding to the further
oxidation of gluconolactone located between 0.18 and 0.26V
(Ox
2
) on the same electrodes except that of M4. Figure 7(b)

suggests again that the oxidation of gluconolactone is also a
diffusion-controlled process. The order from better to worst
is M3 >M1 > Poly-Au >M2. This time, the slope of Poly-Au
increases as expected; we are working on the matter.

Finally, Figure 7(c) shows the plot of current density
versus square root of scan rate for the oxidation peak Ox

3
.

Interestingly, as could be seen, peak Ox
3
corresponds to

the direct oxidation of glucose in cathodic scan and is also
linear versus scan rates. Indeed, this is a typical adsorption-
controlled process corresponding to a fast electron-transfer
behavior. In the negative potential scan, the reduction of the
gold surface oxides provides enough surface active sites for
the direct oxidation of glucose; they could account for the
appearance of peak Ox

3
.The order from better to worst is M3

>Poly-Au>M1>M2.This time, the slope of Poly-Au remains
again unchanged.

None of the straight lines of plots in Figures 7(a), 7(b),
and 7(c) go through origin indicating a previous chemical
step in the oxidation process; as noted above, this step is
probably due to the chemisorption of hydroxide anions onto
the gold and silver surface, leading to the formation of
hydrous oxides (Aux-AgyOHads), which are believed to be the
catalytic component of Aux-AgyNPs electrodes, particularly
Au
80
-Ag
20
NPs electrode.

4. Conclusion

The nanoparticles applications, for instance, glucose oxida-
tion, critically depend on their specific catalytic activity;
unfortunately, it is still poorly understood [57]. Experimental
evidence that can be found in literature points towards
several variables affecting it, that is, nanoparticle size [57],
nanoparticle crystal orientation [56], and composition of
nanoparticle [51]. It is admitted that the glucose oxidation
depends on the presence of what is known as monolayer
or premonolayer of AuOHads or AgOHads [48]; at higher
potential, the formation of Au and Ag oxides impedes the
glucose oxidation.Nevertheless,Mikhlin et al. [57] found that
the formation of AgO proceeded readily at the “primary”
oxide for nanoparticles of about 12 nm but was retarded at the
smaller ones. These findings are in agreement with our pre-
vious work where we have found a maximum in the catalytic
activity for Au nanoparticles of about 6 nm and could explain
the present findings; that is, smaller nanoparticles have the
highest catalytic activity towards glucose oxidation.

Regarding nanoparticle composition, the experimental
evidence strongly suggests that the best composition is
around 80% Au and 20% Ag.

Indeed, we have performed the present study for a
(111) : (200) plane ratio of 2.3–2.8. Studies to optimizing the
NPs size, Au-Ag ratio, and crystallographic orientation are
underway.
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electrode-supported au nanoparticles for the glucose electroox-
idation: on the role of crystallographic orientation,” Journal of
Nanomaterials, vol. 2012, Article ID 387581, 8 pages, 2012.

[26] T. N. Huan, S. Kim, P. Van Tuong, and H. Chung, “Au-
Ag bimetallic nanodendrite synthesized via simultaneous co-
electrodeposition and its application as a SERS substrate,” RSC
Advances, vol. 4, no. 8, pp. 3929–3933, 2014.

[27] C. Gao, Y. Hu, M. Wang, M. Chi, and Y. Yin, “Fully alloyed
Ag/Au nanospheres: combining the plasmonic property of Ag
with the stability of Au,” Journal of the American Chemical
Society, vol. 136, no. 20, pp. 7474–7479, 2014.

[28] Y. Cui, B. Ren, J.-L. Yao, R.-A. Gu, and Z.-Q. Tian, “Synthesis
of AgcoreAushell bimetallic nanoparticles for immunoassay based
on surface-enhanced Raman spectroscopy,” The Journal of
Physical Chemistry B, vol. 110, no. 9, pp. 4002–4006, 2006.

[29] S. E. Hunyadi and C. J. Murphy, “Bimetallic silver-gold
nanowires: fabrication and use in surface-enhanced Raman
scattering,” Journal of Materials Chemistry, vol. 16, no. 40, pp.
3929–3935, 2006.

[30] F. Xiao, F. Zhao, D. Mei, Z. Mo, and B. Zeng, “Nonenzy-
matic glucose sensor based on ultrasonic-electrodeposition
of bimetallic PtM (M = Ru, Pd and Au) nanoparticles on
carbon nanotubes-ionic liquid composite film,” Biosensors and
Bioelectronics, vol. 24, no. 12, pp. 3481–3486, 2009.

[31] J. Suntivich, Z. Xu, C. E. Carlton et al., “Surface composition
tuning of Au-Pt bimetallic nanoparticles for enhanced carbon
monoxide and methanol electro-oxidation,” Journal of the
American Chemical Society, vol. 135, no. 21, pp. 7985–7991, 2013.

[32] H. Zhang, M. Haba, M. Okumura, T. Akita, S. Hashimoto, and
N. Toshima, “Novel formation of Ag/Au bimetallic nanopar-
ticles by physical mixture of monometallic nanoparticles in
dispersions and their application to catalysts for aerobic glucose
oxidation,” Langmuir, vol. 29, no. 33, pp. 10330–10339, 2013.

[33] H. Yu and Y. He, “Seed-assisted synthesis of dendritic Au–Ag
bimetallic nanoparticles with chemiluminescence activity and
their application in glucose detection,” Sensors and Actuators B:
Chemical, vol. 209, pp. 877–882, 2015.

[34] J. Huang, S. Vongehr, S. Tang, H. Lu, J. S. And, and X.Meng, “Ag
dendrite-based au/ag bimetallic nanostructures with strongly
enhanced catalytic activity,” Langmuir, vol. 25, no. 19, pp. 11890–
11896, 2009.

[35] J. N. Chheda, G. W. Huber, and J. A. Dumesic, “Liquid-
phase catalytic processing of biomass-derived oxygenated
hydrocarbons to fuels and chemicals,” Angewandte Chemie—
International Edition, vol. 46, no. 38, pp. 7164–7183, 2007.

[36] H. Zhang, T. Watanabe, M. Okumura, M. Haruta, and N.
Toshima, “Catalytically highly active top gold atom on palla-
dium nanocluster,” Nature Materials, vol. 11, no. 1, pp. 49–52,
2012.



12 Journal of Nanomaterials

[37] S. Biella, L. Prati, and M. Rossi, “Selective oxidation of D-
glucose on gold catalyst,” Journal of Catalysis, vol. 206, no. 2,
pp. 242–247, 2002.

[38] T. Ishida, N. Kinoshita, H. Okatsu, T. Akita, T. Takei, and M.
Haruta, “Influence of the support and the size of gold clusters
on catalytic activity for glucose oxidation,” Angewandte Chemie
International Edition, vol. 47, no. 48, pp. 9265–9268, 2008.

[39] C. Jin and Z. Chen, “Electrocatalytic oxidation of glucose
on gold-platinum nanocomposite electrodes and platinum-
modified gold electrodes,” Synthetic Metals, vol. 157, no. 13-15,
pp. 592–596, 2007.

[40] M. Tominaga, T. Shimazoe, M. Nagashima, and I. Taniguchi,
“Composition-activity relationships of carbon electrode-sup-
ported bimetallic gold-silver nanoparticles in electrocatalytic
oxidation of glucose,” Journal of Electroanalytical Chemistry, vol.
615, no. 1, pp. 51–61, 2008.

[41] N. German, A. Ramanavicius, J. Voronovic, and A. Ramanavi-
ciene, “Glucose biosensor based on glucose oxidase and gold
nanoparticles of different sizes covered by polypyrrole layer,”
Colloids and Surfaces A: Physicochemical and Engineering
Aspects, vol. 413, pp. 224–230, 2012.

[42] L. Liu, X. Zhang, and J. Chaudhuri, “Size control in the synthesis
of 1–6 nmgold nanoparticles using folic acid-chitosan conjugate
as a stabilizer,”Materials Research Express, vol. 1, no. 3, p. 035033,
2014.

[43] X. Zhang, Y. L. Chen, R.-S. Liu, and D. P. Tsai, “Plasmonic
photocatalysis,” Reports on Progress in Physics, vol. 76, no. 4,
Article ID 046401, 41 pages, 2013.

[44] S. Link and M. A. El-Sayed, “Spectral properties and relaxation
dynamics of surface plasmon electronic oscillations in gold
and silver nanodots and nanorods,” The Journal of Physical
Chemistry B, vol. 103, no. 40, pp. 8410–8426, 1999.

[45] Y. Tian and T. Tatsuma, “Mechanisms and applications of
plasmon-induced charge separation at TiO

2
films loaded with

gold nanoparticles,” Journal of the American Chemical Society,
vol. 127, no. 20, pp. 7632–7637, 2005.

[46] S. M. Yoo, S. B. Rawal, J. E. Lee et al., “Size-dependence
of plasmonic Au nanoparticles in photocatalytic behavior of
Au/TiO

2
andAu@SiO

2
/TiO
2
,”Applied Catalysis A: General, vol.

499, pp. 47–54, 2015.
[47] R. Kuladeep, L. Jyothi, K. S. Alee, K. L. N. Deepak, and D.

N. Rao, “Laser-assisted synthesis of Au-Ag alloy nanoparticles
with tunable surface plasmon resonance frequency,” Optical
Materials Express, vol. 2, no. 2, pp. 161–172, 2012.

[48] A. Pal, S. Shah, and S. Devi, “Preparation of silver-gold alloy
nanoparticles at higher concentration using sodium dodecyl
sulfate,”Australian Journal of Chemistry, vol. 61, no. 1, pp. 66–71,
2008.

[49] H. Quan, S.-U. Park, and J. Park, “Electrochemical oxidation of
glucose on silver nanoparticle-modified composite electrodes,”
Electrochimica Acta, vol. 55, no. 7, pp. 2232–2237, 2010.

[50] P. Stonehart and F. P. Portante, “Potentiodynamic examination
of surface processes and kinetics for the Ag

2
O/AgO/OH−

system,” Electrochimica Acta, vol. 13, no. 8, pp. 1805–1814, 1968.
[51] Q. Shi, G. Diao, and S. Mu, “The electrocatalytic oxidation of

glucose on the bimetallic Au-Ag particles-modified reduced
graphene oxide electrodes in alkaline solutions,” Electrochimica
Acta, vol. 133, pp. 335–346, 2014.

[52] L. D. Burke, “Premonolayer oxidation and its role in electro-
catalysis,” Electrochimica Acta, vol. 39, no. 11-12, pp. 1841–1848,
1994.

[53] J. Wang, J. Gong, Y. Xiong et al., “Shape-dependent electro-
catalytic activity of monodispersed gold nanocrystals toward
glucose oxidation,” Chemical Communications, vol. 47, no. 24,
pp. 6894–6896, 2011.

[54] L. Y. Chen, T. Fujita, Y. Ding, and M. W. Chen, “A three-
dimensional gold-decorated nanoporous copper core—shell
composite for electrocatalysis and nonenzymatic biosensing,”
Advanced Functional Materials, vol. 20, no. 14, pp. 2279–2285,
2010.

[55] Z. Borkowska, A. Tymosiak-Zielinska, and G. Shul, “Electroox-
idation of methanol on polycrystalline and single crystal gold
electrodes,” Electrochimica Acta, vol. 49, no. 8, pp. 1209–1220,
2004.

[56] J. Wang, X. Cao, X.Wang, S. Yang, and R.Wang, “Electrochem-
ical oxidation and determination of glucose in alkaline media
based on Au (111)-like nanoparticle array on indium tin oxide
electrode,” Electrochimica Acta, vol. 138, pp. 174–186, 2014.

[57] Y. L. Mikhlin, E. A. Vishnyakova, A. S. Romanchenko et al.,
“Oxidation of Ag nanoparticles in aqueous media: effect of
particle size and capping,” Applied Surface Science, vol. 297, pp.
75–83, 2014.



Review Article
Recent Developments in Environmental Photocatalytic
Degradation of Organic Pollutants: The Case of Titanium
Dioxide Nanoparticles—A Review

Mphilisi M. Mahlambi,1 Catherine J. Ngila,1 and Bhekie B. Mamba2

1Department of Applied Chemistry, University of Johannesburg, P.O. Box 17011, Doornfontein 2028, South Africa
2Nanotechnology and Water Sustainable Unit, College of Science, Engineering and Technology, University of South Africa,
Florida Campus, Johannesburg 17025, South Africa

Correspondence should be addressed to Mphilisi M. Mahlambi; mmahlambi@yahoo.co.uk

Received 29 April 2015; Revised 29 July 2015; Accepted 5 August 2015

Academic Editor: Xin Zhang

Copyright © 2015 Mphilisi M. Mahlambi et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

The presence of both organic and inorganic pollutants in water due to industrial, agricultural, and domestic activities has led to the
global need for the development of new, improved, and advanced but effective technologies to effectively address the challenges of
water quality. It is therefore necessary to develop a technology which would completely remove contaminants from contaminated
waters. TiO

2
(titania) nanocatalysts have a proven potential to treat “difficult-to-remove” contaminants and thus are expected to

play an important role in the remediation of environmental and pollution challenges. Titania nanoparticles are intended to be
both supplementary and complementary to the present water-treatment technologies through the destruction or transformation
of hazardous chemical wastes to innocuous end-products, that is, CO

2
and H

2
O. This paper therefore explores and summarizes

recent efforts in the area of titania nanoparticle synthesis, modifications, and application of titania nanoparticles for water treatment
purposes.

1. Introduction

The South African National Water Act (Act number 36 of
1998) specifically states that water resources must remain fit
for use on a sustainable basis and that their quality must be
constantly monitored [1]. Therefore the availability of water
should be based not only on the quantity but also on the qual-
ity of the available water [2]. However, due to agricultural,
industrial, and domestic activities the quality of river water
or groundwater continues to deteriorate due to pollution by
hazardous materials [3, 4]. Water pollution is defined as the
direct or indirect introduction of substances into the water
bodies. These pollutants may be harmful to human health
or the quality of aquatic ecosystems thus affecting the use of
amenities and other legitimate uses of water [1].

The sources of water pollution are categorised as either
a point source or nonpoint source (diffuse sources). Point
source water pollution occurs when the polluting substance

is emitted directly into the water system, for example, a pipe
that spews sewage directly into a river, while nonpoint source
(NPS) pollution refers to diffuse contamination which occurs
when pollutants enter a water system through runoff, for
example, when fertiliser is washed into a river by surface
runoffs. Water pollutants can be classified as physical (odour,
colour, solids, or temperature), biological (pathogens), or
chemical (organic or inorganic compounds) [1, 2, 5–9].
Organic pollutants are of more concern than the other types
because of their carcinogenic andmutagenic effects even after
exposure to minute concentrations [10, 11].

1.1. Organic Pollutants. Organic contaminants have become
of more concern due to the inability of conventional
water-treatment technologies to completely decompose these
contaminants in aqueous media [12, 13]. The ubiquitous
appearance of organic contaminants in sewage effluents,
groundwater, drinking water, and sludge poses a significant
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threat to humans and aquatic organisms [14]. Volatile organic
compounds (VOCs) are known to be toxic and carcinogenic
and have been implicated in the depletion of the stratospheric
ozone layer while also contributing to global warming [10,
15]. These pollutants have been reported as being mutagenic
and hence are responsible for the emergence of antibiotic
resistance bacteria and genes [16].

Some organic pollutants are referred to as persistent
organic pollutants (POPs) because when they enter the
environment, they do not readily break down and may
remain there for very long periods of time, for example,
polychlorinated biphenyls (PCBs), and may enter the food
chains and accumulate to levels detrimental to organisms that
are high up in the food chain [17]. Also organic pollutants
are a serious threat because they can be transported from
the source of contamination through air as vapour or as
dust particles by water currents or sediments and released
in a new environment [17]. Some of these organic pollutants
eventually contaminate groundwater and surface waters;
however, groundwater contamination is likely to be the
primary source of human contact with these toxic chemicals
[18]. Generally, exposure to organic contaminants could be
through breathing, through ingestion, through drinking, or
by skin contact.

1.2. Natural Organic Matter. Natural organic matter (NOM)
is an agglomeration of organic compounds that naturally
occur when animal and plant material break down [19–21].
NOM consists of a wide range of compounds with diverse
chemical properties (due to geographic origin and age of
the decomposing organism) and occurs in all natural water
sources [20, 22, 23]. NOM components are a heterogeneous
mixture of complex organic materials which consists of both
hydrophilic and hydrophobic components. The hydrophilic
components are microbial by-products and contain a higher
proportion of aliphatic carbon and nitrogenous compounds
with relatively high charge density such as amino acids
and proteins as well as polysaccharides [22, 24, 25]. Humic
substances (HS) constitute the more hydrophobic fraction
of NOM and exhibit relatively high specific ultraviolet
absorbance (SUVA) values due to the presence of a relatively
large proportion of aromatic carbon, phenolic structures, and
conjugated double bonds [5, 19, 21, 22, 24, 25].

Due to the complexity of NOM no single tool can give its
definitive structural or functional information. Nondestruc-
tive spectroscopic techniques appear to be the most useful
analytical techniques for NOM characterisation [20]. Treat-
ment options for the removal of NOM include coagulation,
the use of magnetic ion-exchange resins, activated carbon,
membrane filtration, and advanced oxidation processes [22].
Characterisation of the structure and reactivity of NOM is
vital because its presence creates problems in the quality of
drinking water as well as in water-treatment processes [20,
26]. The presence of NOM results in an increased coagulant
and disinfectant dosage resulting in increased sludge. It also
increases biological growth in water-distribution networks
and may also result in increased levels of heavy metal com-
plexes and adsorbed organic pollutants [22]. Furthermore,
the presence of NOM causes membrane fouling as well as

aesthetic and malodour problems in water. The organic acids
that result from the oxidation of NOM have the capability
to corrode turbines and engineering systems and this affects
transportation of contaminants [19, 22, 27, 28]. Thus, under-
standing the impact of NOM in water-treatment processes is
vital for human health and water-treatment plants as well as
industrial processes where pure water is a prerequisite.

1.3. Disinfection By-Products. In the water-treatment pro-
cesses, NOM may have adverse effects since it may react
with disinfectants (e.g., chlorine or chloramines) resulting
in the formation of disinfection by-products (DBPs), many
of which are either carcinogenic or mutagenic [5, 25, 26,
29]. For example, haloacetic acids (HAAs) are a component
of DBPs that are considered harmful to human health.
These have been found to result in impaired reproductive
and developmental retardation when tested on laboratory
animals [24, 30–33]. Also, trihalomethanes (THMs) have
been classified as possible carcinogens to humans [30, 32, 34,
35]. Nitrosamines are another group of DBPs, formed due
to the reaction of NOM with disinfectants that have been
reported to be a threat to human life due to its carcinogenicity
[32, 36–38].

1.4. Industrial Effluents. Industrial development is directly
related to the release of various toxic pollutants into the envi-
ronment, especially to aqueous streams, and these pollutants
are harmful and hazardous to the environment [12, 39–41].
Prevention of industrial pollution is currently a major focus
of environmentalists and therefore treatment of industrial
effluents before disposal into the ecosystem is imperative
to protect human life and environmental quality [3, 40,
42]. Thus, a constant effort to protect water resources is
being made by various government and nongovernmental
organisations (e.g., US EPA, WHO, and DWAF) through the
introduction of increasingly strict legislation covering pollu-
tant release into the environment, with particular emphasis
on liquid industrial effluents [5, 40, 43, 44]. There are major
types of industries in the industrial complex, for example,
pulp and paper mills, food, pharmaceutical, electroplating,
textile, photographic, mining, and agriculture, to mention
just a few, which do not generate uniform waste streams;
industrial effluents are complex mixtures of chemical and
biological compositions that have various environmental
impacts depending on the source of the toxicant [45, 46].

1.4.1. Textile Industry Effluents. Textile-processing industries
form the economic backbone of most developing countries.
Effluents from textile industries are characterised by a variety
of chemicals generated from the dyeing, bleaching, and
washing processes [47, 48]. Wastewaters discharged from
textile industries are a serious environmental threat due to
their characteristic high colour, fluctuating pH, malodour,
high biological oxygen demand (BOD) and chemical oxygen
demand (COD), acids, and alkalis as well as various heavy
metals that breach environmental standards [48–50]. Dyes
are soluble in water and even a small amount of dye is highly
visible and reduces the transparency of water bodies [49, 51].
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Table 1: Molecular structure and chemical properties of Rhodamine B [6, 52–54].

Molecular structure Chemical properties

Rhodamine B

H3CH2C

CH2CH3

COOH

CH2CH3

CH2CH3

NCl−ON
+

Class
Chemical formula
Molecular weight

UV absorption maximum

Triphenylmethane
C
28
H
31
ClN
2
O
3

479.02 g⋅mol−1
553 nm

Also, dyes can bemutagens and carcinogens [49, 50], and thus
they need to be removed from industrial effluents.

It is estimated that about 1% to 20% of the total world
production of dyes is lost to the environment during syn-
thesis and dyeing processes. These textile effluents are an
environmental burden as they contain a large amount of
azoic, anthraquinonic, and heteropolyaromatic dyes [6, 50].
The discharge of these highly pigmented synthetic dyes to
the ecosystem causes aesthetic pollution, eutrophication, and
perturbations in aquatic life as they hinder light penetration
resulting in decreased photosynthesis [48, 49, 51]. Therefore
textile wastewaters need to be treated to acceptable levels to
meet the national discharge standard before being discharged
to the environmental ecosystem.

1.4.2. Rhodamine B. Rhodamine B (Rh B) is a type of
triphenylmethane dyes. Triphenylmethane (TPM) dyes are
extensively used in textile, printing, food, photographic, and
cosmetic industries [52]. TPM dyes can persist for long peri-
ods in the aquatic environment because they are resistant to
chemical and biological (bacterial) attacks. Rh B is a common
dye in the TPM family, which contains four (4) N-ethyl
groups at either side of the xanthene rings (Table 1). It has
achieved its prominent use due to its good stability as a laser
material and is one of the major sources of pollution in the
textile and photographic industry effluent streams [53]. Also,
although Rhodamine B is a highly phosphorescent (fluores-
cent) dye, its toxicity is not dependent on the synergic effect
of visible light [52, 54]. As a dye in the TPM family (i.e., azoic,
anthraquinonic, and heteropolyaromatic dyes), the presence
of Rh B in the ecosystem causes aesthetic pollution, eutroph-
ication, and perturbations in aquatic life [6, 50, 52, 53].

1.4.3. Other Industrial Effluents. Other sources of industrial
pollution are from surface treatment (mechanical and chem-
ical surface-finishing processes), thermal power stations,
and agricultural activities, to name but a few. Effluents
originating from surface-treatment processes contain both
organic and metal pollution from the washing and rinsing
of process baths [43]. Fly ash is the by-product of combus-
tion in thermal power plants using coal and lignite and is
mainly used as landfills [39]. However, studies to charac-
terise leachate originating from these landfills have indicated

that leachates contain hazardous pollutants like arsenides,
PCBs, and sulfanilamides [14, 16, 55, 56]. Commonly used
pesticides from agricultural activities (either domestic or
large commercial scale) have high recalcitrant organic groups
and hence are extremely difficult to break down through
normal degradation [2, 38, 42, 57]. Also, the use of nitrogen-
containing fertilisers causes acidification and eutrophication
of ecosystems due to leaching [44, 58, 59]. These nitrogen-
containing pollutants from agricultural activities are usually
intermediates to the formation of refractory organic pollu-
tants [44].

2. Refractory Organic Pollutants

Degradation of refractory organic pollutants is a challenge
because these pollutants cannot be degraded using the
current water-treatment technologies. They are resistant to
aerobic microbial degradation in conventional biological
treatment processes and the natural environment [44, 60, 61].
High-molecular-weight organics are the typical refractory
pollutants.The presence of refractory pollutants in industrial
wastewaters causes problems in the water-treatment system
[46]. These pollutants cause biomass poisoning and die-off
in conventional biological water-treatment systems. Other
techniques such as flocculation, precipitation, or reverse
osmosis require posttreatment to dispose of the pollutants
while the use of chemical techniques either fails to adequately
remove these organic pollutants or results in the formation of
DBPs [28, 33, 36, 44, 62].

Current water-treatment technologies are designed to
deal with either organic or inorganic pollutants in an aqueous
medium, but not both. In addition, due to the diversity
and varying chemical properties of organic pollutants these
technologies fail to remove pollutants to the required lev-
els. Furthermore, the presence of NOM in water-treatment
processes may have adverse effects since it may react with
disinfectants (e.g., chlorine or chloramines) and result in the
formation of DBPs.Therefore the development of techniques
that can remove both contaminants simultaneously without
the production of DBPs would be ideal. Nanocatalysts have
shown the ability to cost-effectively mineralise recalcitrant
organic pollutants and reduce metal ions in aqueous media
producing innocuous products, that is, H

2
O and CO

2
, and
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zero-valent metals, respectively.The approaches that we have
undertaken in our laboratories in an attempt to address these
problems are also described in this review.

3. Advanced Oxidation Processes (AOPs)

Due to the aforementioned limitations of the conventional
water-treatment methods, there is an ongoing research inter-
est to develop more efficient and environmentally friendly
systems for the treatment of recalcitrant organic pollutants.
Advanced oxidation processes (AOPs) have demonstrated
the capability to develop such a green system. AOPs provide
an effective remediation for the treatment of water since they
have the ability to completely degrade a variety of organic
pollutants, oxidise heavy metals, and destroy microbial
substances. Advanced oxidation processes exploit the high
reactivity of hydroxyl radicals as the oxidation driving force
resulting in the formation of benign by-products (i.e., H

2
O

and CO
2
); hence they are environmentally friendly [41, 63–

67].

3.1. Supercritical Water Oxidation. Supercritical water oxida-
tion (SCWO) is a technique that has been proven to destroy
highly persistent organic pollutants without the production
of harmful products. SCWO reactions are carried out above
the critical point of water (374∘C and 22.1MPa) and at this
point the volume of water is three times higher than at room
temperature, with a density of 0.322 g⋅mL−1 and a dielec-
tric constant of 5.3 [68–71]. A homogeneous single phase
results when oxygen and organic compounds are dissolved
in supercritical water [69, 71, 72]. SCWO has been studied in
the degradation of nitrogenated compounds (e.g., pyridine,
aniline, nitrobenzene, and ammonia), phenolic compounds,
and radioactive wastes [70].

SCWO is regarded as an environmentally friendly pro-
cess, because not only does it produce CO

2
and H

2
O during

oxidation, but also none of the NO
𝑥
and SO

𝑥
compounds

are produced due to the relatively mild operating conditions
(340∘C to 400∘C and 22.29MPa to 25.33MPa) [69, 71]. How-
ever, during the degradation of halogenated hydrocarbons,
the SCWOprocess is subject to corrosion problems due to the
formation of acidic conditions aswell as fouling problems due
to the utilisation of neutralising processes and these are the
major obstacles that have led to the noncommercialisation of
SCWO [71, 73].

3.2. Wet Oxidation. Wet oxidation, also referred to as wet air
oxidation (WAO), is used to oxidise organic and inorganic
substances, in either suspension or solution forms, in the
presence of an oxidant (water or air) at elevated temperature
and pressure [44, 61, 74]. WAO technology has a high
potential for the treatment of effluents containing a high
content of organic matter and/or hazardous materials for
which biological treatment is not feasible [44]. In WAO
technology the organic pollutants are either partially oxidised
into biodegradable intermediate products with lowmolecular
weights or completely mineralised to water, carbon diox-
ide, and innocuous end-products at temperatures ranging
between 125∘Cand 320∘Cand at pressures of between 0.5MPa

and 20.0MPa in the aqueous phase [44, 59]. The mechanism
ofwet oxidation seems to take place bymeans of a free radical.
However, WAO is only effective for aliphatic and aromatic
compounds that do not have halogenated groups. Moreover,
investment andoperation costs ofWAOplants are not feasible
due to excessive temperatures and pressures, while treatment
of effluents containing refractory organic pollutants would
further escalate the operating costs [75, 76].

3.3. Electrochemical Oxidation. Electrochemical oxidation
processes employ an electrochemical cell to generate oxidis-
ing species which are used to destroy organic pollutants at
ambient temperatures [60, 77–79]. The mechanism of elec-
trochemical oxidation involves three stages which are elec-
trocoagulation, electroflotation, and electrooxidation [79]:

RH −e
−

→ RH+

RH+ −H
+

→ R∙

R∙ + R∙ → R − R

(1)

Electrochemically, organic pollutants can be oxidised either
directly or indirectly. In direct anodic oxidation, the pollu-
tants are adsorbed on the anode before being destroyed by
the oxidising species (mediator ions) produced at the anode
while indirect electrochemical oxidation makes use of strong
oxidising agents and the pollutants are oxidised in the bulk
solution [77–79]. Although electrochemical oxidation pro-
cesses offer an environmentally friendly prospect, the process
is economically not viable due to high energy consumption.
Furthermore, fouling of the electrodes has been observed due
to either the deposition of oligomers formed during phenol
oxidation or radical combination as an effect of pH [60, 80].

3.4. Photolysis. In photolysis, a chemical compound absorbs
radiation energy, is elevated to a state of higher energy and
an excited state, and produces radicals that carry out the
photochemical reactions. The source of radiation is either
solar energy or low and medium-pressure mercury lamps
[27, 33, 81, 82]. In photolysis, the hydroxyl compounds are
generated by water splitting:

H
2
O ℎ]
→ H∙ +OH∙ (2)

These radicals then react with the organic pollutant, splitting
it to smaller and more bioavailable compounds [27]. How-
ever, photolysis is a poor source of radicals and the radicals
produced are not efficient enough to fully degrade refractory
pollutants due to slow reaction kinetics observed in photoly-
sis [8]. To accelerate these photochemical processes, metallic
salts called semiconductors which act as catalysts to speed up
the photochemical processes need to be added, giving rise to
the so-called advanced oxidation processes [8, 83–85].

4. Semiconductor Photocatalysis

4.1. Introduction. Interest in semiconductor photocatalysis
has recently risen exponentially because of the potential and
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Table 2: Band gap energies of some semiconductor photocatalysts
[8, 52, 89].

Photocatalyst
Band gap
energy
(eV)

Photocatalyst
Band gap
energy
(eV)

Si 1.1 SiC 3.0
WSe
2 1.2 TiO

2
rutile 3.02

𝛼-Fe
2
O
3 2.2 Fe

2
O
3 3.1

CdS 2.4 TiO
2
anatase 3.2

NaBiO
3 2.62 ZnO 3.2

V
2
O
5 2.7 SrTiO

3 3.4
B
2
WO
6 2.78 SnO

2 3.5
WO
3 2.8 ZnS 3.7

opportunities it offers in a variety of fields. These include
treatment of environmental pollution, biotissue generation
and biosensors, medicine (destruction of cancer and viruses),
and pharmaceutical industries [7, 18, 86–90]. The major
advantages of semiconductor photocatalysis are that it offers
a good substitute for the energy-intensive treatment methods
and has the capacity to use renewable and pollution-free solar
energy. Also, unlike the conventional treatment methods,
which not only transfer pollutants from one medium to
another but also transform those to more refractory pollu-
tants, semiconductor photocatalysis converts contaminants
to innocuous products, such as CO

2
and H

2
O. Furthermore,

the reaction conditions are mild, and the reaction time is
modest and can be applied to aqueous, gaseous, and solid-
phase treatments with the possibility of being both sup-
plementary and complementary to the present technologies
[8, 18, 52, 83, 87, 88]. Semiconductor photocatalysts therefore
have the advantage of not only minimising running costs but
also generating the desired product in the most efficient and
effective way.

4.2. Properties of Semiconductor Photocatalysts. The defining
property of a good semiconductor photocatalyst material is
that the core element making up the material can reversibly
change its valence state to accommodate a hole without
decomposing the semiconductor (e.g., Ti3+ → Ti4+ in non-
stoichiometric TiO

2
) [8, 18, 91]. The photogenerated holes

should be highly oxidizing to produce hydroxyl radicals
(∙OH) and the photogenerated electrons should be reducing
enough to produce superoxides from the oxygen [92]. Also,
the element should have more than one stable valence in the
semiconductor so that it is not decomposed (photocorrosion)
by the formation of holes (e.g., Zn2+ in ZnO and Cd2+ in CdS
are photocorroded by the formation of holes) [8, 18, 93–95].
Furthermore, the semiconductor must have a suitable band
gap, which is highly stable to chemical corrosion, nontoxic,
and generally of low cost [8, 18, 92, 93, 96, 97]. The band gap
energies of some semiconductor photocatalysts are shown in
Table 2.

4.3. Mechanism of Photocatalysis. Semiconductor photocata-
lysts do not have a continuum of electronic states like metals,

but they have a void region that extends from the top of
the highest occupied molecular orbital (HOMO), that is, the
valence band (VB), to the bottom of the lowest unoccupied
molecular orbital (LUMO) which is also referred to as the
conduction band (CB).This void region is called the band gap
(𝐸
𝑔
) [8, 18, 98–100]. When the semiconductor is illuminated

with light, it absorbs a photon (ℎ]) andwhen the energy of the
photon is equal to or exceeds the band gap energy, an electron
(ecb
−) is promoted from the VB to the CB leaving a hole

(hvb
+) in the VB (Figure 1) [2, 18, 99–101]. The electron-hole

pair then migrates to the surface of the photocatalyst where
it can recombine and dissipate the energy as heat, get trapped
in metastable surface states, or react with electron donors
or acceptors adsorbed on the surface of the semiconductor
[18]. Generally, the hole oxidises water to form hydroxyl
radicals and initiates a chain reaction that then proceeds to
oxidise organics while the electron can be donated to an
electron acceptor, for example,O

2
, leading to the formation of

superoxides or a metal ion that is reduced to its lower valence
state and deposited on the catalyst surface [8, 18, 98, 102, 103].

The mechanism for semiconductor photocatalysis (of a
M(IV) lattice metal, e.g., TiO

2
) can be summarised in the

following reaction steps [8, 18]:

(i) Excitation of photon greater than band gap resulting
in the formation of electrons (ecb

−) and holes (hvb
+),

that is, charge-carrier generation:

TiO
2
+ ℎ] → hvb

+
+ ecb
− (3)

(ii) Charge-carrier trapping:

hvb
+
+ TiIVOH → {TiIVOH∙}

+ (4)

ecb
−
+ TiIVOH → {TiIIIOH} (5)

(iii) Charge-carrier recombination producing thermal
energy:

hvb
+
+ {TiIIIOH} → TiIVOH + heat (6)

ecb
−
+ {TiIVOH∙}

+

→ TiIVOH + heat (7)

(iv) Interfacial charge transfer:

{TiIVOH∙}
+

+ Red → TiIVOH + Red∙+ (8)

ecb
−
+Ox → TiIVOH +Ox∙− (9)

where Red is an electron donor (reductant) and Ox is
an electron acceptor (oxidant).

(v) Reduction of metal ions by ecb
−, if present:

𝑛ecb
−
+M𝑛+ → M0 (10)

This fundamental phenomenon observed in semiconductor
photocatalysts to oxidise (degrade) organic compounds and
reduce metal ions is a promising technique in the treatment
of refractory organic pollutants and heavy metals present in
wastewater treatment plants.
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Figure 1: Mechanism for semiconductor photocatalysis [18].

5. Nanophotocatalysts in Water Treatment

Due to industrial and geographical reasons there is always
a difference in the quality of water across the world. It
is therefore acceptable that there is no possibility of one
solution that can solve all the problems of water contami-
nation. Thus, in the design for water-treatment technologies,
nanotechnology will always play a key role. The intrigue of
nanotechnology is the ability to control the manipulation
of nanoscale (approximately 1 nm to 100 nm) structured
materials and integrate them into large material components,
systems, and architecture that have novel properties and
functions [2, 86, 113, 114]. The merits of using semiconductor
photocatalysts in their nanorange far outweigh their use in
their bulk form [115]. For example, in the case of adsorption
where surface sites of the adsorbent are utilised, diffusion is
usually hindered due to the lack of a porous structure in the
bulk materials. This is because the surface-to-volume ratio
increases drastically with the decrease of the adsorbent from
bulk to nanodimensions [2, 7, 11, 87, 113].

Also, new physical and chemical properties emerge when
the size of a material is reduced to the nanoscale level.
The surface energy per nanoparticle increases significantly
in the nanorange. This increase in surface energy directly
results in an increase in contaminant removal even at low
concentrations. The use of nanocatalysts also results in
less waste generation, especially in posttreatment, since less
quantity of nanomaterial will be required compared to its
bulk form. Furthermore, with the use of nanomaterials, novel
reactions can be accomplished at nanoscale due to an increase
in the number of surface atoms which is not possible with
its analogous bulk material, for example, the degradation
of pesticides by nanoparticles which cannot be done by the
metals in their bulk form [2, 7, 93, 94, 113].

6. Titanium Dioxide/TiO2/Titania
Photocatalysts

6.1. Introduction. Among the nanophotocatalysts used in the
treatment of environmental wastewater, titanium dioxide,
also known as titania or TiO

2
, has been extensively studied

[88, 116–119]. Since the discovery of the phenomenon of
photocatalytic splitting of water on a TiO

2
electrode under

UV light, enormous efforts devoted to titania research have
led to promising applications in the fields of photovoltaics,
photocatalysis, photoelectrochromics, ceramics, and sensors
[120–126]. As the most promising semiconductor photocat-
alyst, TiO

2
-based materials are therefore expected to play

a major role to curb serious environmental and pollution
challenges and ease the energy crisis through the use of
renewable solar energy [93, 127–134].

6.2. Synthetic Methods for TiO2 Nanoparticles. There are a
number of available techniques for the synthesis of titania
nanoparticles and these include sol-gel, sol, hydrothermal,
solvothermal, and chemical vapour deposition, to name just
a few [88, 135, 136]. These synthetic methods are highlighted
in the following subsections. The method used plays a signif-
icant role in the shape, size, and photochemical properties of
TiO
2
.

6.2.1. Sol-Gel Method. The sol-gel method is the most com-
monly used technique for the synthesis of TiO

2
nanoparticles

[137–140]. In a typical sol-gel process, a colloidal suspension
(a sol) is formed from the hydrolysis of the precursors, usually
inorganic metal salts or metal inorganic salts such as metal
alkoxides [16, 88]. For titania synthesis, the sol-gel process
usually proceeds via an acid-catalysed hydrolysis of titanium
(IV) alkoxides followed by condensation [88, 138].The sol-gel
process has found more extensive use in the synthesis of tita-
nia because the reaction takes place at low temperatures, does
not use complicated equipment, results in the formation of
highly homogeneous and pure products, and allows for mod-
ification to produce specific desired products [138, 141–143].

Also, the sol-gel method results in the synthesis of high
surface-area nanomaterials. It also allows for easy control of
shape, size, and distribution, as well as the easy introduction
of foreign materials into the catalyst lattice and at low
temperatures [135, 141, 144–147]. Moreover, nanomaterials
prepared by this method have a well-crystalline phase and
a small crystalline size, which benefit thermal stability and
photocatalytic activity. Hence, in this study, the sol-gel
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process was used for the synthesis of TiO
2
nanoparticles as

well as the introduction of metal ions into the crystal lattice
of the TiO

2
nanoparticles.

6.2.2. Sol Method. This method is also referred to as the
nonhydrolytic sol-gel process and usually involves the reac-
tion of titanium chloride with oxygen donating materials, for
example, metal alkoxides or organic ethers [88, 148–152].The
reaction between Ti–Cl and Ti–OR leads to the formation
of Ti–O–Ti bridges. The alkoxide groups are formed in
situ by the reaction of titanium chloride with alcohols or
ethers. The length of the alkyl substituent of the alcohols
affects the reaction speed (the longer the chain, the faster
the reaction) but not the average particle size. However,
the variation of the halogen (e.g., TiF

4
and TiI

4
) affects the

average particle size [88, 153]. Also, the shape and size of
the titania nanoparticles can be controlled by the addition
of a surfactant. For example, TiCl

3
was added to a solution

of trioctylphosphine oxide (TOPO) and lauric acid and the
reaction conditions controlled to produce either diamond-
shaped, bullet-shaped nanocrystals or a mixture of branched
and unbranched TiO

2
nanorods [88, 153–155].

6.2.3. Hydrothermal Method. Hydrothermal synthesis of
nanoparticles takes place under controlled temperature
and/or pressure in an autoclave [88, 127]. The reaction takes
place in an aqueous medium. The hydrothermal process is
effective for selective crystallisation of anatase titania from
the amorphous phase. However, the presence of the Cl− ion
(from the precursor, TiCl

3
) results in the formation of a mix-

ture of anatase and the brookite phases. Thermal treatment
of the amorphous phase below 300∘C results in a mixture
of the anatase and the brookite phases due to a solid-state
epitaxial growth mechanism. At temperatures above 300∘C
the formation of only the anatase phase is achieved because
the dissolution/precipitationmechanismdominates [88, 127].

The hydrothermal process is thought to be environ-
mentally friendly since the reactions are carried out in a
closed system and the contents can be recovered and reused
after cooling down to room temperature [53]. Moreover,
proper and careful control of the hydrothermal processing
conditions allows for the control over the physical properties
of titania such as crystallite size and form, surface area,
contamination, morphology and phase, uniform distribution
and high-dispersion, and stronger interfacial adsorption
properties [53, 88, 127].

6.2.4. Solvothermal Method. The solvothermal method is
almost identical to the hydrothermal method except that
it uses nonaqueous solvents [88, 156, 157]. However, in the
solvothermal method the temperature can be elevated much
higher than in the hydrothermal method and a variety of
organic solvents with high boiling points can be used. With
the solvothermal method there is a better control of the
size, shape, and the crystallinity of the TiO

2
nanoparticle

distributions than hydrothermal methods [158]. Thus the
solvothermalmethod has been found to be a versatilemethod
for the synthesis of a variety of nanoparticles with controlled

particle size, narrow size distribution, and dispersity [159–
162]. Also the versatility of this method is seen in that it can
be employed to synthesise TiO

2
nanoparticles and nanorods

with or without the aid of surfactants.

6.2.5. Chemical Vapour Deposition (CVD)Method. Chemical
vapour deposition (CVD) is a process in which materials in
a vapour state are condensed to form a solid-phase material
[88, 163]. This process alters the mechanical, electrical,
thermal, optical, corrosion resistance, and wear-resistance
properties of various substrates [163]. CVD has been used to
form free-standing bodies, films, and fibres and to infiltrate
fabric to form composite materials and, recently, in the
fabrication of various nanomaterials [164, 165]. Chemical
vapour deposition of titanium dioxide is usually carried
out through the reaction of titanium tetrachloride (TiCl

4
)

with oxygen or through the thermal reaction of a titanium
alkoxide such as Ti(OPri)

4
, which already displays the Ti–

O
4
tetrahedral motif of the titanium dioxide lattice in its

chemical structure [165–167].
CVD processes usually take place within a vacuum

chamber. If no chemical reaction occurs within the reaction
chamber, the process is called physical vapour deposition
(PVD). In CVDprocesses, the gaseous precursor compounds
chemically react on a heated substrate surface and the
deposition reaction is driven by thermal energy.The reactions
usually happen in an inert atmosphere in the presence of
a gas, for example, N

2
, Ar, or He [163–165, 167]. Moreover,

the reaction conditions in a CVD process can be tuned
to determine the phase, size, and morphology of the TiO

2

nanostructures.

6.3. Properties of TiO2 Nanoparticles. Titanium dioxide has
gained prominence for use as an environmental remediation
catalyst to completely mineralise organic and inorganic con-
taminants because of its outstanding characteristics. These
include high thermal stability, high photocatalytic activity,
high resistance to chemical and photocorrosion, nontoxicity,
and dielectric properties as well as being inexpensive [168–
172].Thephotocatalytic activity of TiO

2
depends on its crystal

phase, crystallinity, particle size, lattice impurities, density
of surface hydroxyl groups, and the surface area. Titania
has three (3) phases, namely, anatase (tetragonal), rutile
(tetragonal), and brookite (orthorhombic), and the anatase
phase of titania is the most photoreactive of the phases
[121, 172–174]. Of the three phases, the anatase phase has
the smallest particle sizes (<50 nm), high concentrations of
surface hydroxyl (OH) groups, and a high surface area, hence
the high photocatalytic activity [169].

However, the band gap of anatase TiO
2
is 3.2 eV and can

only be activated under UV light irradiation with wavelength
of 387 nm [117, 175–177]. This high-energy band gap rules
out the use of solar energy as the photoactivity source. The
UV source requires large quantities of electrical energy which
would result in high costs in practical applications [52].
Moreover, titania is characterised by low quantum yields (i.e.,
low electron transfer rate) resulting in high electron-hole
pair recombination which results in the termination of the
photocatalytic reactions [41, 104, 168, 178–180]. As a result, a
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number of reformative initiatives have been investigated as a
means of overcoming these drawbacks.

6.4. TiO2 Modifications. The main aim for titania modifica-
tions is to reduce the band gap of titania thus shifting its
optical response to the visible-light region and to reduce
the rate of electron-hole pair recombination to increase its
photoreactivity [105, 132, 180]. TiO

2
modifications result in

the “decrease” of the band gap by means of introducing a
donor level on the valence band (Figure 2). The paramount
condition for titaniamodification is to ensure that the anatase
phase is maintained. The most common techniques used for
TiO
2
modifications include anion doping, dye sensitizers,

the use of binary oxides, and metal-ion doping. These are
discussed in the following subsections.

6.4.1. Metal-Ion Doping. Doping of titanium dioxide nano-
particles with transition and noble metal ions for the degra-
dation of organic pollutants is the most studied phenomenon
and has been found to enhance both the photoresponse and
photoresponse and photocatalytic activity of TiO

2
nanopar-

ticles under visible-light irradiation [47, 96, 105, 142, 181–191].
The electronic states of titania can be decomposed into three
parts: 𝛿 bonding of O p and Ti 𝑒

𝑔
orbitals or states that are

located in the lower region,𝜋 bonding ofO p
𝜋
and Ti 𝑒

𝑔
states

in the middle energy region, and O p
𝜋
states in the higher

energy region (Figure 3). The bottom of the lower CB has the
Ti d
𝑥𝑦

orbital and contributes to the metal-metal interactions
due to 𝛿 bonding of the Ti t

2𝑔
–Ti t
2𝑔

states. The top of the
lower CB consists of the Ti t

2𝑔
states that are antibonding

with the O p
𝜋
states. The upper CB is characterised by the

𝛿 antibonding orbitals between the O p
𝛿
and Ti 𝑒

𝑔
states

[88].
During metal-ion doping, the energy due to the metal-

ion dopant either lies at the top of the valence band or
produces midgap states. When the atomic number of the
dopants is increased, the localised level shifts to lower energy
thus significantly contributing to the formation of the valence
band with the O p and Ti 3d electrons. This results in the
band gap narrowing due to the introduction of electron states
into the band gap of TiO

2
resulting in the formation of a new

lowest unoccupiedmolecular orbital (LUMO) [88]. Basically,
metal ions provide a “cushion” on the valence band (the donor
level) which results in the “decrease” in the band gap.

Metal doping should be differentiated from metal ions
codissolved in a photodegraded solution and noble metals
deposited on the semiconductor surface [88, 105]. Metal ions
(dopants) are therefore incorporated into the TiO

2
lattice

resulting in a “decrease” between the valence band and the
conduction band hence altering the band gap energy thereby
shifting the absorption band to the visible-light region
[47]. Metal-ion dopants are nanoscale metal semiconductor
contacts that act as electron scavengers hence resulting in
increased photocatalysis [192, 193].

It is worth noting that although the introduction ofmetal-
ion dopants on the titania lattice drastically shifts the absorp-
tion edge to the visible-light region, it can also result in
reduced photocatalytic activities. Metal doping can increase

the rate of electron-hole pair recombination and the pho-
tocatalyst can also cause thermal instability [57, 176]. It is
therefore imperative to avoid this by taking into consideration
the adequate amount of the dopant (metal) when preparing
doped titania [105, 194]. This is because when the dopant
level passes the optimal limit, which usually lies at a very low
dopant concentration, the metal ions act as recombination
centres resulting in reduced photoactivity. The presence
of adequate amounts of metal doping (optimal limit) also
ensures that the metal particles only act as electron traps
hence aiding electron-hole separation [105, 195].

6.4.2. Anion Doping. Anion doping of titania has increased
recently and has been reported to shift the absorption edge
towards the visible-light region and increase the photocat-
alytic activity [16, 102, 119, 176, 196–199].The narrowing of the
band gap is as a result of the mixing of either the p or the 2p
states of the halogen (X) with the 2p states of the oxygen (O)
atom in the valence band of the TiO

2
nanoparticles [88, 196,

197]. However, the mixing of the p states of the halogen and
the 2p states of the O atom has the most positive effect on
the band gap narrowing as it induces some states which act as
shallow donors on the valence band [88].The anion therefore
traps holes resulting in less recombination of the electron-
hole pair and displaces the surface OH groups increasing the
rate of electron scavenging by O

2
resulting in the formation

of an increased yield of superoxide radicals [103]. Anions
therefore undergo innersphere ligand substitution reactions
with surface hydroxyl groups.

6.4.3. Dye Sensitizers. Organic dyes have been widely em-
ployed as sensitizers for titanium dioxide nanomaterial to
improve its optical properties as they are light absorbing
chromophores [6, 84, 88, 125, 193, 200]. Organic dyes are
usually transition-metal complexes with low-lying excited
states, for example, polypyridine, phthalocyanine, and met-
alloporphyrin complexes. The metal centres for the dyes
include Ru(II), Zn(II), Mg(II), Fe(II), and Al(III), while
the ligands include nitrogen heterocycles with delocalised
𝜋 or aromatic ring systems. The conduction band usually
acts as a mediator for transferring the electrons from the
excited sensitizer to the substrate on the titania surface [84,
125, 187].

These organic dyes act as both sensitizers and substrates
and are normally linked to the TiO

2
nanoparticle surfaces

via functional groups. The various interactions between the
dyes and the TiO

2
nanoparticle substrates include covalent

attachment by directly linking groups of interest or via link-
ing agents, electrostatic interactions via ion-exchange, ion-
pairing, or donor-acceptor interactions, hydrogen bonding,
van der Waals forces, or hydroxyl groups [84, 88, 95]. Most
dyes of interest link via direct covalent bonding with the
functional groups that are on the TiO

2
surface. Carboxylic

and phosphonic acid derivatives react with the hydroxyl
groups to form esters, while amide linkages are obtained via
the reaction of amine derivatives on TiO

2
[88, 95]. However,

dye sensitizers are not stable and are usually prone to
thermal instabilities which result in increased recombination
centres. Furthermore, they are susceptible to damage from
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reactive oxygen species (ROS) which destroy the catalyst
[92, 176].

6.4.4. Binary Oxides. Binary metal oxides like TiO
2
/SiO
2
,

TiO
2
/ZrO
2
, TiO

2
/WO
3
, TiO

2
/Fe
2
O
3
, TiO

2
/SnO
2
, TiO

2
/

Ln
2
O
3
, andTiO

2
/RuO
2
systems have been applied in the pho-

tocatalytic degradation of environmental pollutants under
visible light [3, 95, 118, 124, 140, 201–207]. The photoactivity
of these binary oxides was found to be enhanced because
the metal oxides increased the acidity of the titania surface.
The surface acidity takes the form of surface hydroxyls and
accepts holes generated by illumination of the catalyst and
oxidises the adsorbed molecules [118, 204]. Basically, since

the coupling oxide is activated under visible light, it is
believed that the metal oxide will absorb visible light and the
photocatalytic activity of the titanium dioxide will be used to
mineralise organic pollutants. The metal oxides also enhance
the separation properties of titania suspended particles from
solution and thus decrease the effect of beam splitting by
agglomerated particles [118]. Moreover, the metal oxides act
as supports of the catalysts [10]. However, some of the metal
oxides are thermodynamically unstable, for example, RuO

2
/

TiO
2
, thus resulting in electron-hole pair recombination and

significantly decreasing the photocatalytic activity [95].
Other techniques that have been used to shift the absorp-

tion edge of titania towards the visible-light region and
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reduce the rate of electron-hole pair recombination include
carbon nanotube-titania composites, metal-anion codoping,
mounting TiO

2
on activated carbon exfoliated graphite, and

polymeric substrates, for example, chitosan [116, 130, 208–
213]. For the purposes of this research metal-ion-doped tita-
nia will be synthesised and investigated for its photocatalytic
properties under visible-light irradiation.

6.5. TiO2 Applications

6.5.1. Industrial Applications. The existing and potential
applications of titaniumdioxide nanomaterials include tooth-
paste, paint, UV protection, photovoltaics, photocatalysis,
sensing, electrochromics, and photochromics. The photo-
catalytic properties of TiO

2
have found application, as well

as potential application, in the manufacture of self-cleaning
surfaces, air cleaning devices, and self-sterilising devices
[88, 92, 194, 214, 215]. Photochromic and electrochromic
compounds (with a redox potential above the conduction
band edge of titania) exhibit different colours in different
oxidation states, and TiO

2
acts as an electron conductor

between the conduction band and the photo/electrochromic
material. Electrochromic devices like electrochromic win-
dows, displays, contact lenses, catheters, and spectacles with
TiO
2
as the electron conductors have been synthesised and

commercialised [131, 216–218]. Also, biomedically, TiO
2
has

shown much potential in cancer therapy (endoscopic-like
instruments) due to its antitumor activity [92].

6.5.2. Environmental Applications. The photocatalytic prop-
erties of TiO

2
make it an important semiconductor in appli-

cations in environmental remediation. Titanium dioxide has
shown tremendous ability not only as a sensor for chemical,
biological, and various gases (H

2
, NO
𝑥
, CO, etc.) even at

low concentrations, but also to photocatalytically degrade
and self-clean the contaminated environment [88, 200, 219–
222]. Moreover, the degradation of organic pollutants and
reduction of metals to their zero oxidation states have been
earmarked as one of the peak applications of TiO

2
for the

treatment of river water, groundwater, the drainage water
from fish-feeding tanks, and industrial wastewater [57, 65, 91,
92, 117, 223, 224]. Furthermore, photodegradation of organic
pollutants by titanium dioxide results in the formation of
innocuous products and therefore eliminates the problems
associated with the recalcitrant DBPs [18, 83, 174, 175, 225].
Although titania has the ability to completely degrade organic
refractory pollutants and to be cousedwith the existingwater-
treatment technologies, its large-scale industrial application
in drinking-water treatment is still considered to be miles
away.

6.6. Problems Associated with TiO2 Applications. The use of
TiO
2
in suspension form is efficient due to its large surface

area but there are fourmajor technical challenges that restrict
its large-scale application and its use in water-treatment
technologies. Firstly, it has a relatively wide band gap (∼3.2 eV,
which falls in the UV range of the solar spectrum), and
therefore it is unable to harness visible light thus ruling out
sunlight as the energy source of its photoactivation [9, 16,

211, 226–229]. Secondly, it has low quantum efficiency due
to the low rate of electron transfer to oxygen resulting in
a high recombination of the photogenerated electron-hole
pairs [226, 227, 230]. Thirdly, when used in a suspension,
titaniumdioxide aggregates rapidly due to its small size (4 nm
to 30 nm) and its aggregates may cause scattering of the
light beam resulting in loss of catalytic efficiency [66, 211,
231]. And lastly, the application of powdered TiO

2
catalysts

requires posttreatment separation to recover the catalyst from
water. This is normally difficult, is energy consuming, and
is economically not viable for use in water-treatment plants
[12, 66, 156, 211, 230]. Therefore new research initiatives need
to be explored to counter these challenges.

One of the major challenges facing scientists and govern-
ment bodies is the development of materials using “clean”
energy applications, the so-called Green Science, to relieve
the environmental burden due to pollution. TiO

2
has the

potential to be that green material and hence so much
research has been ongoing to try and harness its potential
applications. To achieve this, doping metals into the TiO

2

lattice is an effective strategy to reduce the band gap and shift
the absorption edge towards the visible-light range [57, 84,
105, 107, 191, 227, 232, 233].However, the amount of themetal-
ion dopant when preparing doped titania is important. This
is because when the dopant level passes the optimal limit,
(∼0.4%), the metal ions then act as recombination centres
resulting in reduced photoactivity [105, 194].

Also, TiO
2
nanoparticles can be supported on catalyst

supports. This would help improve the photocatalytic activ-
ity and potential application of the titania nanoparticles.
Furthermore, to avoid the aggregation and posttreatment
challenges, TiO

2
can also be assembled onto different sub-

strates and fabricated into different types of titania thin films
[150, 211, 214, 234–237]. The advantage of using thin films is
that they are known to be chemically stable and possess a
high dielectric constant, a high refractive index, and excellent
transmittance; therefore they have the ability to retain the
photocatalytic activity of the assembled catalysts [236].

7. Catalyst Supports

7.1. Introduction. A support material is very important in
catalysis because it determines the catalytic activity of a
catalyst [238, 239]. Catalyst supports are porous and have
high surface areas [44, 240, 241]. The electronic interactions
between the support and the catalyst bring about slightly
acidic conditions which increases the rate of electron transfer
thus reducing the rate of electron-hole combination. Also,
supports result in an increased adsorption ability and stability
of the catalyst and hence increase the rate of oxidation
of organic pollutants [44, 76, 242, 243]. Moreover, catalyst
support materials do not only shift the band edge towards the
visible-light energy region but also have the ability to disperse
the supported catalysts thus preventing them from agglom-
erating and also helping to improve catalyst separation from
posttreatment wastes [130, 238, 243–247]. These conditions
are therefore important since they enhance the photocatalytic
activity and the application of the supported TiO

2
catalysts.

The common types of supports used for catalysts include
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alumina (𝛾-Al
2
O
3
) supports, carbon supports, and carbon-

covered alumina (CCA) supports.

7.1.1. Alumina Supports. 𝛾-Alumina as a catalyst support
has a high surface area, good mechanical properties, and
numerous pores as well as the ability to disperse the active
metal phase [238, 239, 247, 248]. However, its exclusive use
as a support has been found to have some disadvantages.
For example, its acidity results in low catalytic activity of
the supported catalysts. Furthermore, its reactive surfaces
form unwanted metal oxides upon calcination. The reactive
surfaces of alumina react with the promoter ions resulting
in the formation of oxides which lower the catalytic activity
of the catalysts [238, 247–249]. The strong interactions of
the alumina support with the metal atoms are therefore
undesirable since it is detrimental to the catalyst activity.

7.1.2. Carbon Supports. Carbon has also been used to support
catalysts. Carbon supports have mild interactions with the
supported metals and have a neutral surface, good thermal
conductivity, and high surface area with controlled pore
volume. Carbon is also resistant to nitrogen poisoning and
contains variable surface functional groups [246, 248–251].
However, it also has some undesirable properties that limit its
use as a catalyst support. It has poor mechanical properties
and a low surface area. Moreover, it is also microporous
and has poor adsorption properties and hence catalysts may
be deposited on the micropores thus making their photo-
catalytic effect trivial [238, 246, 248–251]. These properties
therefore make the sole use of carbon as a support material
inapplicable.

7.2. Carbon-Covered Alumina (CCA) Supports. As described
before, the sole use of either carbon or alumina as support
materials has some shortcomings. A support system that
exploits the merits of both carbon and alumina can provide
an ideal support system. This is because it overcomes their
shortcomings while improving their advantages. In this
system, the alumina is coated with a thin layer of carbon prior
to catalyst impregnation which results in a support material
that possesses both the textural and mechanical properties
of alumina and the favourable surface properties of carbon
[238, 250, 252–255]. The properties of this carbon-covered
alumina (CCA) support include reduction of the alumina
acidity (∼ by 90%) due to the presence of carbon; increased
electron-charge transfer and reduced metal-support interac-
tions resulting in increased catalytic activity; and increased
mechanical strength and increased surface area [238, 239,
247, 252–254, 256, 257]. CCA supports are therefore superior
catalyst supports due to the integration of the properties of
both the carbon and alumina.

7.3. Synthesis of CCA Supports. Themost common approach
to the synthesis of CCA supports is based on the “pyrolyzabil-
ity” of organic compounds, such as cyclohexene, acetylene,
or ethane, on the surface of alumina at elevated temperatures
(600∘C to 700∘C) in the flow of nitrogen, that is, chemical
vapour deposition (CVD) of organic compounds [247, 249,
254, 258–260]. However, it has been found that the materials

synthesised by this method have some drawbacks. For exam-
ple, their textural properties are dependent on the amount
of carbon deposited and the type of the hydrocarbon used;
hence the carbon coating is nonuniform [254]. Furthermore,
increasing the degree of surface coverage of the alumina by
carbon through CVD results in the aggregation of carbon on
the alumina surface and this decreases the apparent surface
area and pore volume which are key to catalytic activity of
the supported catalysts.

Another method used to synthesise CCA involves the
impregnation of alumina with sucrose solutions [198, 238,
250, 253, 257]. In this method the sucrose-impregnated
alumina is dried in an oven and the pyrolysis of the sucrose
takes place in an inert atmosphere at elevated temperatures
(600∘C to 700∘C) to produce CCA supports. The CCA
supports produced by the impregnation of sucrose have a
uniform carbon layer; hence this is regarded as a better
method than CVD of organic compounds. Lately, Sharanda
et al. have synthesised CCA supports using an adsorption-
equilibriummethod [254, 261]. In thismethod highly reactive
compounds like acetylacetone and isocyanates form surface
complexes with the OH groups of the alumina via the C=O
and N=C=O bond openings, respectively. Upon pyrolysis,
a carbon coating is expected to form on the surface of
the alumina. The equilibrium adsorption method has the
advantage of forming better CCA supports since the interac-
tion between the C and alumina is a chemical process and
not a physical or mechanical one like in the case of CVD
and sucrose impregnation. Hence, for the purposes of this
study, the adsorption-equilibrium method was adopted for
the synthesis of CCA supports.

7.4. Applications of CCA Supports. CCA supports have found
utilisation as supports for hydrotreating catalysts in the
Fischer-Tropsch conversion of heavy crude oil into light
fractions [252, 258]. Also, CCA supports have a high surface
area and high adsorption affinity for both organic and
inorganic compounds (Al

2
O
3
is a polar adsorbent and C is

a nonpolar adsorbent). These properties have been exploited
and CCA supports have been used as packing material for
high-performance chromatography [249, 260, 261]. Recently,
Jana and Ganesan [255] have synthesised CCA in the form
of foams and increased its surface area and also enhanced
its adsorptive properties. Due to their high catalytic activity
and stability, CCA supports have been used to support Ru
catalysts in the synthesis of NH

3
[262]. Ag nanoparticles have

been used in CCA supports and used to remove bacteria in
drinking water [239]. Since not much work has been done on
the environmental application of CCA-supported catalysts,
this research therefore seeks, for the first time, to support
anatase TiO

2
nanoparticles on CCA supports and apply them

in the degradation of organic pollutants.

8. CCA-Supported TiO2 Nanoparticles

Titania nanoparticles have been recently attached on CCA
supports and used for the photocatalytic degradation of Rho-
damine B under visible-light irradiation [263]. Metal-doped
titania has also been supported on these CCA supports. Ag,
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Co,Ni, and Pdwere used as themetal dopants [106].TheCCA
supports were synthesised from glucose and an impregnation
method was used to attach the nanoparticles on the supports.
According to the results obtained, attaching the titania
nanoparticles on the CCA supports greatly enhanced their
photocatalytic activity. Both these CCA/TiO

2
and CCA/m-

TiO
2
nanoparticles had a large surface area due to the porous

nature of the CCA supports, and they were highly active
under visible-light irradiation and exhibited less electron-
hole combination due to the presence of C (which acts as
electron traps) on the supports. Also, the band gap of the
CCA-supported titania nanoparticles was highly reduced.
The decrease in the band gap of the CCA-supported catalysts
was found to be much higher than the decrease of 0.14 eV
which is usually observed for carbon doped titania. The SEM
images (Figure 4) revealed that the carbon formed a layer on
top of the alumina and that the nanoparticles were success-
fully impregnated on the highly porous CCA supports.

Figure 5 showed that the catalysts were successfully
impregnated onto the CCA supports. The authors also
revealed that the catalysts were evenly distributed on theCCA
supports. Uniform distribution is a distinguishing feature
of CCA supports due to their high adsorption and porous
nature. The CCA-supported catalysts were found not to have
lost their crystallinity whichwould have inversely affected the
photocatalytic activity of the catalysts.

9. Thin Films

As mentioned earlier, the tendency of titanium dioxide
nanoparticles to aggregate and scatter incident light as well
as the need for posttreatment recovery has made its large-
scale application economically impractical [91, 211, 264].This
had led to the exploration of a number of techniques to try
and immobilise TiO

2
nanoparticles on solid supports not

only to solve posttreatment problems but also to facilitate the
renewable use of the catalyst [66]. Also, TiO

2
thin films retain

the photocatalytic properties of its powder form. TIO
2
thin

films can still be applicable in gas sensors, electrodes for solar
cells, electrochromic applications, as gate oxides of metal-
oxide-semiconductor field transitions, laser applications, and
photocatalytic degradation of pollutants [150, 264–267].

Although immobilised titania is less photocatalytically
active than suspended titania particles due to reduced surface
area and less porosity, the merits of using immobilised titania
still far outweigh the disadvantages as it provides new avenues
in the practical utilisation of titania. The techniques used
for synthesis of TiO

2
thin films include CVD, dip coating,

sol-gel, spin coating, spray pyrolysis, sputtering, liquid-phase
deposition, and layer-by-layer (LbL) self-assembly. The sub-
strates used include glass, single-crystal silicon, or polymeric
substrates. Some of these thin-film synthesis techniques are
discussed in the following subsections.

9.1. Chemical Vapour Deposition. Chemical vapour deposi-
tion (CVD) is a versatile method that can be used for the
synthesis of a number of materials. To synthesise TiO

2
thin

films by CVD, either a titanium alkoxide such as titanium
isopropoxide (TTIP) is used, which already has the Ti–O

4

tetrahedral motif of the TiO
2
in its chemical structure, or

TiCl
4
is reacted with oxygen to form the T–O

4
tetrahedral

motif.These are thereafter deposited on a substrate at elevated
temperatures in a vacuum to form the titania thin films [165,
236, 268, 269]. CVD offers good control of film structure and
composition, excellent uniformity even on highly irregular
substrates (conformal deposition), and a sufficiently high
growth rate thus applicable for synthesis of multilayer struc-
tures [268, 270–272]. To realise the desired physicochemical
properties of a material, a suitable substrate surface must
be exposed to a suitable growth environment (temperature,
pressure, and chemical composition) especially in the gas
phase conditions close to the substrate surface [270].

The factors that affect the physicochemical properties
of the thin films are the choice of precursors, carrier gas,
and their respective flow rates, the total pressure in the
reactor, the substrate temperature, the distance between the
substrate and the nozzle head, and the water-vapour content
in the whole reaction chamber [270, 273]. However, CVD is
not a straightforward process and is complicated to control.
The deposition rates, uniformity, and film properties change
when one inert gas is replaced by another, a different-sized
substrate is used, a different reactor loading is applied, or
an identical process is applied in a different reactor setup
[270]. Moreover, the vacuum equipment is expensive and
due to the complicated nature of the reaction kinetics in the
CVD reactors CVDprocesses developed in the laboratory are
difficult to scale up to industrial scales [166, 235, 270].

9.2. Liquid-Phase Deposition. Liquid-phase deposition
(LPD), unlike CVD, is referred to as a unique soft process in
which a metal oxide or hydroxide forms thin films through
ligand-exchange (hydrolysis) equilibrium deposition at low
temperatures [232, 274]. The substrate is immersed in the
precursor solution (soft-solution deposition) and thereafter
the substrate is calcined at high temperatures to obtain crys-
talline thin films [232, 275]. LPD is a cost-effective method,
is regarded as environmentally friendly, and produces
smooth, uniform, and dense thin films with good adherence
[235, 275]. However, the thermal treatment of the thin films
has been reported to affect the adhesion properties of the
nanoparticles on the substrate [235].

9.3. Dip Coating. In dip coating the substrate is slowly
immersed in a titanium dioxide precursor solution, for
example, TTIP, TiCl

4
, or TiCl

3
and then slowly pulled out at

a fixed rate.The coated substrate is then immediately dried in
furnace before calcination at elevated temperatures (400∘C
to 500∘C) [65, 276–278]. Sometimes a complexing agent
and a wetting additive are added to stabilise the solution
and enhance film adherence [279]. Dip coating is also
regarded as a simple, cost-effective technique and it produces
uniform coatings with controllable film thickness [277, 280].
However, just like in LPD, the thermal treatment of the thin
films affects the adhesion properties of the nanoparticles on
the substrate [235].

9.4. Spray Pyrolysis. Spray pyrolysis (SP) is a simple tech-
nique that requires a precursor solution (e.g., TiCl

3
, TiCl

4
,
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Figure 4: SEM images of CCA and CCA/TiO
2
nanoparticles [106].

Ti(OEt)
4
, or TTIP dissolved in water, ethanol, or other sol-

vents), an atomiser, and a heated substrate [156, 281]. In an
SPprocess the solution is atomised into small droplets and the
droplets are transported by a gas to the heated substratewhere
they form thin films upon immediate approach or impinge-
ment on the substrate (Figure 6). The source of the atomic
mist (aerosol which produces large droplets or ultrasonic
spraying which produces smaller droplets) determines the

surface morphology of the deposited films [281–283]. The SP
method is attractive because it is inexpensive and uses simple
facilities, results in rapid film growth, large surface-area sub-
strate coverage, and homogeneity, and has the potential for
mass production [156, 283–286].

However, SP has some drawbacks. Poor film quality is
observed due to vapour convection in the hot zone because
the vapour formed on the heated substrate may hinder the
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Figure 5: TEM images of the CCA-supported titania nanocatalysts [106].
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Figure 6: Schematic representation of the spray pyrolysis method
[107].

source vapour from attaching to the substrate due to the
temperature difference. Also, as the source liquid vaporises
on the substrate due to thermal decomposition it may

result in the formation of thin films with many cracks due
to precipitate shrinkage [284]. Also, SP can result in the
deposition of powder on the substrate.

9.5. Sol-Gel Technique. The sol-gel technique is the most
widely used method for the synthesis of TiO

2
thin films.

The solution precursors are used to make the sol, and the
substrate is immersed in the sol and substrate gelation occurs.
These substrates are then aged and calcined at elevated
temperatures to produce the thin films [185, 287]. The sol-
gel method has been widely used in the synthesis of titania
thin films because it is a simple and cost-effective method
that results in the formation of high porosity, low density and
low refractive index, high nanoparticle homogeneity, tunable
particle size, and high substrate coating [185, 227, 234, 288–
290].The pH of the sol, the ageing time, amount of surfactant
template, amount of hydrolysis retardant, and calcination
temperature play an important role in the quality of the thin
films produced [288]. However, the sol-gel method has some
drawbacks. For example, during the ageing of gels and drying
of films, the sols produce vapours which cause environmental
pollution [287]. Also, the thermal treatment of the thin films
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affects the adhesion properties of the nanoparticles on the
substrate [235].

9.6. Layer-by-Layer (LbL) Self-Assembly

9.6.1. Introduction. The layer-by-layer (LbL) self-assembly
technique is a technology that enables the nanoconstruction
of multifunctional films on solvent-accessible surfaces. It also
allows for the design of functional surfaces and surface-
based nanodevices in a “build-to-order” fashion, that is,
the capacity to build standard or mass-customised prod-
ucts upon receipt of spontaneous orders without forecasts
[109]. Furthermore, the LbL technique exceeds simple self-
organisation under equilibrium conditions by making it
possible to arrange many different materials at will with
nanoscale precision [12, 109, 291–294]. The LbL technique

can thus provide solutions for surface modifications and
fabrication of thin films; that is, it permits multifunctional
assemblies of materials since it allows deposition on surfaces
of almost any shape and kind [109, 295].

9.6.2. Fabrication of LbL Thin Films. Sequential deposition
of polyelectrolytes (polyanions and polycations) on solid sur-
faces leads to the build-up of multilayer LbL thin films [108,
296, 297]. The LbL self-assembly technique is a physisorp-
tion process independent of size and topology of the sub-
strate; however, parameters like solution concentration, ionic
strength, solvent composition, and temperature play an
important role in the multilayer build-up [292, 295, 298].
Examples of polyelectrolytes used for LbL thin-film fabrica-
tion are shown in Figure 7.
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Figure 8: Schematic of the LbL electrolyte spraying deposition
process [108].
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Figure 9: Schematic of the LbL electrolyte dipping deposition
process [109].

To synthesise LbL thin films, a substrate is either dipped
in or sprayed with oppositely charged polyelectrolytes. Also,
solutions can be allowed to flow over the substrate. During
spraying (Figure 8) the electrolyte sprayed on the substrate
should not accumulate on the surface but flow away quickly,
driven by gravity, and only a thin filmof liquidwhich typically
dries within minutes should initially remain on the surface.
Because the thickness of the adhering solution is very thin,
any spray droplet arriving at the surface immediately fuses
with the liquid film and will replace liquid draining off. Spray
coating is a fast and convenient application for large surface
areas. Thus, this setup provides for mild but permanent
agitation as driven by the draining solution [108].

During the dipping method (Figure 9), the substrate is
dipped alternately in oppositely charged polyelectrolytes.
Each dipping step is followed by a rinsing step to remove
excess polyelectrolyte in contact with the surface. The wash-
ing is important because it avoids the formation of polyelec-
trolyte clusters in solution and hence it ensures homogeneity
and uniformity of LbL films. Also, the dipping method forms
thicker films than the spraying method [108, 109]. Thus for

the purposes of this study the dipping deposition process was
preferred.

9.6.3. Applications of LbL Thin Films. There are a num-
ber of unprecedented “reagents” or materials for LbL film
deposition and these include polymers (linear or branched),
colloids (polymeric, metallic, or oxidic), biomacromolecules
(DNA/proteins, polynucleotides, bioaggregates, and contact
lenses), and nanoparticles (for environmental application)
[293, 296, 297, 299]. Due to the variety of materials used for
LbL thin-film fabrication, its application is therefore spread
across a variety of disciplines which include electric and
electronic devices (rectifiers, transistors, and switches), film
coating, micropatterning, nanobioreactors, photocatalysis,
and drug-delivery systems [300–302]. Biomedically, thin-
film coating on medical devices can improve biocompatibil-
ity, reduce immunological response, and enhance targeted
drug delivery [294].The LbL self-assembly technique has also
been applied in the synthesis of thin-film microcapsules that
disintegrate on the target site hence improving drug or DNA
delivery to their active site [298, 299, 303–307]. Also, LbL thin
films have been applied to assemble semiconductor catalysts
(especially TiO

2
) and applied in the degradation of organic

pollutants for environmental remediation [12, 293, 308]. LbL
self-assembly of TiO

2
on thin films can therefore go a long

way to overcome the problems associated with the practical
application of suspended TiO

2
nanoparticles.

9.7. Layer-by-Layer TiO2 Thin Films. The use of titania in
powder form has the tendency to aggregate and scatter
incident light and there are difficulties associated with the
recovery of powdered titania after treatment; hence its large-
scale application is economically not viable. TiO

2
has been

assembled on substrates using different methods and applied
in catalytic environmental remediation processes. However,
since the other TiO

2
thin-film fabricationmethods have some

drawbacks like film cracking, poor adhesion to substrate, the
use of high temperatures, expensive equipment, and a high
level of expertise required, the LbL self-assembly provides
a better alternative. LbL thin films are synthesised at low
temperature (room temperature), simple equipment is used,
the films require no thermal treatment, and strong adhesion
between nanoparticles, electrolyte, and substrate is ensured
due to the strong electrostatic interactions [12].

The TiO
2
nanoparticles assembled by the LbL self-

assembly technique were found to be well separated and
highly accessible for the photocatalytic processes. Also, the
amount of the nanoparticles deposited was easily controllable
[12, 293].When compared to othermethods like drop-casting
and spin-coating, the LbL assembled TiO

2
show superiority

in terms of film stability and catalyst reusability (thin film
can be used a number of times with the same efficiency).
Also, the LbL method has no limit to the number of TiO

2

layers that can be assembled and the higher the number of
the layers the more the catalytic activity [12]. The use of LbL
synthesised thin films therefore overcomes the problems
associated with the use of powdered TiO

2
as well as the

other thin-film assembly techniques and is attractive for
practical application in continuous water-treatment and



Journal of Nanomaterials 17
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Figure 10: SEM images of 1, 3, 5, and 10 bilayers of the m-TiO
2
nanoparticles thin films [110].

environmental remediation processes. However, little have
been reported in recent literature on the assembly and use of
metal-doped titania by the LbL method.

10. Metal-Ion-Doped TiO2 LbL Thin Films

The immobilization ofmetal-ion-doped titania on glass slides
by the LbL method has been reported recently [110]. This
study reveals that the metal-ion-doped titanium dioxide
nanoparticles were successfully attached on glass slides and
there was an increase in the number of particles and thin-film
thickness with increase in the number of bilayers (Figure 10).
PAH and PSS electrolytes were used to immobilise these m-
TiO
2
nanoparticles on the glass slides as thin films. The pho-

tocatalytic efficiency of the PAH (PSS/mTiO
2
) thin films was

studied using Rhodamine B under visible-light illumination.
These thin filmswere highly active towards the photocatalytic
degradation of Rhodamine B under visible-light illumination
and did not lose their photocatalytic activity and strength
even after five cycles. This study shows a great stride in the
use of metal-doped titania nanoparticles as it eliminates the
problems associated with aggregation and posttreatment and
thus increases the chances for easy use in water treatment.

11. Titania Mixed-Matrix Membranes

Recently, membrane separation technologies have been
found to be cheap and fast, chemically stable, and highly
selective. They can also be easily integrated with other water-
treatment strategies [309–311]. Because of these properties,
they have been found more favourable to be used for water-
treatment processes. Membrane techniques do not require
addition of chemical substances and therefore it is easy to
increase their capacity (modular system). The separation
process is in a continuous mode and therefore applicable in
mild environmental conditions [312]. Membrane processes
can therefore be used in diverse industrial sectors such as
pharmaceutical, water treatment, chemical, food processing,
electronics (fuel cells), metallurgy, and biotechnology [311,
313–317].

Although using polymericmembranes hasmajor benefits
over the conventional water-treatment technologies, their
susceptibility to fouling is a major drawback [309, 318].
Foulants may be either crystalline, particulate, thermal,
colloidal, microbial (biofouling), or organic fouling [309, 314,
318]. Polysulfone (PS) has been widely used to synthesise
membranes. PS membranes are relatively cheap, have a
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(a)
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Figure 11: SEM micrographs of the CCA/TiO
2
mixed matrix membranes: (a) surface morphology, (b) cross section, and (c) nanoparticles

within the polymer matrix [111, 112].

superior film-forming ability, strong thermal and chemical
stability, and acidic and alkaline resistance, and hence have
beenwidely used inmany applications [318, 319].Thesemem-
branes have goodmechanical and anticompaction properties.
However, like any other membranes, PS membranes have
limitations to be used in water-treatment processes because
they easily get fouled, have a low permeate flux, and are
hydrophobic in nature [310, 311, 320], hence the need to
modify their properties.

Current research in membrane technology develop-
ment is focussed on the improvement of antifouling and
hydrophilicity properties while maintaining or improving
their throughput characteristics [310, 311, 319, 321].This can be
attained by either bulk or surfacemodificationwhich changes
the chemical structure of the membranes. Also, inorganic
nanoparticles can be incorporated through the membrane
matrix or on the surface [309]. Although this phenomenon
is still under debate, it is widely accepted that the thermo-
dynamic state and kinetic properties of the system and how
they vary during processing govern the structure formation
pathway of the membrane. Also, physical parameters like
the temperature, the composition of the casting solution, the
composition of the nonsolvent bath, and the surrounding
atmosphere play a pivotal role in determining the synthetic
pathway as well as the final membrane structure [322, 323].
Incorporating inorganic nanomaterials into polymeric mem-
branes has been found to improve the chemical stability, the
thermal stability, the permeation, and the mechanical as well
as the antifouling resistance ofmembranes [313, 318, 321, 324].

For such purposes, nanoparticles like TiO
2
, Al
2
O
3
, ZrO
2
, Cu,

Ag, and SiO
2
have been utilised in the past [309, 311, 318, 325].

Recently CCA-supported free TiO
2
(CCA/TiO

2
/PSf) and

Pd-doped titania (CCA/Pd-TiO
2
/PSf) nanoparticles have

been embedded within a polysulfone matrix to synthesise
mixed matrix membranes [111, 112]. In these studies, both
the CCA/TiO

2
/PSf and the (CCA/TiO

2
/PSf) membranes

were found to be highly photoactive for the discolouration
of Rhodamine B under visible-light irradiation. The CCA-
supported nanoparticles were distributed both within and
on the surface of the membranes (Figure 11). These studies
revealed that only aminimal amount of the nanoparticles can
be incorporated within the polymer matrix without compro-
mising the mechanical properties. Increasing the amount of
the nanoparticles to about 0.5% resulted in weakening of the
mechanical properties of the nanoparticles. The presence of
the nanoparticles also enhanced the permeate flux as well as
the fouling behaviour of the PSf membranes. This is thus a
great step that eliminates not only the problems associated
with posttreatment and aggregation but also fouling of the
membranes and thus provides a better alternative in finding
means to deal with water-treatment problems.

12. Conclusion

From the literature discussed, the health risks associated with
the presence of pollutants in water due to the failure of con-
ventional water-treatment technologies to effectively remove
organic and inorganic pollutants have been highlighted. It
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has been revealed that TiO
2
nanoparticles have demonstrated

the ability to completely degrade organic pollutants in an
aqueous medium resulting in the formation of innocuous
products and thus have tremendous potential to be used in
water-treatment processes. Reformative processes to shift the
absorption edge of titania to the visible-light region have been
discussed. Supporting the TiO

2
on CCA supports has proven

to drastically enhance the dispersion of the nanoparticles,
reduce electron-hole pair recombination, and increase the
surface area resulting in an increased photocatalytic activity.
Also, CCA supports were found to play a major role in
shifting the absorption edge of titania towards visible-light
irradiation. Also, the LbL self-assembly of the metal-ion-
doped TiO

2
on glass substrates overcame the problems

associated with the need for the application of costly post-
treatment processes neededwhen using suspended TiO

2
.The

embedding of the titania nanoparticles within the a polymer
matrix has proved to be the recent pivotal advancement in
the application of titania nanoparticles for environmental
remediation processes.

Overall, this review brings to attention the advancements
of titania nanoparticles in their use for water-treatment
processes. These advancements thus serve as techniques that
can be used in conjunction with the present water-treatment
technologies to alleviate the problems associated with pol-
lutants in drinking water systems. Also, since titania can
degrade organic pollutants while simultaneously oxidising
heavy metal species, it serves as a cheap dual process that
can be further explored to realize the potential of TiO

2
in

water-treatment processes. Furthermore, titania provides a
cheaper alternative that can be used in conjunction with
the already existing water-treatment technologies, especially
membranes. Also the use of titania based systems is a better
alternative for the use since it harnesses the green solar energy
and thus reduces the environmental waste due to the use of
chemicals. The ability of TiO

2
nanoparticles to completely

deal with organic pollutants without producing recalcitrant
by-products has thus opened new research avenues to be
pursued.
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In recent years, three-dimensional (3D) graphene-based nanomaterials have been demonstrated to be efficient and promising
electrocatalysts for oxygen reduction reaction (ORR) in fuel cells application. This review summarizes and categorizes the recent
progress on the preparation and performance of these novel materials as ORR catalysts, including heteroatom-doped 3D graphene
network, metal-free 3D graphene-based nanocomposites, nonprecious metal-containing 3D graphene-based nanocomposites,
and precious metal-containing 3D graphene-based nanocomposites. The challenges and future perspective of this field are also
discussed.

1. Introduction

As a novel nanomaterial, graphene is a one-atom-thick
carbon sheet with a hexagonal packed lattice structure. Since
the first direct observation and characterization of a mechan-
ically exfoliated graphene by Geim and Novoselov in 2004,
this “miracle material” has attracted tremendous attention
and research interest owing to its many unique properties,
such as extraordinarily high in-plane electrical mobility,
thermal conductivity, mechanical strength, and ultralarge
specific surface area [1–4]. Over the past decade, graphene
and graphene-based nanomaterials as gifted carbonaceous
materials have found a multifunctional application in the
fields of photocatalysis, electrocatalysis, water treatment,
electrochemical sensor, optical sensor, fiber optic sensor,
and so on [5–18]. Among these applications, graphene-based
nanomaterials have been actively studied as promising elec-
trode materials in electrochemical devices such as superca-
pacitors, rechargeable lithium-ion batteries, fuel cells, and
solar cells [19–23]. In these studies, graphene may play the
role of either the conducting substrate or electroactive center.

Although 2D graphene-based nanomaterials have been
demonstrated to be promising in the above electrochemical
applications, a huge challenge and need still remain for

the efficient use of graphene’s large specific surface area and
extraordinary electrical, chemical, and mechanical proper-
ties. For instance, for electrodes, large surface area and fast
electrolyte transfer near electrode surface are required, in
order to obtain high rate of electrochemical reaction. How-
ever, the graphene sheets on the electrode tend to form irre-
versible agglomerates or restack due to the strong 𝜋-𝜋 stack-
ing and van der Waals interactions between the graphene
sheets, which will dramatically reduce the surface area of
electrode, hinder the rapid electrolyte diffusion, and conse-
quently limit its practical application in energy devices.

Recently, integrating nanomonolayer graphene into mac-
roscopic 3D porous interconnected networks has attracted
significant attention, since the nonagglomerated 3D structure
can provide graphene-based nanomaterials with high specific
surface areas, strong mechanical strengths, and fast mass and
electron transport kinetics due to the combination of 3D
porous structures and the excellent intrinsic properties of
graphene [24–29].

On the other hand, the greenhouse gas emissions from
the depletion of traditional fossil fuels become the primary
cause for global warming and climate change. In this context,
increasing demand for sustainable energy has stimulated
intense research on energy conversion and storage systems
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that are highly efficient, of low cost, and environmentally
friendly. Among the various promising energy conversion
technologies, fuel cell, which converts chemical energy from
fuels into electricity, is a clean and high-efficiency device
with low or zero emissions from operation and has drawn
a great deal of attention in terms of both fundamentals and
applications [30, 31]. In a fuel cell, the fuel (such as hydrogen,
methanol, and ethanol) is oxidized at the anode, and the
released electrons are transferred to cathode where oxygen
is reduced. Because the oxygen reduction reaction (ORR)
at the cathode has sluggish reaction kinetics, which limits
the cell performance, the electrocatalysts are necessary to
facilitate the ORR. Consequently, the electrocatalyst for the
ORR is a key component for fuel cell and plays a vital role
in determining the performance of fuel cells, such as power
output, open circuit, energy efficiency, and circling life [32–
34]. Over the past few years, various 3D graphene-based
nanomaterials have been extensively designed, prepared, and
investigated as efficient electrocatalysts for ORR in fuel cells
application. However, as far as we know, though it is much
needed, a specific and timely review on this area is missing.
Accordingly, this review article is provided to categorize
and summarize the recent advances in the development of
3D graphene-based nanomaterials as catalysts for ORR in
fuel cells, with focus on introducing and understanding the
“preparation-structure-performance” relationship of these
novel materials. The challenges and perspective of these
emerging materials as ORR catalysts are discussed as well.

2. Preparation Methods

In the past several years, tremendous efforts have been
devoted to the development of synthetic methods for 3D
graphene-based materials with various morphologies, struc-
tures, and properties, in order to satisfy the requirements
arising from various applications. Considering the existence
of several excellent reviews highlighting the classification
and summarization of the recent progress in the preparation
methods of these materials, the reader should be referred
to these reviews to obtain in-depth coverage of the various
preparation procedures [35–38]. The subject of the present
review is the application of 3D graphene-based materials in
ORR catalysis; thus, only the relevant preparation methods
towards this subject are briefly introduced here.

Self-assembly, among the main strategies for the con-
struction of 3D graphene architecture, is the most promising
and widely used strategy to obtain 3D graphene-based mate-
rials as catalysts for ORR. As a typical example, 3D graphene
structures can be fabricated through the gelation process of
a graphene oxide (GO) suspension followed by reduction
to convert GO to reduced graphene oxide (rGO). Both
chemical and physical treatments, such as adding various
kinds of cross-linkers, changing the pH value or temperature
of the GO suspension, hydrothermal treatment, direct freeze-
drying, and electrochemical reduction, could trigger the gela-
tion of a GO suspension. Hydrogels, organogels, and aerogels
are the main forms of 3D graphene usually as products of
the self-assembly process, and aerogels are obtained from

hydrogels and organogels via freeze-drying or supercritical
CO
2
drying. To create 3D graphene-based materials, includ-

ing doped 3D graphene and 3D graphene-based composite,
dopant-containing precursor and precursor ions are usually
added during or after the GO gelation process followed
by reduction for intrinsically doped 3D graphene and for
in situ decoration of NPs/nanomaterials on 3D graphene,
respectively. Since GO can be synthesized in large quantities
with low cost and easily reduced by different methods, the
preparation of 3D graphene-based materials from GO by
self-assembly is a promising and practical way for the mass
production of these materials for ORR catalysis.

3. Applications and Performances of
3D Graphene-Based Nanomaterials as
ORR Electrocatalyst

Although Pt-based electrocatalysts are the most active and
popular catalysts for ORR at the cathode in fuel cells,
large-scale commercialization is still restricted due to high
cost, poor durability, and sluggish electron transfer kinetics.
Therefore, the development of alternative catalysts, includ-
ing metal-free catalysts and nonprecious metal catalysts
(NPMC), has drawn tremendous attention in the past
decades. In 3D graphene-based electrocatalysts for ORR, 3D
graphene may play the role of either inherent and single
catalysts such as heteroatom-doped 3D graphene network
(discussed in Section 3.1) or supporting materials for other
nanocatalysts such as metal-free or metal-containing 3D
graphene-based nanocomposites (discussed in Sections 3.2–
3.4). The following subsections will mainly focus on the
preparation and performance of these 3D graphene-based
materials as electrocatalysts for ORR.

3.1. Heteroatom-Doped 3DGrapheneNetwork. More recently,
heteroatom-doped carbon nanomaterials (e.g., carbon nan-
otubes, nanotube cups, orderedmesoporous graphitic arrays,
and graphene) have been emerged as a new class ofmetal-free
catalysts or supporting materials for NPMC for ORR [39].
Among these carbon materials, 2D graphene doped with for-
eign nonmetallic atoms (N-doped graphene in particular) has
been demonstrated both experimentally and theoretically as a
promising ORR catalyst owing to its excellent electrocatalytic
activities as well as low cost, good durability, and being envi-
ronmentally friendly [40]. However, the practical applica-
tions of 2D graphene as an electrodematerial in energy device
are still limited, because graphene sheets tend to form irre-
versible agglomerates or restack due to the strong 𝜋-𝜋 stack-
ing and van der Waals interactions between the graphene
sheets. In this context, the nonagglomerated 3D graphene has
been rapidly developed in recent years because its unique
structures, which integrate nanomonolayer graphene into
macroscopic 3D porous interconnected networks, could
effectively translate the excellent intrinsic properties of gra-
phene at the nanoscale into those at the macroscopic level,
thus making this doped 3D graphene as promising catalysts
for ORR.
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Figure 1: (a, b) Photographs of an as-prepared superlight GF and one with a piece of GF size of 1.8 cm × 1.1 cm × 1.2 cm standing on a
dandelion. (c, d) SEM images of the sample in (a). (e, f) Typical TEM images of the walls of GF and the corresponding electron diffraction
patterns consistent with 1–4 crystalline graphene layers (reprinted from [41]; copyright 2012 WILEY-VCH).

In 2012, Zhao and coworkers developed a method to
prepare versatile, N-doped, ultralight 3D graphene frame-
work (GF), which is demonstrated to be a promising metal-
free catalyst for ORR in an alkaline solution (Figures 1(a)-
1(b)) [41]. The N-doped 3D GF was synthesized through
hydrothermal treatment of GO and pyrrole and subsequent
freeze-drying and annealing the composition. Different from
the conventional 2D stacked graphene film, this doped GF
provides a unique 3D pore-rich structure with maximum
access to the N sites within highly exposed graphene sheets
and multidimensional electron transport pathways (Fig-
ures 1(c)–1(f)). Results from electrochemical measurements
showed that this N-containing electrode has high catalytic

activity and a four-electron pathway for ORR as compared
with that of Pt/C electrode. In addition, this N-doped 3D
GF exhibited excellent tolerance to the methanol crossover
effect and good stability for ORR. Notably, due to its excellent
performances in adsorption and capacitance, this N-doped
3D GF also shows a great promise both as a super adsorption
material for high-efficiency recyclable sorbent applications
and as a new type of electrodematerial or supportingmaterial
for high performance supercapacitors.

In 2013, Su and coworkers developed 3D nitrogen and
sulfur codoped graphene frameworks (N/S-GFs) as effi-
cient electrocatalysts under alkaline conditions [42]. These
N/S-GFs were prepared by the hydrothermal treatment of



4 Journal of Nanomaterials

GO in water

Self-assembly Photoreduction
+

3D porous g-C3N4/rGO
architecture

3D porous g-C3N4/GO
architecture

g-C3N4 nanosheets
in water
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(reprinted from [44]; copyright 2014 American Chemical Society).

ammonium thiocyanate (NH
4
SCN) and GO at 443K. In the

hydrothermal process, NH
4
SCNwas decomposed into highly

reactive N/S-rich species, such as NH
3
, H
2
S, and CS

2
, which

can react with the defective sites and oxygen-containing
groups of GO; simultaneously, GO was reduced to graphene
and assembled into 3D GFs. The as-prepared N/S-GFs, with
large surface area (220m2 g−1 BET surface area) and high
heteroatom weight content (12.3% N content and 18.4% S
content), were observed to be an interconnected framework
of ultrathin graphene nanosheets with porous architecture.
According to the study, ORR catalyzed by N/S-GFs was
mainly through the four-electron transfer pathway while
ORR catalyzed by N-doped GF revealed only two electron
transfer mechanism. Moreover, N/S-GFs showed a kinetic-
limiting current density of 3.9mA/cm2, which is comparable
to that of commercial Pt/C catalyst (4.2mA/cm2) and is
much higher than 2.8mA/cm2 for N-doped GF measured
at −0.36V. In addition to the high electrocatalytic activity,
N/S-GFs also exhibited superior stability and tolerance to
methanol crossover effect as compared with those of Pt/C
catalyst.

Although the aforementioned nonmetallic heteroatom-
doped 3D graphene networks are claimed as inherent “metal-
free” electrocatalysts for ORR, it should be pointed out that
the specific catalytic sites as well as the catalytic mechanisms
are still unclear. Moreover, because the starting material
GO contains metallic impurities brought by its preparation
method and it has been demonstrated that even a slight
trace of Mn metallic impurities in graphene materials is
sufficient to alter or dominate their electrocatalytic prop-
erties towards ORR, Wang and coworkers argued that the
“metal-free” electrocatalysis of the ORR on heteroatom-
doped graphene is caused by trace levels (ppm) of metallic
impurities (manganese oxide in particular) present within
the graphene materials [43]. Therefore, more future works
are encouraged to study and prove that the doping atoms
other than the residual metallic impurities in these 3D GF
played a dominant role in the electrocatalysis of the ORR on
electrodes.

3.2.Metal-Free 3DGraphene-BasedNanocomposites. Asmen-
tioned above, N-doped carbon materials have been reported
to be efficient metal-free electrocatalysts for ORR; however,
the low level of nitrogen concentration limited by their
preparation methods may affect further improvements in
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Figure 3: UV-vis absorption spectra and corresponding pho-
tographs (inset) of aqueous dispersions of g-C

3
N
4
nanosheets (a),

GO (b), g-C
3
N
4
/GO (c), and g-C

3
N
4
/rGO (reprinted from [44];

copyright 2014 American Chemical Society).

their catalytic performances. Graphitic carbon nitride (g-
C
3
N
4
), which possesses high nitrogen content including both

pyridinic and graphitic nitrogen moieties which could be
potential active sites for ORR, is thus considered to be a
potential catalyst or an effective component in composite
catalyst for ORR.

In 2014, Tian and coworkers constructed a novel 3D
porous supramolecular architecture of ultrathin g-C

3
N
4

nanosheets and rGO (g-C
3
N
4
/rGO) by solution self-assembly

of g-C
3
N
4
and GO followed by photoreduction catalyzed by

g-C
3
N
4
(Figure 2) [44]. The 𝜋-stacking interactions between

the sp2 lattice of g-C
3
N
4
and the sp2 graphene lattice as

well as the hydrogen-bonding interactions between the N-
containing groups in g-C

3
N
4
and O functional groups of GO

were believed to be responsible for the self-assembly forma-
tion of the 3D porous frameworks in solution—this presump-
tion could be further confirmed by the shift of the UV-vis
absorption band of g-C

3
N
4
in the presence of GO (Figure 3).

The as-prepared g-C
3
N
4
/rGO hybrid possessed high surface

area, multilevel porous structure, good electrical conductiv-
ity, efficient electron transport network, and fast charge trans-
fer kinetics at g-C

3
N
4
/rGO interfaces, which facilitate the dif-

fusion of O
2
, electrolyte, and electrons in the porous frame-

works during ORR. As a novel ORR catalyst, g-C
3
N
4
/rGO
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Figure 4: Fabrication process for the 3D Fe
3
O
4
/N-GAs catalyst. (a) Stable suspension of GO, iron ions, and PPy dispersed in a vial. (b) Fe-

and PPy-supporting graphene hybrid hydrogel prepared by hydrothermal self-assembly and floating on water in a vial and its ideal assembled
model. (c) Monolithic Fe

3
O
4
/N-GAs hybrid aerogel obtained after freeze-drying and thermal treatment (reprinted from [46]; copyright 2012

American Chemical Society).

exhibited superior ORR catalytic activity over single com-
ponent, physical mixed or in situ immobilized composite
or previously reported g-C

3
N
4
/C composites in alkaline

mediums. In comparison with Pt/C catalyst, g-C
3
N
4
/rGO

showed comparable ORR catalytic activity, higher stability,
and better tolerance towardmethanol poisoning, with a four-
electron dominated ORR process. This work exemplifies a
new way to prepare metal-free, 3D graphene-based compos-
ite as ORR catalyst which combines the advantages of 3D
graphene (high surface area, good electrical conductivity,
etc.) with those of metal-free catalysts (sustainability, low
cost, etc.).

Besides the aforementioned metal-free 3D graphene/
inorganic composite as ORR catalyst, Zhuang and coworkers
reported a graphene/biofilm composite with a 3D structure as
biocathode in microbial fuel cell (MFC) [45]. This composite
was fabricated by a novel one-pot method that the micro-
bially reduced graphene was implanted into cathode biofilm,
leading to the in situ construction of graphene/biofilm
composite. As an effective biocathode catalyst for ORR, this
graphene/biofilm composite could enhance the electrocat-
alytic activity and facilitate the electron transfer between
bacteria and electrode, thus showing highermaximumpower
density of MFC, faster electron transfer kinetics, and less
internal resistance as compared with those of carbon cloth-
biocathode.

3.3. NonpreciousMetal-Containing 3DGraphene-BasedNano-
composites. As alternativeORR catalysts for Pt-basedmateri-
als, nonprecious metals (Fe, Co, etc.) or metal oxides (Fe

3
O
4
,

Co
3
O
4
, etc.) have been actively studied; however, these

catalysts tend to degrade during operation of the fuel cell
due to dissolution, sintering, and agglomeration. Supporting
these nonprecious metal/metal oxide nanoparticles (NPs) on
3D graphene networks would be an attractive way to solve
these problems, as a geometric confinement of these NPs
within graphene layers would enhance their interface contact
and suppress the dissolution and agglomeration of NPs,
thereby promoting the electrochemical activity and stability
of the hybrids.

In 2012, Wu and coworkers reported 3D N-doped
graphene aerogel- (N-GA-) supported Fe

3
O
4
nanoparticles

(Fe
3
O
4
/N-GAs) as efficient cathode catalysts for ORR [46].

These 3D monolithic Fe
3
O
4
/N-GAs hybrids were fabricated

via a combined hydrothermal self-assembly, freeze-drying,
and thermal treatment process, using GO, iron acetate, and
polypyrrole as starting materials (Figure 4). Because of the
3D macroporous structure, high surface area, and uniform
deposition of Fe

3
O
4
NPs, the resulting Fe

3
O
4
/N-GAs exhib-

ited a more positive onset potential, higher cathodic density,
lower H

2
O
2
yield, and higher electron transfer number (4 e−)

for the ORR in alkaline media than Fe
3
O
4
NPs supported

on N-doped carbon black or N-doped 2D graphene sheets.
Furthermore, Fe

3
O
4
/N-GAs showed better durability than

the commercial Pt/C catalyst. This 3D N-GA is also demon-
strated to be a universal carbon support that is superior to
other carbon supports for loading of other nonpreciousmetal
electrocatalysts (e.g., Fe NPs).

Iron porphyrin plays a vital role in oxygen transport
and reduction reactions in biological system. Thus, it would
be attractive to consider if supporting iron porphyrin on
graphene could function as an alternative to Pt-based elec-
trode in fuel cells for ORR. In 2012, Jahan and coworkers
synthesized an electrocatalytically active 3D graphene-iron
porphyrin metal organic framework (MOF) composite for
ORR by reacting the pyridine-functionalized graphene with
iron porphyrin [47]. According to their study, the addition
of functionalized rGO sheets influenced the crystallization
process of MOF, increased its porosity and electroactive
surface area, and enhanced the electrochemical charge trans-
fer rate of iron porphyrin. The synergistic effect of the
rGO, pyridinium linker, and the iron porphyrin for the
improvements in electrocatalytic activities was demonstrated
by a series of control experiments. With a four-electron ORR
pathway, this graphene-metalloporphyrin hybrid also pos-
sessed significantly reduced methanol crossover effects and
superior durability compared to Pt catalysts, showing its
potential for use as a promising Pt-free cathode in alkaline
direct methanol fuel cell.
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Figure 5: Schematic representation of the assembling process of the
IS-IL modified graphene/Pt NPs multilayer films (reprinted from
[49]; copyright 2010 American Chemical Society).

Recently, Mao and coworkers reported a 3D N-doped
crumpled graphene- (N-CG-) cobalt oxide nanohybrids (N-
CG-CoO) with a stable structure for use as bifunctional cat-
alysts for both ORR and oxygen evolution reaction (OER) in
alkaline solutions [48]. The N-CG-CoO nanocrystal hybrid,
showing a hollow structure with uniform nanocrystal deco-
ration on both the external and internal surfaces of the CG
balls, was produced by an aerosolization/high-temperature-
induced GO crumpling and nanocrystal growth method.
With a four-electron ORR process, the N-CG-CoO hybrid
exhibited excellent ORR catalytic activity that is comparable
with that of commercial Pt/C catalyst (and is much higher
than that of nondoped CG-CoO, rGO, and CoO) and good
durability superior to that of Pt/C in an alkaline electrolyte
and thus is believed to be a promising candidate for fuel cell
and water splitting applications.

3.4. Noble Metal-Containing 3D Graphene-Based Nanocom-
posites. Although great contribution has beenmade to devise
various nonnoble metal electrocatalysts, the demands of
the high catalytic activity for the four-electron ORR and
the acidic environment of the fuel cell electrode still make
noble metal-based nanostructures the most promising for
practical application. In this context, it is a realistic strategy
to further maximize the activity of noble metal-based nanos-
tructures and minimize the use of precious noble metal by
loading these highly active nanomaterials on the surface of
supporting materials with low cost, high surface area, and
good electrical conductivity, which not only maximizes the
availability of surface area for electron transfer and decreases
the aggregation of these electrocatalysts, but also provides
better mass transport of reactants to the electrocatalysts. As
expected, 3D graphene network, among the catalyst supports
for ORR, is believed to be the most promising candidate
owing to its unique properties such as high electrical and
thermal conductivities, great mechanical strength, inherent
flexibility, and huge specific surface area.

In 2010, Zhu and coworkers constructed a hybrid 3D
nanocomposite film by alternatively assembling the graphene
nanosheets modified by imidazolium salt-based ionic liq-
uid (IS-IL) and Pt NPs through electrostatic interaction
(Figure 5) [49]. The introduction of IS-IL on the surface
of graphene nanosheets not only increases the dissolubil-
ity of graphene nanosheets, but also provides the catalyst
support with higher conductivity and abundant positive
charge desired in this layer-by-layer (LBL) self-assembly of

nanocomposites. This multilayer film exhibited prominent
electrocatalytic activity and stability toward ORR. Further-
more, the content of Pt NPs—and thus the electrocatalytic
activity—of the films could be tailored by tuning the number
of bilayers in the LBL process.

In 2013, Sattayasamitsathit and coworkers reported for the
first time on the use of lithographically defined 3D graphene
microstructure as support for catalytic metal NPs (Figure 6)
[50]. Various noble metal NPs (Au, Pd, and Pt) were
deposited on these multilayered highly ordered 3D graphene
structures by either electrochemical or electroless method.
The size, morphology, and distribution of the NPs over the
3D graphene structure could be tailored by changing the
preparation conditions (e.g., deposition potential or time
for electrochemical method; metal concentration, pH, or
temperature for chemical reduction method). The catalytic
activity toward ORR of Pt NPs on 3D graphene was superior
to that of Pt NPs on a 3D carbon substrate and on a glassy car-
bon electrode, bare 3D graphene, and Pt black.This enhance-
ment of catalytic activity could be ascribed to the macrop-
orosity of 3D graphene which allows deposition of a high sur-
face area of catalytic NPs and the nanosize dimensions of the
connecting arms and nodes in 3D graphene structure which
provides a highly favorable mass transport environment for
delivery of fuels.

4. Conclusions and Perspective

In fuel cells, an effective electrocatalyst forORRat the cathode
plays a crucial role in improving their energy conversion
efficiency and enhancing the high energy and power density.
In recent years, the newly developed 3D graphene-based
materials have been demonstrated to be promising as efficient
electrocatalysts for ORR. In this paper, we have reviewed the
primary preparation method of these novel materials and
their performances as catalysts for ORR. From the viewpoint
of whether containing precious metals or not, Sections 3.1–
3.3 have introduced the development of noble metal-free
3D graphene-based electrocatalysts, which is among the
current efforts to develop the alternative to Pt-based catalysts
for ORR. The success in this direction would significantly
weaken or fully eliminate the dependency on noble metals,
thereby greatly reducing the cost of fuel cells. On the
other hand, Section 3.4 has introduced the development of
low-noble metal 3D graphene-based electrocatalysts, which
belongs to another class of efforts to maximize the utilization
of noble metal in fuel cells application. As mentioned earlier,
3D graphene could function as either single catalyst or
catalyst support for ORR. As the single catalyst, heteroatom-
doped 3D graphene-based materials could render stable
and durable catalytic performance compared with other
composite electrocatalysts for ORR. As the catalysts support,
compared to another carbonaceous support, 3D graphene
combines the advantages of traditional 2D graphene (such
as high conductivity and large specific surface area) with its
nonagglomerated morphology and porous structure, which
could facilitate the loading and dispersion of catalysts.
Moreover, the interconnected graphene networks could pro-
mote fast electron transport between the reaction sites and
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Figure 6: SEM images of (a) bare 3D graphene substrate beforemodificationwithmetal nanoparticles and (b) 3D graphene aftermodification
with Pt NPs using electrodeposition at 0.4V for 750 s (reproduced from [50] with permission of the Royal Society of Chemistry).

the electrode and efficiently maximize the electroactive sur-
face area of catalysts, all of which would greatly improve the
catalytic activity and durability of these 3D graphene-based
electrocatalysts for ORR [51–54].

In spite of significant progress made in this area within
only several years, the research of 3D graphene-based mate-
rials still remains at its initial stage and at least two aspects
of challenges for practical application of these materials in
fuel cells should be addressed. First, the systematic explo-
ration and deeper understanding of the different catalytic
mechanisms of various 3D graphene-based materials for
ORR are required for optimum material design and device
performance optimization. For example, for N-doped 3D
graphene as inherent ORR catalyst, though the critical role of
N dopant for the catalytic enhancement is proved, the precise
relationship between catalytic activity and N species is still
controversial, while, for 3D-graphene-based nanocompos-
ites, more experimental and theoretical studies are needed to
reveal the interactions between the 3D graphene and loaded
active nanomaterials. Second, the development of facile,
green, cost-effective, and controllable preparation method is
still a significant issue, because the current assembly process
usually needs to be carried out in rigorous conditions (such as
high temperature or pressure) or involves tedious procedures,
which increases the degree of preparation difficulty. Thus,
much further research is needed to realize the aim of
final industrial implementation, large scale, low cost, and
simple production of 3D graphene-based materials with high
catalytic activity and practical durability forORR.This review
is anticipated to encourage more future works to achieve this
aim and to promote sustainability.
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Chlorinated organic pollutants are persistent, toxic, and ubiquitously distributed environmental contaminants. These compounds
are highly bioaccumulative and adversely affect the ozone layer in the atmosphere. As such, their widespread usage is a major cause
of environmental and health concern. Therefore, it is important to detoxify such compounds by environment friendly methods. In
this work, rice husk supported platinum (RHA-Pt) and titanium (RHA-Ti) catalysts were used, for the first time, to investigate the
detoxification of chlorobenzenes in a glass capillary microreactor. High potential (in kV range) was applied to a reaction mixture
containing buffer solution in the presence of catalyst. Due to high potential, hydroxyl and hydrogen radicals were produced, and
the reaction was monitored by gas chromatography-mass spectrometry. The main advantage of this capillary reactor is the in situ
generation of hydrogen for the detoxification of chlorobenzene. Various experimental conditions influencing detoxification were
optimized. Reaction performance of capillary microreactor was compared with conventional catalysis. Only 20min is sufficient to
completely detoxify chlorobenzene in capillary microreactor compared to 24 h reaction time in conventional catalytic method.The
capillary microreactor is simple, easy to use, and suitable for the detoxification of a wide range of chlorinated organic pollutants.

1. Introduction

Chlorinated organic compounds (COCs) are a large class of
synthetic and natural organic molecules that contain one or
more chlorine atoms. They are one of the most versatile and
widely used classes of compounds in the industrial world [1].
For example, COCs are used as anesthetics, pesticides and
herbicides, fungicides, dyes, pharmaceuticals, plant growth
regulators, heat-transfermedium, and industrial solvents and
are byproducts of several industries (e.g., oil refining, paper
industry, plastics or adhesivesmanufacturing, etc.) [1–6].The
importance of these chlorinated chemicals lies in the fact that
chlorine bonds strongly to other elements, and this makes
chlorine an important ingredient and precursor in building
new compounds. Unfortunately, this property is also one of
the reasons why chlorinated compounds, once formed, are
hazardous. Due to this strong bonding, it is hard to break
down COCs and hence they persist in nature. Chlorine-
containing compounds also adversely affect the ozone layer
in the atmosphere. As such, their widespread usage is a major

cause of environmental and health concern.Moreover, COCs
are among the most widely distributed pollutants in wastew-
aters and contaminated ground waters [7]. They are listed
as priority pollutant by the U.S. Environmental Protection
Agency (USEPA) [8]. Due to their lipophilic nature (i.e., easy
to concentrate in fats of animals, which leads to biomag-
nification), polychlorinated aromatic compounds which are
environmentally stable and persistent in nature tend to bioac-
cumulate in the food chain [9]. Bioaccumulation indirectly
affects human as residues of these compound are detected in
food and human adipose tissues, milk, and serum fat [10].
COCs can cause serious environmental problems because
they are difficult to be decomposed biologically. Exposure to
them can lead to kidney, liver, blood, and central nervous
systemdamages.Therefore, there is an urgent need to develop
efficient and cost-effective methods to detoxify and destroy
them [11]. Several remediationmethods have been developed
to eliminate COCs, such as oxidation methods and incin-
eration [12, 13]; mechanochemical methods and reductive
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Figure 1: Schematics of (a) the glass capillary microreactor for transfer hydrogenolysis reaction. (b) Conventional experimental set up for
hydrodechlorination reaction with external supplied hydrogen gas source.

methods such as electrochemical [14], photochemical [15],
ultrasonic [16],microbial [17], and radiolytic and thermal [18]
reductive methods have been developed. Besides reductive
methods, bioremediation using natural biological activity by
means of aerobic and anaerobic biodegradation of chlori-
nated compounds has also been extensively studied [19–21].
Catalytic hydrodechlorination (HDC), which involves the
reductive cleavage of a C–Cl bond by highly reactive atomic
hydrogen (H), is a green (environmentally friendly) and cost-
effective technique. So far, the effective degradation of various
COCs, including CBs and CPs (chlorophenols), has been
successfully achieved [11]. HDC is one of the most promising
alternative methods for the detoxification of COCs; it oper-
ates in liquid or gas phase using different catalytic systems
yielding none or partially chlorinated hydrocarbons and HCl
as products. Basically, HDC is the reaction of COCs (R–Cl)
with hydrogen to form a carbon-hydrogen bond and HCl. It
can be represented by the following chemical equation:

R–Cl+H–H → R–H+H–Cl (1)

Moreover, this reaction can be done in mild ambient
conditions and it forms no harmful side-products and could
eventually be selective towards chloride removal [22, 23].
HDC is a simple, efficient and clean method. The hydrogen
source in the HDC reaction can be molecular hydrogen (H

2
)

or any other hydrogen donors such as formic acid and its salts
or alcohols such as isopropanol and hydrazine [7, 24, 25].This
reaction is quite exothermic and thus requires the presence of
a catalyst to drive it to completion.The reaction also requires
selective cleavage of C–Cl bond and therefore requires selec-
tive catalysts. Several hydrodechlorination metallic catalysts
and support have been reported in the literature [26, 27]. For
example, palladium, ruthenium, rhodium, iridium, rhenium,
titanium, platinum, and Raney nickel [2, 28–30] were used

as catalysts. Where alumina, activated carbon [2], Ni–Mo/
C [5], and silica are among the catalyst supports for the
most commonly used ones in the HDC reactions, the
catalytic activity of HDC does not only depend on the size
of the metals but also on the nature of the support and the
preparation method of the support [31].

Rice husk (RH) is an agricultural waste and the ash
contains about 92–95% silica (SiO

2
). It is highly porous

with lightweight and high surface area. Many publications
reported the use of rice husk ash as catalyst support formetals
[32]. HDC processes can be performed in batch reactors
for small and medium-scale processes and/or continuous-
flow reactors for large-scale processes. A glass capillary-based
microreactor (as shown in Figure 1(a)) was fabricated for this
study and the glass is chemically inert, optically clear, and
nonporous, hence making it a suitable material [33, 34]. The
present study investigates detoxification of chlorinated aro-
matic compounds over silica-platinum and silica-titanium
supported catalysts under mild condition by using buffered
solutions in a capillary microreactor.

2. Experimental

2.1. Materials. Platinum chloride (PtCl
2
) used as the source

of platinum and titanium dioxide (TiO
2
) as the source of

titanium were purchased from Merck, Darmstadt, Germany.
Other materials used are nitric acid (65% purity), sodium
hydroxide pellets (99%), and acetone (99.5%) (Sigma-Aldrich,
St Louis). Cetyltrimethylammonium bromide (CTAB, 98%)
andmethylene bluewere purchased fromSigmaAldrich. Rice
husk (RH) was obtained from a rice milling company in
Penang. A 100 ppm standards of 1,2-dichlorobenzene (1,2-
DCB), 3-dichlorobenzene (1,3-DCB), 1,4-dichlorobenzene
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(1,4-DCB), 1,2,4-trichlorobenzene (1,2,4-TCB), hexachlorob-
enzene (HCB) and benzene (Sigma-Aldrich, ≥99.0%) were
prepared.

2.2. Preparation of the Catalysts. 30 g of clean rice husk was
stirred with 750mL of 1.0M HNO

3
at room temperature

for 24 h. The cleaned RH was washed with copious amount
of distilled water to constant pH, then dried in an oven at
100∘C for 24 h, and burned in a muffle furnace at 600∘C for
6 h so as to obtain white rice husk ash (RHA) [32]. About
3.0 g of RHA was added to 350mL of 1.0mol L−1 NaOH in
a plastic container and stirred for 24 h at room temperature
to get sodium silicate solution. About 3.6 g of CTAB (1 : 1.2,
Si : CTAB molar ratio) was added into the sodium silicate
solution and stirred to dissolve completely. This solution was
titrated with 3.0mol L−1 HNO

3
at a rate of ca. 1.0mLmin−1

with constant stirring until pH 3.0.The resulting gel was aged
for 5 days, then filtered and washed thoroughly with distilled
water, and finally washed with acetone. The gel was dried at
110∘C for 24 h, ground to fine powder, and calcined at 500∘C
in a muffle furnace for 5 h and then labeled as RHA-silica
powder. Same procedure was followed for the preparation
of RHA-silica solution of 10 wt.% Pt of PtCl

2
which was

dissolved in 50mL of 3mol L−1 HNO
3
and titrated. Similarly,

solution of 10.0 wt.% Ti of TiO
2
was dissolved in 50mL of

3mol L−1 HNO
3
and titrated. The resulting gels were treated

as described above. The resulting powders were labeled as
RHA-Pt and RHA-Ti, respectively.

2.3. Catalysts Characterization. The prepared RHA-Pt and
RHA-Ti samples were characterized using Fourier transform
infrared (FTIR) spectroscopy, N

2
adsorption-desorption

analysis, Field-Emission Scanning Electron Microscope
(FESEM), and energy dispersive spectrometry (EDX).

2.4. HDC Reaction in a Capillary Microreactor. The capillary
microreactor was used for studying the detoxification of chlo-
rinated organic compounds. Several glass capillary microre-
actores (7 cm, 14 cm, and 21 cm) were designed for the HDC
reaction as shown in Figure 1(a). The capillary microreactor
and reservoirs A and B were filled with 2.5mmol of buffer
solution of different pH (2, 7 and 10) and 12.5mg of catalyst
and 100𝜇L of the mixture standard (8270 MagaMix) were
introduced into the capillary microreactor at the reservoir A.
Platinum wires were used as the electrodes and high voltage
(1–5 kV) was applied. No air bubbles were found inside the
capillary tube during the reaction. A reaction potential (1–
5 kV) and 200 𝜇A current were applied to reservoir A, while
reservoir B was connected to ground. HDC reaction was
carried out at room temperature and ambient pressure, all
experiments were repeated three times, to get more accurate
results, and the reaction time was controlled manually. The
basic arrangement of the capillary microreactor, in which
the experimental studies for the detoxification of chlorinated
organic compounds were carried out, is depicted in Fig-
ure 1(a). The setup of the capillary microreactor system is
composed of a high voltage power supply, glass capillary
microreactor, and platinum wires.
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Figure 2:The FT-IR spectra of RHA-silica andmetal modified silica
by loading (Ti and Pt) (a) RHA-SiO

2
, (b) RHA-Ti, and (c) RHA-Pt.

2.5. Catalytic Hydrodechlorination (HDC) by Conventional
Method. HDC reactions of 8270 MagaMix with molecular
hydrogen gas were carried out at room temperature and
ambient pressure by using buffered solutions in a round bot-
tom flask. Hydrogen was introduced by balloon (Figure 1(b)).
In a typical HDC procedure, 10mL of buffer solution was
spikedwith 100 ppm chlorobenzenes, and 50mg of supported
Pt catalyst RHA-Pt, or 50mg of RHA-Ti was added [2]. The
mixture was magnetically stirred at 100 rpm with a stirring
bar and after the desired time (2 h, 16 h, 24 h), the samples
reaction mixtures were collected, and separated by 1.5mL
heptane for 5min. The identification and quantification of
all CBs was performed by GC-MS, and catalytic conversion
was calculated by analyzing the peak areas of the target
compounds. The setup is displayed in Figure 1(b). The buffer
solutions used in theHDCreactionswere prepared as follows:
(a) phosphate buffer: phosphoric acid H

3
PO
4
(2mol L−1)

was added to a solution of K
2
HPO
4
(2mol L−1) until the

pH reaches 2; (b) phosphate buffer: a solution of NaH
2
PO
4

(0.021mol L−1) was added to a solution of Na
2
HPO
4

(0.029mol L−1) until the pH reaches 7; (c) borate buffer: a
solution of sodium tetraborate (0.013mol L−1) was added to
a solution of NaOH (0.018mol L−1) until the pH reaches 10.

3. Result and Discussion

3.1. Catalysts Characterization. The FT-IR analysis was car-
ried out in Nicolet 6700 FT-IR using the KBr pellet method.
Figure 2 shows the FT-IR spectra of the catalysts RHA-Ti
and RHA-Pt and RHA-SiO

2
obtained in the wavenumber

range 400–4000 cm−1. The broad band in the range 3471–
3455 cm−1 is due to the stretching vibration of O–H bonds
in Si–OH and the HO–H of water molecules adsorbed on the
materials surface. The band at 1628–1650 cm−1 is due to the
bending vibration of H

2
O trapped in the silica matrix. The

band around 1104 cm−1 was shifted to a lower wavenumber
for metal incorporated RHA. The band at 1090–1104 cm−1 is
attributed to asymmetric Si–O–Si stretching vibration, from
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Figure 3: The nitrogen adsorption-desorption analysis of materials (a) RHA-silica, (b) RHA-Pt, and (c) RHA-Ti.

the structural siloxane bond. The band at 971.8 cm−1 can be
attributed to the symmetric stretching vibration of Si–OH
[32]. The intensity of this peak decreased in RHA-Ti and
appears as a shoulder. This might indicate that some metal
ions are attached on the surface of the silica as Si–O–M
from the original Si–O–H or Si–O–Si silica structure. The
absorption bands at about 465 cm−1 and 470.5 cm−1 are due to
Si–O–Si bending vibrations [32]. The bands at 800–802 cm−1
are due to the deformation and bending modes of Si–O–Si.

The specific surface area, pore volume, and pore size
distribution of the prepared catalysts were determined using
N
2
adsorption-desorption on a Micromeritics ASAP 2020

volumetric instrument. Nitrogen sorption isotherms were
performed at liquid nitrogen temperature (−195.786∘C). The
N
2
adsorption-desorption isotherm of RHA-silica, RHA-Pt,

and RHA-Ti is shown in Figure 3. The surface area, pore
diameter, and pore volume were calculated using Barrett-
Joyner-Halendamodel and the results are displayed inTable 1.
The average mesopore size was, for all catalysts, around
4 to 4.85 nm. We see that RHA-silica has high surface
area of 225.4306m2/g while RHA-Ti catalyst has associated
BET surface area and pore volume of 12.6548m2/g and
0.012738 cm3/g, respectively. The incorporation of Ti into
silica reduced its surface area and pore volume compared
to RHA-silica due to the pore blocking by the agglomerated
particles [35]. However, in the RHA-Pt supported catalyst,

Table 1:The nitrogen adsorption-desorption analysis parameters of
materials.

Catalyst BET surface
area (m2/g)

Pore volume
(cm3/g)

Average pore
size (nm)

RHA-silica 225.4306 0.273179 4.84725
RHA-Pt 538.0725 0.637532 4.73938
RHA-Ti 12.6548 0.012738 4.02638

the incorporation of Pt into silica matrix increased its sur-
face area (538.0725m2/g) and pore volume (0.637532 cm3/g)
compared to those of the support RHA-silica. This could be
good dispersion of Pt particles within the silica matrix [32].

Field-Emission Scanning Electron Microscope (FESEM)
(Tescan Lyra-3) was used to investigate the surface morphol-
ogy and the general morphological features of the prepared
RHA-silica and RHA-Pt nanoparticles. The EDX measure-
ments were also used to confirm the percentage and the
atomic ratio of the components in the prepared catalyst.
Figure 4 shows the FESEM and EDX images of (a) RHA-
silica sample, (b) RHA-Pt, and (c) RHA-Ti. The RHA-silica
particles have flakes structure whereas the RHA-Pt particles
have spherical structure with porous surfaces. While the
RHA-Ti particles have rod-like morphology and less porous
surfaces compared to RHA-silica.
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Figure 4: The FESEM and EDX images of (a) RHA- silica, (b) RHA-Pt, and (c) RHA-Ti.

3.2. Detoxification of COCs Using Capillary Microreactor. To
optimize the HDC reactions in the capillary microreactor,
analytical factors like applied potential, reaction time, length
of the capillary, and pH of buffer solution were investigated
to determine the most favorable reaction conditions. Tem-
perature was kept constant at room temperature throughout

the reactions. The results were then compared with those of
the conventional method.The identification and quantitative
results were determined from GC-MS data.

3.2.1. Effect of Reaction Time. Reaction time is one of themost
important factors in the HDC reactions. Therefore, various
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Figure 5: Effect of different reaction times on the conversion ratio of chlorobenzenes (CBs) in the capillary microreactor of 21 cm length,
applied potential 3 kV (a) using pH 7 and RHA-Pt catalyst and (b) using pH 10 and RHA-Ti catalyst.
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Figure 6: Effect of different applied potentials on the conversion ratio of chlorobenzenes (CBs) in the capillary microreactor at reaction time
20min and pH 10 by using (a) RHA-Pt and (b) RHA-Ti.

reaction times (10min, 20min, and 30min)were applied.The
reaction time was controlled manually; Figure 5 shows the
conversion percentage of CBs with respect to these times.The
dechlorination increases with the increase in reaction time up
to 20min, by using RHA-Pt catalyst (Figure 5(a)), while the
best time for the dechlorination of CBs by using RHA-Ti as
catalyst was 10min (Figure 5(b)).

3.2.2. Applied Potential. In order to achieve a high detoxifi-
cation of COCs, different potentials were applied in the range
of 1–5 kV at a constant current of 200𝜇A. Figure 6 shows
the influence of the applied potential on the HDC reactions.
As can be seen, a maximum detoxification of COCs by both

catalysts (RHA-Pt and RHA-Ti) was obtained by using 3 kV.
In a glass capillary microreactor, high potential (in kV range)
was applied to create in situ generation of hydrogen as well as
to expedite the activation of catalysts for the detoxification
of chlorobenzene. Moreover, the higher applied potential
increases the analyte interaction with the catalyst particles
and enhances the hydrodechlorination (HDC) reaction to
detoxify chlorobenzene [33, 34].

3.2.3. Length of the Capillary Microreactor. We have reported
in a previous study that for microdevices, using an elec-
trophoretic separation at constant field, resolution is propor-
tional to the square of the channel length [33]. Various lengths
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Table 2: Conversion ratio of CBs by the capillary-microreactor and the conventional method.

Catalyst

Method
Glass capillary microreactor Conventional method
RHA-Ti RHA-Pt RHA-Pt RHA-Ti
10min 20min 2 h 16 h 24 h 2 h 16 h 24 h

Compound name
1,2-DCB 100 98 38 95 99 56 97 97
1,3-DCB 91 90 29 92 96 52 91 95
1,4-DCB 93 97 35 93 97 50 95 100
1,2,4-TCB 93 94 28 90 96 48 100 99
HCB 89 94 25 87 92 42 88 95
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Figure 7: Effect of length of the capillary microreactor on the
conversion ratio of CBs.

(7 cm, 14 cm, and 21 cm) of the capillary were studied and
significant improvement was obtained in the dechlorination
of CBs when the length of the capillary was increased from
7 cm to 21 cm as shown in Figure 7.

3.2.4. Reaction pH. The pH of the solution is an important
parameter which controls the rate of the dechlorination of
CBs and CPs in the capillary microreactor. The pH values of
the solution studied were 2.0, 7.0, and 10. The conversions of
CBs and CPs by catalytic HDC in the capillary microreactor
by different buffer solutions are used to neutralize the HCl
which forms during the HDC reaction. Figure 8 shows the
conversion of COCs involving different catalysts. The maxi-
mum conversion by using RHA-Pt catalyst was observed in
the neutral range (pH 7) compared to other buffer solutions.
This might be due to the dissolution of platinum particles
[26]. However, when RHA-Ti was used as catalyst, the
maximum conversionwas obtained in alkaline range (pH 10).

3.2.5. Quantitative Determination of Detoxification of COCs
Using Microreactor with GC-MS Compared to Conventional
Method. In order to evaluate the most favorable reaction
conditions, the optimum dechlorination conditions were set
as follows: reaction time of 20min, and pH 7 when using
RHA-Pt as the catalyst and 10min applied potential of 3 kV
was used with a 21 cm long capillary microreactor, and pH 7
when the catalyst was RHA-Ti.The results are summarized in
Table 2. Compared with conventional detoxification method,
the capillary microreactor provided high conversion ratios of
CBs in shorter reaction time (20min) with very little amount
of the reactants.

In a glass capillary microreactor, high potential (in kV
range) was applied to cause in situ generation of hydrogen as
well as to expedite the activation of catalysts in the reaction
for the detoxification of chlorobenzene. Moreover, the higher
applied potential increases the analyte interaction with the
nanoparticles and enhances the hydrodechlorination (HDC)
reaction to detoxify chlorobenzene and chlorophenols. In
our reactor, we believe that the electron density on the
surface of the catalysts and the efficiency/performance of
HDC reaction increase by the applied potential and thereby
enhance conversion and dechlorination of CBs.

4. Conclusions

In this work, for the first time rice husk supported plat-
inum (RHA-Pt) and titanium (RHA-Ti) catalysts were used
to investigate the detoxification of chlorobenzenes in a
glass capillary microreactor. RHA-Ti and RHA-Pt supported
catalysts showed very interesting catalytic activity in the
detoxification of chlorobenzenes in ambient conditions. The
main advantage of capillary reactor is the in situ generation
of hydrogen for the detoxification of chlorobenzenes. Only
20min is sufficient when compared to 24 h reaction time in
conventional method. The proposed method is simple, easy
to use, and suitable for the detoxification of a wide range of
chlorinated organic pollutants in environmental remediation
applications.
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Figure 8: Effect of reaction pH on the conversion ratio of chlorobenzenes (CBs) in the capillary microreactor at 20min and applied potential
(3 kV) by using (a) RHA-Pt and (b) RHA-Ti.
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