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�e lack of stability is a challenge for most heterogeneous catalysts. During operations, the agglomeration of particles may block
the active sites of the catalyst, which is believed to contribute to its instability. Recently, titanium oxide (TiO2) was introduced as
an alternative support material for heterogeneous catalyst due to the e�ect of its high surface area stabilizing the catalysts in its
mesoporous structure. TiO2 supported metal catalysts have attracted interest due to TiO2 nanoparticles high activity for various
reduction and oxidation reactions at lowpressures and temperatures. Furthermore, TiO2 was found to be a goodmetal oxide catalyst
support due to the strong metal support interaction, chemical stability, and acid-base property. �e aforementioned properties
make heterogeneous TiO2 supported catalysts show a high potential in photocatalyst-related applications, electrodes for wet solar
cells, synthesis of 	ne chemicals, and others. �is review focuses on TiO2 as a support material for heterogeneous catalysts and its
potential applications.

1. Introduction

1.1. Essential Principle of Catalyst. �e catalysis industry is a
billion-dollar industry that accounts for the manufacture of
60% of all the chemicals that are utilized for most chemical
processes [1–6]. Some of the products derived from catalytic
processes include polymers [2], plastics [3], pharmaceuticals
[4], and detergents [5]. A
er decades of research, systematic
information on the catalytic properties of many catalysts has
been established and accumulated. From the literature, it is
concluded that one of the major limitations of the catalytic
reaction is separation and distribution [7–9]. Many of real
catalysts are made up of small (in the nanometer range) sizes.
�is consequently brought about the uncertainly andnonuni-
formity of the materials involved, the preparation methods,
and surface conditions [8]. Heterogeneous catalyst was intro-
duced to overcome the separation and distribution problems.

1.2. Importance of Heterogeneous Catalyst. Heterogeneous
catalysts have become a crucial part of many industrial
activities, such as organic synthesis, oil re	ning, and pollu-
tion control [10–15]. Modern heterogeneous catalysts consist

of several elements in precise proportions [12]. Currently,
heterogeneous catalysts are optimized for the greatest reac-
tion rate, which in turn results in optimal selectivity [11–
13]. It is possible to improve the heterogeneous catalyst
activity over modifying the support by approaches such as
nanotechnology and nanoscience or controlling the pore
structure [14–16]. For heterogeneous catalysis, the problem of
catalyst separation and recovery from the reaction matrix are
addressed by using various catalyst supports to immobilize
the particle [15]. �is in turn provides a large enough surface
area for the heterogeneous catalyst for it not to dissolve into
the solutionmatrix [16].�erefore, the heterogeneous catalyst
with broad supports such as Al2O3, TiO2, ZrO2, ZnO, and
others is applied based on its broad availability and cost-
e�ective modes of synthesis.

1.3. Importance of Heterogeneous Catalyst Support. Recently,
the importance of an appropriate catalyst’s support material
has been of huge interest. �e idea is that the main catalyst
should be dispersed on a suitable support to make the cat-
alytic nanoparticles stable and obtain optimal performance
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and decrease the amount of costly metal being utilized,
which accordingly decrease the total catalyst expenses [11, 15].
Furthermore, with porous characteristics, support materials
o�er a high dispersion of nanoparticle catalyst and simplify
electron transfer, both of which contribute to better catalytic
activities [17–20].

However, the heterogeneous catalyst support may some-
time exert a structural e�ect, brought about by textural and
active phase-linked e�ect [18].�us, the selection on support
heterogeneous catalyst must retain its speci	c properties,
such as porosity, surface area, dispersion, selectivity, and
activity [19–21]. �e morphology and pores size of the
selected support materials play an important role in enhanc-
ing the heterogeneous catalyst’s stability and performance
[20].

According to the literature, the support of the hetero-
geneous catalyst can be alumina [22], zeolites [23], carbon
nano	bers [19], active carbon [17], andmetal oxides [13], such
as TiO2, La2O3, CeO2, MnO2, and ZrO2. TiO2 is a recognized
heterogeneous catalyst support that is broadly utilized in fuel
processing due to its tunable porous surface and distribution,
high thermal stability, and mechanical strength [24, 25].
Being used in this manner contributes to the ability of TiO2
to develop Lewis acidity as well as redox properties [25].

2. TiO2: In General

TiO2 has proven to be one of the promising n-type semi-
conductors due to its wide band gap (3.2 eV) under ultra-
violet light [24]. Additionally, possessing high physical and
chemical stability as well as the high refractive index makes
this material widely researched [25]. Due to its electronic and
optical properties, it can be utilized in several 	elds, such as
solar cells, photocatalyst, sensors, and self-cleaning [26]. In
electrochemistry, TiO2 based materials play a key role due
to their high conductivity and stability in alkaline and acid
media. TiO2 exists in three crystalline forms; anatase and
rutile are the most common types, and the crystalline size of
the rutile is always larger than the anatase phase. Brookite is
the third structural form, an orthorhombic structure, which
is rarely utilized, and is of no interest for most applications
[27–30]. Rutile phase is the most thermally stable among
the three phases. Brookite and anatase crystalline, above
600∘C, experience a phase transition and convert into the
rutile phase [28, 29]. �e anatase phase contains zigzag
chains of octahedral molecules linked to each other, while
the rutile consists of linear chains of opposite edge-shared
octahedral structure [29–32]. Generally, the anatase-to-rutile
phase transformation occurs between 600–700∘C, but, for
certain applications, it is required that TiO2 anatase be stable
at 900∘C [31]. Generally, the anatase TiO2 nanoparticles are
stabilized by the addition of cations [32].

�e synthesis techniques of TiO2 usually require high
temperatures to crystallize the amorphous material into
one of the phases of TiO2, such as brookite, anatase, and
rutile, consequently leading to larger particles and typically
nonporous materials [33–35]. Recently, low temperature syn-
thesis methods resulted in crystalline TiO2 with a higher

degree of control over the formed polymorph and its intra- or
interparticle porosities [32]. �ere are reports on the forma-
tion of crystalline nanoscale TiO2 particle via solution based
approachwithout thermal treatmentwith special focus on the
resulting polymorphs, surface area, particle dimensions, and
crystal morphology [34]. �ere are exceptional emphases on
the sol-gel method via glycosylated precursor and also the
miniemulsion method [30–32].

TiO2, due to its nontoxicity, long-termphoto stability, and
high e�ectiveness, has been widely utilized in mineralizing
toxic and nonbiodegradable environmental contaminants.
TiO2 possesses good mechanical resistance and stabilities in
acidic and oxidative environments. �ese properties make
TiO2 a prime candidate for heterogeneous catalyst support.

2.1. TiO2: As a Heterogeneous Catalysis. It has been demon-
strated that TiO2 improve the performance of catalysts
[35–39], allowing the modulation of catalytic activities
for many reactions, including dehydrogenation [38, 39],
hydrodesulphurization [37], water gas shi
 [36], and thermal
catalytic decomposition [35].

�ere are also some obvious drawbacks in using TiO2
as a heterogeneous catalysis. �e limitations included small
speci	c surface areas, low quantum e�ciency, and low
adsorption abilities [36, 37]. Furthermore, both costs and
di�culties in the separation of catalyst from the reaction
media and inadequacy for continuous processing limited the
applications of TiO2 as a heterogeneous catalyst in large-
scale industries [38]. Despite these drawbacks, a number
of studies have focused on catalytic reaction with TiO2 as
a support material. �e mesoporous TiO2 of pure anatase
phase with sharp pore distribution and large surface area
was synthesized to increase the degree of distribution and
homogeneity of immobilized catalyst [39, 40].�e in�uences
of TiO2 support on heterogeneous catalysts a�ect electronic
e�ects and bifunctional mechanism [41]. TiO2, as a catalyst
support, enforces an electronic e�ect where the hypo-d-

electronic Ti3+ promotes electrocatalytic features of hyper-
d-electronic noble catalyst surface atoms [42]. �is, in turn,
decreases the adsorption energy of CO intermediates, while
enhancing the mobility of CO groups. At the same time,
the adsorption of OH species on TiO2 tends to facilitate the
conversion of the catalytically toxic CO intermediates inCO2,
thus improving the durability of the heterogeneous catalyst
[43, 44]. Both factors indirectly assist the dispersion and
anchor of the heterogeneous catalyst particle [44]. Further
improvement in the catalytic stability and activity of the
heterogeneous catalysts involves modifying the TiO2 support
material with semiconductor metal oxides.

3. TiO2: As Support in Heterogeneous Catalysis

Among di�erent material candidates such as nitrides, per-
ovskites, and carbides, TiO2 based catalyst support materials
are known to have excellent properties [44], due to TiO2
nanoparticles high chemical and thermal stability. TiO2 based
catalyst supports have outstanding resistance towards cor-
rosion in di�erent electrolytic media. TiO2 can be regarded
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Table 1: List of advantages and disadvantages of heterogeneous catalysis system.

Type of catalysis support Advantages Disadvantages

Organic polymer

(i) Easy and versatile functionalization, especially
for the polymer containing aryl group
(ii) Hydrocarbon polymers are chemically
inert-support does not interfere with catalytic
groups
(iii) It can be prepared with a width range of
physical properties (porosity, surface area, and
solution characteristics)

(i) It has poor heat transfer ability
(ii) It has poor mechanical properties which
prevent from the pulverization during stirring
process in reactor
(iii) Commercial polymers are not always very
de	ned and o
en contain unknown impurities
(iv) Physical properties vary widely depending on
molecular weight and chemical nature

Metal

(i) It can induce some catalytic activity as
homogeneous catalyst but more selectivity
(ii) It is easy to separate from the product
(iii) It gives rise to less corrosion
(iv) It can be used for long periods without sign of
deterioration in properties

(i) Optimization of the reaction condition is more
complex because there are more variables
(ii) leaching problem brought by the Van de Waals
link between the catalyst

Carbon
(i) It has high surface area due to porous structure
(ii) It has relatively small amount of chemically
bonded heteroatoms (mainly O2 and H2)

It could not be used for hydrogenation reaction
>700K or in the presence of O2 > 500K because it
may become gasi	ed to yield methane and CO2,
respectively

Dendrimer

(i) It coordinates strongly with metal catalyst
(ii) It leads to recyclable catalyst system and does
not su�er from mass transfer limitation
(iii) It has well-de	ned macromolecular structure
to precisely control catalyst support
(iv) Uniform distribution

(i) It su�ers from diminished activity due to the
reduction in accessibility accessibility
(ii) It depends on swelling properties in�uenced
by catalytic performance

as a support for heterogeneous catalysts which guarantees
stability in electrochemical environment and commercial
availability [45]. Meanwhile, strong interactions between the
catalytic particles and mesoporous TiO2 have been recorded,
which, in the end, resulted in both improved catalytic
stability and activity. TiO2 as a catalyst support material also
indicated a certain degree of proton conductivity, which may
potentially enhance the regime of the triple phase boundary
for catalytic reactions [44–46]. In general, the advantages and
disadvantages of the other heterogeneous catalyst system are
listed in Table 1.

3.1. TiO2: As Support in Metal Heterogeneous Catalysis. �e
study of metal nanoparticle on TiO2 support is important
in heterogeneous catalysis due to the size and nature of
the interaction of a metal nanoparticle with TiO2 support
[45]. �is interaction strongly in�uences the determination
of catalytic activity and selectivity of themetal heterogeneous
catalyst [46]. Reduction and oxidation at elevated tempera-
ture are compulsory steps in the preparation of metal sup-
ported TiO2 heterogeneous catalysts [47, 48]. However, both
treatments caused morphological changes to the dispersed
metal nanoparticles from the sintering of TiO2.�erefore, it is
important that the optimal conditions for catalyst supported
TiO2 preparation be optimized, both in terms of pretreatment
and activation [48, 49]. Besides, depending on the partic-
ular metal heterogeneous catalyst, di�erent morphological
changes will result frommetal-TiO2 support interaction [50–
52], such as sintering [50], alloy formation [52] encapsulation,
and interdi�usion [51].

Among the TiO2 modi	cations, anatase is frequently
utilized as a catalyst support for metal heterogeneous catalyst
due to its high speci	c surface area and strong interaction
with metal nanoparticles [37, 40]. �ere are only a few
studies reporting a rutile catalyst support which resulted
in higher catalytic activity compared to anatase, such as
the oxidation of toluene, xylene, and benzene over rutile-
supported Cu catalyst. In comparison, rutile is preferred as
a model support for particles of metals in surface science
studies [53–55], due to its high crystal phase’s thermodynamic
stability. Furthermore, it is indicated that rutile and anatase
di�er noticeably in their ability of 	xing particles of metals
onto their respective surface [49, 55]; whereas the strong
metal support interaction is normally shown on anatase,
this e�ect is not as signi	cant on rutile. Inopportunely, the
thermodynamic stability of TiO2 is comparatively low, and
calcination would usually lead to the collapse of the porous
structures [54]. Additionally, it is reported that calcination
above 465∘C has always resulted in the phase transition
from anatase to rutile [36]. �e phase transition could be
connected to the growth of crystal size, which results in a
severe reduction in speci	c surface area [35]. Consequently,
this should also in�uence the overall catalytic performance of
metal heterogeneous catalysts.

3.1.1. Au/TiO2 Heterogeneous Catalyst. Gold (Au) is an excel-
lent catalyst for the oxidation of alcohol by molecular O2 in
the liquid phase with high activity, selectivity, and promising
resistance to deactivation [56–58].�e catalytic performance
of Au heterogeneous catalyst is mainly determined via the
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particle size and properties of the support [57]. Amongst all
catalyst supports, TiO2 was determined to be a good support
for the Au heterogeneous catalyst system due to the strong
interaction inmetal support, chemical stability, and acid-base
properties [44, 46].

Au-supported TiO2 nanoparticle has been prepared
by changing the several di�erent synthesis parameters,
including precipitation pH, drying pretreatment, Au-cluster
size/morphology, catalyst conditions, the nature of the sup-
port, acid-base treatment of TiO2 support, loading of TiO2
nanoparticle, incorporation of impurities, CO adsorption,
catalytic reaction conditions, and chemical/electronic state in
catalysts [53, 58]. �e valence band of Au/TiO2 indicates the
presence of the Au 5d band, with a signi	cant contribution
to the O 2p nonbonding states, which probably is derived
from TiO2 structure [46]. �erefore, the morphology images
showed an interaction among the particles of Au with TiO2
support a�ecting the Ti–O bonds at the surface, which
leads to a lower Ti 2p binding energy in an intact Au/TiO2
compared to native TiO2 (Figure 1) [59–62]. Generally, Au
nanoparticles, as a catalyst, have a negative charge [57]. �is
is due to the electron transfer from oxygen vacancies of the
TiO2 acting as a catalyst support [58].

�e transformation was clearly observed in the case
of acetate to ketenylidene reaction [60] (Figure 2). �us,
the charge density and level binding energy of Au is 0.15–
0.45 eV lower than that in pure Au [56]. It is concluded
that the presence of TiO2 as a support in Au is necessary
for the crystallization of the support. �is, in turn, reduces
the number of Ti–OH functions to be proportional to the
deposition of Au [60].

�e aforementioned theory brought about the next
advantage of Au/TiO2 hybrid catalyst. �e incorporation of
Au is believed to prevent radiation-induced changes in the
Au/TiO2 heterogeneous catalyst composition, particularly for
as—synthesized and dried samples [63, 64]. For example, X-
ray irradiation limits a detectable further reduction in the

Au/TiO2 due to the presence of Au
3+ state and binding energy

of the Au itself [57].�e binding energy and half-width of the
Au 4f7/2 spectra of Au particles deposited on the TiO2 in a
range of concentrations were sensitive to irradiation. Indeed,
the local heating mechanism occurred at higher X-ray con-
centrations [65]. Exposure ofAu/TiO2 heterogeneous catalyst
to X-ray irradiation induces the breaking of Ti–O bonds, Ti4+

state reduction, and the O2 desorption from the surface layer
[64–66]. �is is demonstrated by an increase in the fraction

of Ti3+ species, a nonmonotonic diminution of the O2
−/Ti4+

atomic ratio, improvement of the valence band, and the
resultant variation of core binding energy [65]. Even though
Ti 2p and O 1s binding energies in TiO2 remain almost
una�ected under extended X-ray irradiation, in Au/TiO2, a
gradual increase in the Ti 2p binding energy is observed [67].
�us, the e�ect of X-ray irradiation of Au/TiO2 is relatively
smaller than Au due to the direct evidence for charge transfer
processes triggered by the production ofO2 vacancies in TiO2
as a catalyst support [63, 64].

Many scientists have documented that Au/TiO2, as a
heterogeneous catalyst, showed higher reaction activities

for the oxidation of primary alcohols to carboxylic acid
compared to Au/zeolite [68]. �e comparative study of CO
oxidation reaction and deactivation behavior between the
mesoporous Au/TiO2 and Au demonstrated that Au/TiO2
has greater catalytic selectivity and activity due to its higher
surface area. Another study found that the deposition of
Au into TiO2 led to the highly active heterogeneous cat-
alyst for the oxidation of methanol [69–71]. �e catalytic
performance was determined to increase with Au loading,
provided that the deposited particle size remained unchanged
[70–72]. In this case, the methoxy species bound to the
oxide surface are reasonable reaction intermediates, with
the formation of signi	cant bound on TiO2 [71]. �e cat-
alytic performance was correlated with the number of Au
atoms. �us, the methanol oxidation occurs at the inter-
face with O2 being activated at Au nanoparticle and the
oxide acting as a reservoir of methoxy species (Figure 3)
[73–75].

Furthermore, there are several reports on the catalytic
application of Au/TiO2 on the removal of CO and NO�.
Most of these reports investigated the catalytic and photo-
catalytic of Au/TiO2 in the gas and liquid phase reactions,
as well as their reaction mechanisms [74]. In other studies
a higher stability was observed for Au/TiO2 heterogeneous
catalyst compared to Au/Co3O4, which indicates a com-
paratively fast deactivation [70, 72]. �is is supported by
the aforementioned report; a signi	cant enhancement in the
stability of Au particles against calcination can be realized
by utilizing TiO2 as a catalyst support [71]. With these
promising properties, Au/TiO2 catalyst was also found to
catalyze the epoxidation of propylene, hydrogenation reac-
tion, water-gas shi
 reaction, and the oxidation of alkanes
[68–76].

Meanwhile, the porosity and phase transformation are
other factors that a�ect the catalytic performance of Au/TiO2
as a heterogeneous catalyst [77, 78]. It is estimated that vari-
ous TiO2 crystalline phases, as a catalyst support, could a�ect
the interaction of support-metal, electronic density, oxidation
state, Au-size, and Au dispersion of deposit material in
heterogeneous catalyst system. In a comparative study of the
activity of porous and nonporous Au/TiO2, heterogeneous
catalyst prepared from di�erent crystalline phase of TiO2
included the anatase, rutile, and rutile+anatase [69, 79]. For
example, certain studies found that the activity of nonporous
Au/TiO2 heterogeneous catalyst decreased from brookite via
anatase to rutile for catalyst activated by calcination at 300∘C,
while, a
er reduction at 150∘C, the activities became rather
comparable [80, 81]. Similar observation was reported by
other studies for mesoporous TiO2 acting as support for Au
heterogeneous catalyst [82]. �e tendency in the increment
for Au particle sintering during calcination at 300∘C is
brookite, anatase, and rutile, followed by mesoporous. In
contrast, such e�ect is insigni	cant at the reduction of 150∘C
[82]. Some studies reported that the crystalline phase of
TiO2 in�uences also the deactivation of Au/TiO2 heteroge-
neous catalyst with comparable surface area of 46–54m2 g−1,
increased in the order of Au/TiO2 anatase and Au/TiO2 non-
porous rutile/anatase and followed by Au/TiO2 rutile [83].
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Figure 1: TEM analysis of gold supported on TiO2 and 1% FeTiO2 before (a) and a
er (b) thermal treatment [59].
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Figure 2: �is shows the conversion of acetate to ketenylidene
at the perimeter site of the Au/TiO2 catalyst. �e acetate, which
adsorbs on TiO2, undergoes dehydrogenation (oxidation) and the
deoxygenation to form ketenylidene on the gold [60].
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Figure 3: Au/TiO2 catalysts, easily prepared in situ from di�erent
Au precursors and TiO2, generate H2 from H2O/alcohol mixtures
[73].

Contrarily, some studies concluded that the crystalline phase
has no signi	cant in�uence on the catalytic performance of
the unconditionedAu/TiO2 heterogeneous catalyst [84].�is
was di�erent, as the Au/TiO2 heterogeneous catalyst was cal-
cined prior to the reaction, where the Au/TiO2 rutile+anatase
heterogeneous catalyst indicated a signi	cantly higher sta-
bility than Au/TiO2 rutile and Au/TiO2 anatase [85]. A
er
calcination at 250∘C, the activities are comparable to those
of the unconditioned heterogeneous catalyst and are similar
for all catalysts. However, calcination at 350∘C leads to lower
activities for the mesoporous rutile or anatase, while the
rutile+anatase supported Au retains its respective activi-
ties [83]. �e catalytic performance of Au-supported TiO2
anatase being superior to other heterogeneous catalyst was
examined for the decrease of NO� using propane due to the
smaller size of the Au particles on TiO2 anatase [86, 87].

Although Au/TiO2 is active as a heterogeneous catalyst,
it o
en complied with quick deactivate process which limits
its commercial applications [70–74]. In general, in order for
the Au particle to indicate higher performance at near sub-
ambient temperatures, its cluster size has to be less than 5 nm
[65].�erefore, some attempt has to bemade to synthesizeAu
hydroxide [AuO�(OH)4−2�]� deposited on the TiO2 support,
followed by drying in the air. �e idea is to prevent the in
situ formation and the agglomeration ofmetallicAunanopar-
ticles, as seen with coprecipitation [64]. Another approach
is by synthesizing nearly monodispersed thiol-protected Au
nanoparticles and is deposited into TiO2 as a support. In
this case, the thiol ligands were utilized to control the size of
the cluster [82, 88]. �e advantages o�ered by both methods
included a better control size of Au nanoparticle due to ex situ
synthesis and the formation of Au cluster in the solution prior
to the deposition on the TiO2 as a catalyst support [88].

In conclusion, the most common factors a�ecting the
Au/TiO2 heterogeneous catalyst activity are the size of the Au
nanoparticles, preparation method, pretreatment method,
Au loading, the oxidation state of Au, and the binding
strength to TiO2 as a catalyst support.

3.1.2. Co/TiO2 Heterogeneous Catalyst. �e activity of cobalt
supported TiO2 (Co/TiO2) heterogeneous catalyst is greatly
related to the TiO2 crystal phase and the loading of Co

3+ ions
on the catalyst support [89–91]. �e case of Co/TiO2, TiO2
in the rutile phase is more appropriate as a catalyst support
material than those with a 100% anatase phase [25, 90].
�erefore, Co/TiO2 heterogeneous catalyst synthesized with
more than 15% rutile phase is shown to have 4 times higher
CO conversion rate than those that only consist of the anatase
phase [92, 93]. Furthermore, the Co/TiO2, when modi	ed
with alkaline earth metals, resulted in a greater CO con-
version rate, whereas modi	cation with Mn and V resulted
in high C5+ and low methane selectivity, respectively [94–
96]. Furthermore, with only 0.8% Ca modi	cation, Co/TiO2
obtained the highestCOconversion rate and site-time yield of
C5+ products.�e conversion rate is 1.3–1.5 times higher than
cosupported SiO2 catalyst (Figure 4) [97]. �erefore, the CO
conversion reaction rate over Co/TiO2 catalyst was propor-
tionately ampli	ed by increasing the surface area of Co [93].

Actually, the production of highly dispersed Co on TiO2
as a catalyst support requires a strong interaction [91, 92].
Nevertheless, too strong of an interaction generates the TiO2
compound as a suboxide at an interface, which is highly
resistant to reduction [89]. In this case, while it has known
that the dominant surface sites of TiO2 support consist of two
main sites, which are Ti3+ and Ti4+, the surface site’s e�ect
on the formation of Co to TiO2 interface indicates that the
reaction should be structured to be insensitive and based on
the number of the exposed Co metal sites [93–99]. It is also
proposed that this growth in the reaction rate might be due
to the strong Co to TiO2 interaction altering the catalytic
properties [100].

3.1.3. Ni/TiO2 Heterogeneous Catalyst. Nickel (Ni) supported
TiO2 (Ni/TiO2), as a heterogeneous catalyst, is another kind
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Figure 4: (a) TEMmicrograph of Co/TiO2 (673)-I catalyst a
er reduction-oxidation-reduction cycle at 773-623-623K. (b) TEMmicrograph
of Co/TiO2 (973)-I catalyst a
er reduction-oxidation-reduction cycle at 773-623-773. (c) TEMmicrograph of Co/TiO2 (673)-SG catalyst a
er
reduction-oxidation-reduction cycle at 773-623-773 K [97].

of important Ni-based catalyst.�is is due to the strong inter-
action between Ni as a metal and TiO2 as a catalyst support
[101–103]. For example, the catalytic properties of supported
Ni/TiO2 heterogeneous catalysts prepared by the incipient
wetness impregnation method were evaluated for the vapor
phase hydrogenation of maleic anhydride [104]. It was dis-
covered that the hydrogenation process of maleic anhydride
is strongly a�ected by the calcination temperature ofNi/TiO2.
�e Ni/TiO2 heterogeneous samples recorded an optimum
catalytic performance with 96%maleic anhydride conversion
as the calcination temperature reached 1023K [104, 105].�is
is attributed to the change of surface properties of TiO2 sup-
port to the increase of calcination temperature. In addition,
the strong metal support interaction between Ni and rutile
surface overNi/TiO2 catalyst was the key reason for the better
activity of the catalyst in acetophenone hydrogenation [105].
However, the deactivation of Ni/TiO2 heterogeneous catalyst
occurred as the carbonaceous species of maleic anhydride
was deposited onto the Ni surface [106, 107]. To regenerate
the catalytic performance of Ni/TiO2, thermal treatment in
the oxidant atmosphere approach is applied.

3.1.4. Pd/TiO2 Heterogeneous Catalyst. Anatase TiO2 e�ec-
tively engenders OH species. �us, palladium-supported

TiO2 (Pd/TiO2) anatase possesses excellent catalytic activity
vis-à-vis methanol electrooxidation. �ere are some reports
claiming that Pd-supported TiO2 anatase heterogeneous
catalyst demonstrated a greater activity than TiO2 rutile
in selective hydrogenation reactions due to the superior
metal supporting the behavior of TiO2 anatase [108–112].
Consequently, negligible CO intermediates are produced in
direct formic acid fuel cells and formic acid electrooxidation,
which consequently possess striking catalytic activity. In
contradiction, the acetoxylation of toluene study indicates
that Pd supported by rutile TiO2 has greater selectivity
of almost 100% without any deactivation of the catalyst
compared to the ones supported by anatase [110–113], due to
the high thermal stability of rutile. Meanwhile, the treatment
of Pd/TiO2 anatase heterogeneous catalyst by anH2 reduction
at 200∘C resulted in greater reactivity in hydrogenation of
alkadienes than that of the Pd/TiO2 in rutile phase [112]. �e
strong metal support interaction was only observed in the
anatase phase of supported Pd heterogeneous catalyst [109,
110]. �ere is also an attempt to synthesize the genesis of the
Pd cluster onTiO2-gra
ed SiO2.�e results showed that TiO2
anchors Pd particles during air calcination and maintains
its small ensemble during H2 reduction [114, 115]. �ese
observations serve to demonstrate how TiO2, as a catalyst
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support, in�uences the structure and catalytic performance,
speci	cally for sulfur-resistant catalysts [114]. It was also
concluded that TiO2-gra
ed SiO2 o�ers better support due
to the presence of high surface area and thermal stability for
Pd heterogeneous catalyst compared to pure TiO2 [116–118].

3.1.5. Pt/TiO2 Heterogeneous Catalyst. �e dispersion and
loading of platinum (Pt) nanoparticles onto TiO2 support
is controlled by the structure and porosity of TiO2. Conse-
quently, a suitable combination of passable electronic con-
ductivity and nanostructured morphology with controlled
porosity could result in very promising Pt/TiO2 heteroge-
neous catalysts [119–124]. For example, a novel electrocata-
lyst based on mesoporous TiO2 supported Pt nanoparticles
indicates a high stability under accelerated stress test con-
ditions and activity compared to commercial Pt-supported
carbon catalyst [121, 122]. Some studies have investigated the
in�uence of the reductive treatment on structural properties
of Pt/TiO2, with their catalytic activity for formaldehyde
oxidation [123]. It is claimed that the enhanced catalytic
performance is re�ected by a uniform dispersion of Pt
nanoparticles and the interaction between Pt and TiO2
[124]. �us, the application of Pt as a heterogeneous catalyst
becomes more encouraging, especially in electrochemical
and photoelectrochemical context [125, 126]. For example, H2
production could be signi	cantly improved by photocatalytic
water splitting over Pt/TiO2 nanosheets compared to native
Pt [126].

Several methods have applied in the preparation of Pt
nanoparticle deposited on TiO2 substrates included under-
potential deposition [127–129], hydrothermal treatment [130,
131], photoassisted reduction [132], and vacuum deposition
[133, 134]. Electrodeposition would be a straightforward
approach for the synthesis of Pt-supported TiO2, which is
highly required for the production of complex electrode
architectures in fuel cells [132–134]. �is in turn resulted in
the H2 evolution rate of 3 wt% Pt/TiO2, which was relatively
greater than that of 3 wt% Pt/Al2O3. Other studies found that
TiO2, as a supportmaterial, improves PtO2 reduction activity
by assisting mechanisms such as reactant surface di�usion
and O2 spillover [135–137]. Furthermore, Pt/TiO2 showed
similar performance to Pt/C in H2-fuel cell operated at 60∘C
and 0.8V (Figure 5) [136].

Certain studies on the e�ect of particle size indicated that
amorphous TiO2 could powerfully suppress the O2 reduction
reaction activity of supported Pt at smaller sizes [138–140].
For example, a series of Pt/TiO2 heterogeneous catalyst with
various Pt particle sizes was prepared and tested for low
temperature CO oxidation [139]. �e result indicated that
the Pt/TiO2 heterogeneous catalyst that resulted in superior
activity at the weight percent of Pt in Pt/TiO2 heterogeneous
catalyst was 5.0%, with the complete conversion temperature
being 120∘C [141–143].

3.2. TiO2: As Support in Metal Oxide Heterogeneous Catalysis.
Metal oxides signify one of the important and broadly used
categories of heterogeneous catalysts. Metal oxides are uti-
lized for both their redox and their acid-base properties and
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Figure 5: Proposed mechanism for the photochemical generation
of dOH radicals on a Pt/TiO2 catalyst in the coexistence of H2 and
O2 [136].

constitute the main family of catalyst in the heterogeneous
category. Furthermore, certainmetal salts and organometallic
compounds using a heterogeneous catalyst precursor have
the tendency to be decomposed via exposure to light irradia-
tion. Some reports show that, as the oxide-containing catalyst
under light irradiation analysis needs great care, considerable
damage is possible even at low irradiation dose. For catalytic
applications, metal oxides have also been employed for
various applications such as gas sensor, the photocatalyst thin
	lm, and fuel cells. TiO2 is o
en used tomodify the supported
metal oxide heterogeneous catalyst due to properties such
as reducible surface and possible electron transfer via the
spontaneous alignment of the Fermi levels.

3.2.1. CuO/TiO2 Heterogeneous Catalyst. It has been reported
that copper oxide (CuO) heterogeneous catalyst is highly
active for CO oxidation and lower in cost compared to
other noble metal heterogeneous catalysts [144–147]. CuO
has additional advantages, such as a high thermal stability and
the fact that it is economical [145–149]. �e highest activities
of CuO heterogeneous catalyst are attributed to the synergy
between the Cu species and the support, especially in the case
of TiO2 as support material. For example, the increment of
activity for CO oxidation over the CuO/TiO2 heterogeneous
catalyst is attributed to the sites for CO chemisorption that
is responsible for O2 activation [150, 151]. Furthermore,
since CO oxidation over the supported metal heterogeneous
catalyst takes place at the metal support interface, TiO2, as
reducible oxide, could provide the intrinsic activity to the
entire reaction [149]. �erefore, only a small amount of CuO
is loaded onto TiO2 and in�uence of TiO2 crystalline phase,
which are indicative of the fact that the support system has
higher e�ciency and selectivity than the CO oxidation being
examined [152].

On the other hand, CuO/TiO2 heterogeneous catalyst is
also found suitable for NO reductions [150]. Rutile TiO2 is
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the most stable phase compared to anatase and brookite, and
Cu-based heterogeneous catalysts show promising activity
towards NO reduction [151]. �erefore, it is necessary and
important to further approach the change of heteroge-
neous catalyst surface with plasma-assisted processing. NO
reduction by CO reaction was comparatively studied over
microwave plasma pretreated CuO/TiO2 heterogeneous cat-
alysts employing transmission electron microscopy, H2 tem-
perature programmed reduction, and in situ Fourier trans-
form infrared spectroscopy [152–154].�eCuO/TiO2 hetero-
geneous catalytic performances indicated that a remarkable
improvement in activity and selectivity was achieved a
er
microwave plasma pretreatment, which depends on the
microwave plasma pretreatment time [153]. �e results also
suggested that high active oxygen species are formed on
the surface of plasma pretreated CuO/TiO2 heterogeneous
catalysts, which led to the easy oxidation of NO to NO2
at low temperatures even without the introduction of any
additional O2 gas.�erefore, these high active oxygen species
should play an important role in the exaltation of the catalytic
performances of theCuO/TiO2 heterogeneous catalysts [155].
It is found that CuO supported on the anatase phase of
TiO2-support calcined at 400

∘Cdemonstrated better catalytic
activity than those supported on TiO2 calcined at 500 or
700∘C. Among all of the investigated heterogeneous catalysts
with CuO loading from 2% to 12%, the CuO/TiO2 heteroge-
neous catalyst with 8wt% CuO loading exhibited the highest
catalytic activity [156].�e optimum calcination temperature
of the CuO/TiO2 heterogeneous catalysts was recorded at
300∘C.

CuO/TiO2 is also known as a promising heterogeneous

catalyst in the photocatalytic applications. Whilst it is widely
recognized that CuO facilitates charge separation and acts
as a H2O reduction site, conjecture still exists as to the
exact nature of the dispersed CuO, speci	cally on TiO2 and
the optimum CuO loading for e�cient H2 production [157,
158]. �e surface chemistry of the CuO/TiO2 heterogeneous
catalyst is the subject of a number of investigations to
explain the excellent activity of the photocatalysts. It is
generally recognized that CuO exists in several di�erent
forms on TiO2, with the speci	cation depending on the
CuO content and catalyst pretreatment conditions [159].
Experimental evidence suggested that, at low CuO loadings,

Cu2+ is highly dispersed on TiO2 as a surface complex or
CuO monolayer. �is, in turn, can easily reduce the CO
or H2 at low temperatures [150]. For example, CuO/TiO2
photocatalyst is very active in the reduction of water under
sacri	cial conditions (95 vol.% H2O, 5 vol.% CH3OH) and
UV excitation, with the optimal CuO loading of 5 to 10wt%
of the heterogeneous catalyst system [153]. �e high catalytic
activity caused photo-citation of electrons in the conduction
bands of both CuO and TiO2, followed by the migration
of the conduction band electrons in TiO2 into the conduc-
tion band of CuO heterogeneous catalyst [155, 156]. �e
accumulation of excess electrons in the conduction band of
CuO caused a negative shi
 in the Fermi level of CuO to
give the required overvoltage necessary for H2O reduction
[154]. However, once the CuO loading exceeds the dispersion

capacity, nanocrystalline of the CuO begins to form. CuO
is itself inactive for H2 production from water or alcohol-
water mixtures under UV or visible irradiation, since the
conduction band of CuO is more positive than the H2O/H2
redox potential [160–162]. Accordingly, the onset of the CuO
nanoparticle formation should coincide with a decrease in
the photocatalytic activity of CuO/TiO2 photocatalysts forH2
production, as the presence of inert CuO nanoparticles will
reduce the number of surface sites on TiO2 available for pho-
toreactions [161, 162]. Experimental evidence to support this
hypothesis is currently lacking, which motivates the present
investigation.

CuO/TiO2 heterogeneous catalyst could be synthesized
by a deposition-precipitation method. For example, CuO
has been deposited on TiO2 nanotubes with Cu/Ti atom
ratio of 10 and then evaluated by H2 generation activity in
methanol H2O mixtures under UV excitation. It is reported
that the optimal CuO loading is around 1.3 wt%, giving the

H2 production rate of 2061�mol g−1 h−1 [161]. Meanwhile,
the CuO/TiO2 heterogeneous catalyst prepared by a complex
precipitation method indicates the highest H2 production
observed in 10wt% of the CuO loading [162]. Another study
evaluated the performance of 2.5 wt% CuO-TiO2 photocat-
alyst for H2 production from methanol and found that 27–

29% of H2 evolution at rate of 1350 �mol g−1 h−1 is produced
for ethanol-H2O mixture of 900–1000 g−1 h−1 [158, 159]. It
was recorded that 1 wt% CuO/TiO2 photocatalyst is active
for H2O splitting under visible light in the presence of
triethanolamine.

3.2.2. V2O5/TiO2Heterogeneous Catalyst. Initially, vanadium
oxide (V2O5) supported TiO2 heterogeneous catalyst was
applied for the o-xylene oxidation to phthalic anhydride
reaction. �en, the potential of V2O5/TiO2 was recorded in
the pollution abatement of NO with NH3 process [163, 164].
�us, V2O5/TiO2 is one of the most e�cient catalysts in
the oxidative dehydrogenation of propane, with only a few
byproducts [165]. A stable deposit of TiO2 in V2O5/TiO2 het-
erogeneous catalyst system was established with dip coating
of V2O5 in an aqueous suspension of titanium isopropoxide
[166, 167].

Furthermore, V2O5/TiO2 heterogeneous catalyst found
another promising application in the dehydrogenation of
alkanes and selective oxidation of alcohols/alkanes [168].
In this respect, the activity and product distribution of
the heterogeneous catalyst for methanol oxidation strongly
depend on its surface acidity and redox ability, and this can
be regulated through proper modi	cations [169].�e hetero-
geneous catalyst of V2O5 supported on TiO2 exhibited high
conversion of methanol and selectivity of dimethylmethane
for the oxidation of methanol under mild conditions [170].
�e catalytic oxidation of V2O5/TiO2 heterogeneous catalyst
was investigated for 1,2-dichlorobenzene [171], and it was
surmised that the catalytic oxidation of 1,2-dichlorobenzene
on chemical vapor condensation which prepared V2O5/TiO2
heterogeneous catalyst demonstrated excellent performance
at lower temperatures [171]. �e surface structure of TiO2
allows the development of the Lewis acidity, as well as redox
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properties. Consequently, redox properties TiO2 modi	ed
by the presence of V2O5 lead to an electronic interaction
between this support and V2O5 species [169]. V2O5 loading
is a key point for the activity, and it has been suggested
that a single redox surface site participates in the kinetically
signi	cant steps, with the formation of crystallineV2O5 being
detrimental to oxidation activity [168, 172].

�e e�ect on surface acidity and redox ability of
V2O5/TiO2 is also found to be interesting for the selective cat-
alytic reduction byNH3.�e proposedmechanism suggested
that NH3 is activated and reacts from a strongly adsorbed
state with gaseous or weakly adsorbed NO [173–175]. It is
believed that reliable structure-activity relationship is based
on the understanding of the V2O5/TiO2 heterogeneous cat-
alyst molecular structure under operating conditions [174].
�us, a dual-site mechanism involving a surface V2O5 redox
site and an adjacent nonreducible site appears to be more
favorable. Furthermore, the reported in�uence of speci	c
oxide supports, along with the observed stability of terminal

V=18O bonds during NH3 reaction, suggests that the V–O-
support bond is involved in the rate-determining step [167–
169]. Similarly, the NH3 action of transition for V2O5/TiO2
heterogeneous catalyst correlates well with the extent of
interactions between the active phase and the support [172].
�e Raman studies of V2O5/TiO2 heterogeneous catalyst
revealed that the presence of multiple structures of surface
V2O5 species on TiO2, including monomeric and polymeric
V2O5 species at submonolayer coverage [175, 176]. �erefore,
Raman studies of V2O5/TiO2 heterogeneous catalysts under
SCR or reducing (NH3) conditions are scarce.

�e in�uence on preparation procedure towards surface
of V2O5 state plays an important role in selective catalytic
reduction. Some studies have investigated the surface ofV2O5
prepared by incipient wetness impregnation, with TiO2 being
a support, and found that both isolated and polymeric surface
V2O5 species existed with medium VO surface coverage
[177–179]. �is is supported by other studies mentioning
that polymeric V2O5 species demonstrated greater catalytic
activity than monomeric V2O5 [178]. �is is due to the
greater mobility of lattice O2 atoms resultant experience
faster reduction and reoxidation by gaseous O2 [179, 180].
Furthermore, the redox properties of V2O5 are modi	ed by
the incorporation of TiO2, leading to an electronic interaction
between TiO2 and V2O5. �ere are some reports discussing
the fact that the addition of molybdenum oxides (MoO2)
species to V2O5/TiO2 heterogeneous catalyst causes dramatic
changes in the 1,2-dichlorobenzene oxidation, most impor-
tantly, by improving the catalytic activity [181, 182].

3.2.3. MnO/TiO2 Heterogeneous Catalyst. Manganese oxides
(MnO), containing several types of labile oxygen, which are
necessary to complete the catalytic cycle, have relatively high
activity, but their optimal temperature (above 150∘C) is still
high [183–185]. For example, the activity and selectivity of
pure MnO on NO conversion reached 90% selectivity [184].
To enhance the catalytic activity, MnO are usually supported
on TiO2 as a carrier. In this regard, the dispersion of theMnO
towards TiO2 support had an important in�uence on the

reaction, since crystalline MnO contributed little to activity
[186, 187].�is, in turn, possesses profound surface acid-base
properties and provides high surface area, strong mechanical
strength, and high thermal stability [188].

Existing research on supported MnO to TiO2 heteroge-
neous catalyst for NO oxidation demonstrated high catalytic
activity [189–192]. For example, a series of MnO/TiO2 het-
erogeneous catalyst prepared by the deposition-precipitation
method and the sample with the Mn/Ti ratio of 0.3 showed
a superior activity for NO catalytic oxidation to NO2
[188]. �erefore, the maximum NO conversion over the
MnO/TiO2 heterogeneous catalyst could reach 89% in 250∘C
[189]. Indeed, MnO/TiO2 heterogeneous catalyst showed an
interesting development as a highly active heterogeneous
catalyst with low pollution for the low temperature NO
conversion process [190]. Meanwhile, some studies reported
on MnO/TiO2 heterogeneous catalyst being prepared by
sol-gel, impregnation, and coprecipitation methods for low-
temperature selective catalytic reduction of NO with NH3
[191, 192]. Strong interaction, high concentration of hydroxyl
groups, large surface area, and high concentration of amor-
phous Mn on the surface might be the main reasons for the
excellent performance of the catalysts [191].

It was documented that the crystal phase of the TiO2
in�uences catalysts’ activity [193–197]. �erefore, some stud-
ies on the e�ect of the crystalline phase of TiO2 towards
the catalytic performance of MnO/TiO2 heterogeneous cat-
alyst were carried out in [194], and it was discovered that
compared to anatase and rutile anatase+rutile resulted in
better dispersion of MnO on the support surface, suppressed
the agglomeration of catalyst particles, and produced more
Mn2O3, which is more active for the oxidation of NO [195,
196]. In addition, anatase+rutile enhanced the reduction of
MnO, especially for Mn2O3, and the formation of easily

desorbed O2− generated from the Mn3+–O bond [197].

3.2.4. RuO2/TiO2 Heterogeneous Catalyst. Ruthenium oxide
supported TiO2 (RuO2/TiO2) heterogeneous catalyst found
an attraction in the oxidation process [198, 199]. Generally,
RuO2/TiO2 heterogeneous catalysts are prepared by the
impregnation of Ru salt, followed by calcination, with limited
control on the properties of the RuO2 species formation
[199]. Furthermore, a recent development of green method
to prepare calibrated RuO2 nanoparticles has been developed
and analyzed. It is expected that, for this kind of preparation
method, the RuO2/TiO2 heterogeneous catalyst exhibits out-
standing oxidation activity [200].

3.3. TiO2: As Support in Bimetallic Heterogeneous Catalysis.
In this area, the availability, a�ordability, and lack of toxicity
of TiO2 as a robust solid with outstanding photochemical
stability make it an attractive support for the bimetallic
heterogeneous catalyst. TiO2 is used for its well-known ability
to interact with bimetallic through the formation of Ti3+

ions. Generally, any electronic conductivity of TiO2 is due to
the presence of Ti3+ ions. �ere are two ways to create Ti3+

ions in the TiO2 structure. �e formation of Ti3+ ions either
through the O2 vacancy creation or through shear planes
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by introducing appropriate donor dopants. It is well known
that strong bimetallic support interaction occurred as the
bimetallic catalyst was reduced by H2. �e H2 reduction over
TiO2 supported bimetallic catalyst generates O2 vacancies in
the form of coordinate unsaturated cations in the vicinity of
active bimetallic, which in the end results in changes in the
catalytic activity and stability.

3.3.1. PdNi/TiO2 Heterogeneous Catalyst. Spherical TiO2
nanoparticles were used to synthesize the PdNi-supported
TiO2 electrocatalyst for methanol oxidation [201]. It was
found that the electrocatalytic activity of PdNi/TiO2 catalyst
is much more promising, better than the antipoisoning capa-
bility, and comparatively favorable as compared to commer-
cial 31 PtRu-supported carbon [201].�emethanol oxidation
mechanism of the PdNi/TiO2 heterogeneous catalyst mainly
results from the high catalytic activity of the hybrid system
without UV light illumination.�erefore, PdNi/TiO2 catalyst
might become a promising candidate for a direct-methanol
fuel cell.

3.3.2. AuCu/TiO2 Heterogeneous Catalyst. �e AuCu/TiO2
heterogeneous catalyst was studied for several other reac-
tions, including water, gas shi
, and total oxidation of
methane, ethane, propane, and epoxidation of propane. �e
incorporation ofAu intoCu complements each other in terms
of electronic properties, O2 mobility, and surface stability
[202, 203]. �e interaction of Au and Cu in AuCu/TiO2
bimetallic heterogeneous catalyst was analyzed for methanol
oxidation, and it was found that the catalytic activity and
selectivity of the bimetallic heterogeneous catalyst system are
greater than the one with the monolithic catalyst [202].

3.3.3. CoMn/TiO2 Heterogeneous Catalyst. A series of
CoMn/TiO2 heterogeneous catalysts, with a composition
range of 2–12wt% containing 25% Co and 75% Mn, have
been prepared by the coimpregnation method [204–206].
�e produced CoMn/TiO2 heterogeneous catalyst was tested
in Fischer-Tropsch synthesis for the production of C2–C4
ole	ns [205], and it was discovered that the heterogeneous
catalyst containing 8wt% (CoMn)/TiO2 is the optimal
formulation for the production of C2–C4 ole	ns. It should
also be pointed out that the operating conditions, such as
the H2/CO molar feed ratio, temperature, Gas Hourly Space
Velocity, and total reaction pressure a�ect the heterogeneous
catalytic performance of an optimal catalyst [204].

4. Applications of TiO2 Supported
Heterogeneous Catalysis

4.1. Environmental Security: Photocatalysis. Recently, TiO2-
supported semiconductor is extensively used to mineralize
toxic and nonbiodegradable environmental pollutants due
to its high e�ectiveness, long-term photostability, and non-
toxicity [66, 76]. �is is also attributed to the limitation of
most semiconductors, such as low quantum e�ciency, small
speci	c surface area, and low adsorption ability. �is in turn
limits the e�ciency of the photocatalyst. On the other hand,

both costly and di�cult separation of reaction media and
the inadequacy for continuous processing are some of the
restrictive factors [110]. As a result, a number of studies have
focused on the immobilization of semiconductor materials
onto porous TiO2 nanoparticles [156]. �is is believed to not
only promote photocatalytic reactions by o�eringmore active
sites but also allow the recycling and reuse of semiconductor
as a heterogeneous catalyst. Some data also reported that
porous TiO2 nanoparticle has shown some advantages in the
preparation of highly supported catalysts due to its special
physicochemical properties, including high adsorption capa-
bilities [66].

Indeed, it is well known that TiO2, with its crystal-
lographic forms, small particle size, and highly porous
structure, greatly in�uence the photocatalytic performance
of composite materials [76]. Among metal oxides suitable
for photocatalytic processes, TiO2 is the most widely used,
due to both its high photocatalytic activity and its chemi-
cal/photocorrosion stability in the reaction conditions. TiO2
has increased the photoactivities, due to the photoinduced
electron-hole pairs on its surface that can be harvested
to increase electron transfer and chemical reactivity. �e
semiconductor nature of TiO2 has made it possible for the
utilization of UV-Visible radiation to harvest the conduction
band electrons that are subsequently used to reduce metallic
ions onto TiO2’s surface [66, 156].�erefore, the immobiliza-
tion of semiconductor on a TiO2 nanoparticle can exhibit a
higher photodecomposition of organic and inorganic pollu-
tant compared to nonsupported semiconductors [110].

4.2. Chemical Reaction/Conversion. As a versatilemetal/met-
al oxide supported TiO2 heterogeneous catalyst, it is broadly
studied in a variety of mild oxidation reactions, such as
ethane to acetic acid, ethanol to acetaldehyde, and oxida-
tive dehydrogenation of propane to propylene [8, 9, 16].
For example, various TiO2 supported catalysts, including
Au/TiO2, Pd/TiO2, Co/TiO2, and Pt/TiO2, have recently been
developed for frequent industrial applications, including the
hydrosulfurization of hydrocarbon oils, the epoxidation of
propane, and the selective catalytic reduction of NO [36,
43, 46–48]. However, since these aforementioned reactions
are powerfully exothermic, it is important to avoid the hot
spots that are responsible for structural damages and early
deactivation of heterogeneous catalyst [53, 56–59]. Generally,
the presence of hot spot leading from products productions
included CO2, especially in oxidation reaction [60]. As an
alternative, recent studies focused on the 3D structure of
metal/metal oxide supported TiO2 with an open structure
[63].�eopen structure ofmetal/metal oxide supportedTiO2
catalyst favor e�cient heat and mass transfers between the
gaseous reactants, the catalytic active phase, and the wall of
the chemical reactors.

Furthermore, metal oxide supported TiO2 heterogeneous
catalysts are commonly used in several industrial important
reactions, including selective reduction of NO by NH3 [109,
121]. It should be pointed out thatmetal oxide supported TiO2
heterogeneous catalyst demonstrated excellent performance
in slurry reactions [123, 128]. Indeed, TiO2, utilized as support
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Figure 6: Surface functionalized TiO2 supported Pd catalysts for solvent-free selective oxidation of benzyl alcohol [207].

for metal oxide, attracts considerable interest due to its
favorable properties of low pressure drop, thermal shock
resistance, chemical durability, low manufacturing cost, and
high structural strengths [134–136, 160].

4.2.1. Small Molecules Transformation. Recently, heteroge-
neous catalyst supported TiO2 for small molecules trans-
formation has received considerable attention because of its
simplicity and the advantages, over most other methods of
preparing highly pure mixed oxides and a variety of other
materials [13]. �is included sul	des and phosphates, which
are obtained under very similar experimental conditions.�e
preparation of metal particles with TiO2 supported catalyst is
commonly applied because of its mild reducing performance
which has a chelating e�ect, which avoids agglomeration of
particles during preparation [57]. �e synthesis of mono-
or polymetal particles of Co, Ni, Cu, and noble metals in
submicrometer and -nanometer size range has been reported
and the materials obtained by catalyzed supported of TiO2
show homogenous phase composition, narrow particle dis-
tribution, and high speci	c surface area [203]. For exam-
ple, polyol-mediated preparation of nanoscale oxides can
carry out by dissolving a suitable metal precursor (acetate,
alcoholate, and halogenide) in diethylene glycol or other

polyalcohol with assisted of heterogeneous catalyst supported
TiO2. During this step, the surface of growing particles will
be immediately complexed by TiO2 as a catalyst support
material, which limit grain growth [49].

Heterogeneous catalyst supported TiO2 also applied for
the nitrate to nitrite reduction with bimetallic catalyst. It is
expected that H2 molecules produced through the reaction
and adsorbed on noble metal subsequently reduces nitrite to
harmless N2 gas [207]. A wide range of metal pairs included
Au-Pd, Sn-Pd, Ni-Rh, Rh-Cu, and Pd-Cu supported on TiO2
were extensively studied to maximize the e�ciency of nitrate
reduction to N2 gas. In advances, some studies focus on
the e�ect of pH and zwitterionic bu�er on catalytic nitrate
reduction by Cu-Pd supported TiO2 and found that the
nitrate reduction decreased from 100% to 72% as suspension
of pH increased from 6 to 10 of which range was kept by
zwitterionic bu�ers [207] (Figure 6).

4.2.2. Organic Synthesis. It also revealed that Pd catalyst sup-
ported TiO2 could be functionalized with various amounts
of 3-aminopropyltriethoxysilane via a post synthesis gra
ing
method combinedwith electroless deposition of Pd [108].�e
supported catalyst system gave promising catalytic properties
in the solvent-free selective oxidative of benzyl alcohol. It



�e Scienti	c World Journal 13

Dibenzothiophene

Fe-TiO2 Fe-TiO2

Peracetic acid

Iron oxide (III)

Titanium

Iron

Oxygen

Sulfur

Carbon

Hydrogen

Acetic acid

Dibenzofulfone

Δ

Figure 7: Oxidative removal of dibenzothiophene in a biphasic system using sol-gel Fe/TiO2 catalysts and H2O2 promoted with acetic acid
[208].

correlated well with the highest amount of Pd distribution
(with particle size of 3.4 nm) with the 1% of Pd-supported
TiO2. Increasing of surface basicity via the hydrolysis of NH2
suggested enhancing the dehydrogenation of benzyl alcohol
and, as a consequence, the selectivity towards benzaldehyde
[109–111]. In addition, the presence of TiO2 support gave high
catalytic activity in benzyl alcohol oxidation, emphasizing
that the reduction of PdOx species by the adsorbed benzyl
alcohol is an essential step to form highly active metallic PdO
sites [112].

4.2.3. Organic Reactions. Another important application of
heterogeneous catalyst supported TiO2 derived from the
Fisher-Tropsch synthesis, which can convert various carbon
sources (coal, natural gas, and biomass) into long chain
hydrocarbon via syngas [103]. It is a promising way to
produce environmentally benign fuels with no sulfur and
nitrogen compounds [116]. In this case, certain transition
metals supported with TiO2 have frequently applied as
catalyst. Among them,Co/TiO2 is considered as the preferred
catalyst due to its high selectivity for long chain linear
para�n, high resistance toward deactivation by water, and
low activity for the competitive water gas shi
 reaction [25].
Several studies indicated that activity of Co catalyst depended
on the number of exposed metal sites [90, 93, 95, 96].
�erefore, the Co/TiO2 catalyst system may increase the
dispersion of active Co metal species. Meanwhile, TiO2 is
suitable for the practical application due to the low cost,
safety, and the chemical stability. Furthermore, it is reported
that the strength of Co support interaction of Co/TiO2 was
in the middle of those on Co/SiO2 and Co/Al2O3 [99, 100].
It found that the activity of the Co/TiO2 catalyst for Fischer-
Tropsch synthesis largely depended on the crystal phase of
TiO2 support, the reduction degree of Co, and the surface
area of Co metal. Rutile TiO2 gives more optimum reduction

degree of Co with almost 60% as compared to the anatase
[204, 205].

Another interesting application of TiO2 supported cata-
lyst is the use of Fe/TiO2 in petroleum re	ning industries.
Several routes can apply the Fe/TiO2 catalyst system includ-
ing oxidation, adsorption, hydrodesulfurization, oxidative
desulfurization, and biodesulfurization for organosulfur
compounds removal from crude oil and re	ned petroleum
products [2, 59]. �is is due to the surface of Fe/TiO2
catalyst possess electron-hole pairs and free OH radicals
[92]. Highly reactive OH radicals can also be formed by
the reaction of the hole with OH–, which are able to
generate oxidizing radicals in the presence of peroxides and
may perform the oxidative desulfurization better due to
recombination reactions occurring via free radical mecha-
nisms [204]. Rather than that, the hydrophilic-hydrophobic
character of Fe/TiO2 facilitate dibenzothiophene oxidation as
a phase transfer catalyst. �e coordination of acetic acid and

peroxyacetic acid with Fe3+ and Ti4+ present at the Fe/TiO2
surface which in turn perform a superoxides its surface [208]
(Figure 7).

4.3. Electrochemical Applications. TiO2 is an interesting
material to evaluate as a heterogeneous catalyst support for
electrochemical applications, not only because of its high
stability cathode potentials in acidic and hydrous environ-
ment [19, 34], but also because of the recent reports intro-
ducing Ti-containing material into the electrodes [118, 142].
Substoichiometric Ti�O2�−2 has been studied and performs
well as a catalyst support in cathodes [90, 126]. It has
been reported that once metals are deposited on TiO2, it
indicates an increased electrochemically active area [139,
142]. �e incorporation of TiO2 into the cathode indicated
the improved methanol tolerance and its proton conductor
properties [111].
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5. Conclusion and Suggestions

TiO2 is a reducible metal oxide and strongly reacts with
noble metals compared to other metal oxides. For this
reason, TiO2 has attracted much attention for application
as heterogeneous catalyst support in many reactions. It is
inferred that catalyst support on TiO2 with di�erent struc-
tures might exhibit di�erent physicochemical properties and
catalytic activities. Generally, pure TiO2 possesses abysmal
electronic conductivity. It is proposed that substoichiomet-
ric TiO2 is prepared in order to improve its conductivity.
Although the electronic conductivity improved by utilizing
TiO2 as a heterogeneous catalyst support, the stability was
compromised a
er extensive polarization at high oxygen
electrode potentials. �erefore, another method that could
improve electronic conductivity is to dope TiO2 with n-type
dopants, including niobium (Nb) or tantalum (Ta). It has
been reported in literature that TiO2, with a/an rutile/anatase
structure doped Nb, had a signi	cantly greater electronic
conductivity compared to the native TiO2. �e presence of

Ti3+ species was observed, which was induced by the partial

replacement of Ti4+ by Nb5+. �erefore, in all cases, Nb
TiO2 is both electrochemically and thermally stable, which
can further promote explorations for heterogeneous catalyst
support.

Conflict of Interests

�e authors declare that all the written materials related to
the text, tables, and 	gures for paper of “TitaniumDioxide as
a Catalyst Support in Heterogeneous Catalysis” do not have
any con�ict of interests concerning the validity of research
and 	nancial gain.

Acknowledgments

�is work is 	nancially supported by University Malaya
Research Grant UMRG RP022-2012E and Fundamental
Research Grant Scheme (FRGS: FP049-2013B) by Universiti
Malaya and Ministry of High Education (MOE), Malaysia.

References

[1] F. Adam, J. N. Appaturi, and A. Iqbal, “�e utilization of rice
husk silica as a catalyst: review and recent progress,” Catalysis
Today, vol. 190, no. 1, pp. 2–14, 2012.

[2] C. Pellecchia, M.Mazzeo, andD. Pappalardo, “Isotactic-speci	c
polymerization of propenewith an iron-based catalyst: polymer
end groups and regiochemistry of propagation,”Macromolecu-
lar Rapid Communications, vol. 19, no. 12, pp. 651–655, 1998.

[3] K.-H. Lee, N.-S. Noh, D.-H. Shin, and Y. Seo, “Comparison
of plastic types for catalytic degradation of waste plastics into
liquid product with spent FCC catalyst,” Polymer Degradation
and Stability, vol. 78, no. 3, pp. 539–544, 2002.

[4] D. J. Pollard and J.M.Woodley, “Biocatalysis for pharmaceutical
intermediates: the future is now,” Trends in Biotechnology, vol.
25, no. 2, pp. 66–73, 2007.

[5] A. Daugherty, J. L. Dunn, D. L. Rateri, and J. W. Hei-
necke, “Myeloperoxidase, a catalyst for lipoprotein oxidation, is

expressed in human atherosclerotic lesions,” Journal of Clinical
Investigation, vol. 94, no. 1, pp. 437–444, 1994.

[6] M.W.Kanan andD.G.Nocera, “In situ formation of an oxygen-
evolving catalyst in neutral water containing phosphate and
Co2+,” Science, vol. 321, no. 5892, pp. 1072–1075, 2008.

[7] L. Hu, X. Yang, and S. Dang, “An easily recyclable Co/SBA-
15 catalyst: Heterogeneous activation of peroxymonosulfate
for the degradation of phenol in water,” Applied Catalysis B:
Environmental, vol. 102, no. 1-2, pp. 19–26, 2011.

[8] Y. Kazuya and M. Noritaka, “Supported ruthenium catalyst
for the heterogeneous oxidation of alcohols with molecular
oxygen,” Angewandte Chemie International Edition, vol. 41, no.
23, pp. 4538–4542, 2002.

[9] K. Mori, T. Hara, T. Mizugaki, K. Ebitani, and K. Kaneda,
“Hydroxyapatite-supported palladium nanoclusters: a highly
active heterogeneous catalyst for selective oxidation of alcohols
by use of molecular oxygen,” Journal of the American Chemical
Society, vol. 126, no. 34, pp. 10657–10666, 2004.

[10] K. T. Wan and M. E. Davis, “Design and synthesis of a
heterogeneous asymmetric catalyst,” Nature, vol. 370, no. 6489,
pp. 449–450, 1994.

[11] N. Shibasaki-Kitakawa, H. Honda, H. Kuribayashi, T. Toda,
T. Fukumura, and T. Yonemoto, “Biodiesel production using
anionic ion-exchange resin as heterogeneous catalyst,” Biore-
source Technology, vol. 98, no. 2, pp. 416–421, 2007.

[12] R. Liu, R. Jin, J. An, Q. Zhao, T. Cheng, and G. Liu, “Hollow-
shell-structured nanospheres: a recoverable heterogeneous cat-
alyst for rhodium-catalyzed tandem reduction/lactonization of
ethyl 2-acylarylcarboxylates to chiral phthalides,” Chemistry—
An Asian Journal, vol. 9, no. 5, pp. 1388–1394, 2014.

[13] Y. Leng, J. Liu, P. Jiang, and J. Wang, “Organometallic-
polyoxometalate hybrid based on V-Schi� base and phospho-
vanadomolybdate as a highly e�ective heterogenous catalyst for
hydroxylation of benzene,” Chemical Engineering Journal, vol.
239, pp. 1–7, 2014.

[14] P. Cong, R. D. Doolen, Q. Fan et al., “High-throughput syn-
thesis and screening of combinatorial heterogeneous catalyst
libraries,”Angewandte Chemie, vol. 38, no. 4, pp. 484–488, 1999.

[15] B. Uysal and B. S. Oksal, “New heterogeneous B(OEt)3-
MCM-41 catalyst for preparation of �,�-unsaturated alcohols,”
Research on Chemical Intermediates, 2013.

[16] K. Yamaguchi, C. Yoshida, S. Uchida, and N. Mizuno, “Per-
oxotungstate immobilized on ionic liquid-modi	ed silica as a
heterogeneous epoxidation catalyst with hydrogen peroxide,”
Journal of the AmericanChemical Society, vol. 127, no. 2, pp. 530–
531, 2005.

[17] J. M. Planeix, N. Coustel, B. Coq et al., “Application of carbon
nanotubes as supports in heterogeneous catalysis,” Journal
American Chemical Society, vol. 116, no. 17, pp. 7935–7936, 1994.

[18] P. D. Kent, J. E. Mondloch, and R. G. Finke, “A four-step
mechanism for the formation of supported-nanoparticle het-
erogenous catalysts in contact with solution: the conversion of
Ir(1,5-COD)Cl/�-Al2O3 to Ir(0)∼170/ �-Al2O3,” Journal of the
American Chemical Society, vol. 136, no. 5, pp. 1930–1941, 2014.

[19] A. Dobrzeniecka and P. J. Kulesza, “Electrocatalytic activity
toward oxygen reduction of RuSxN y catalysts supported on
di�erent nanostructured carbon carriers,” ECS Journal of Solid
State Science and Technology, vol. 2, no. 12, pp. M61–M66, 2013.

[20] D. Astruc, F. Lu, and J. R. Aranzaes, “Nanoparticles as recyclable
catalysts: the frontier between homogeneous and heteroge-
neous catalysis,” Angewandte Chemie—International Edition,
vol. 44, no. 48, pp. 7852–7872, 2005.



�e Scienti	c World Journal 15

[21] C. M. Crudden, M. Sateesh, and R. Lewis, “Mercaptopropyl-
modi	ed mesoporous silica: a remarkable support for the
preparation of a reusable, heterogeneous palladium catalyst for
coupling reactions,” Journal of the American Chemical Society,
vol. 127, no. 28, pp. 10045–10050, 2005.

[22] B. E. Solsona, J. K. Edwards, P. Landon et al., “Direct synthesis
of hydrogen peroxide from H2 and O2 using Al2O3 supported
Au-Pd catalysts,”Chemistry ofMaterials, vol. 18, no. 11, pp. 2689–
2695, 2006.

[23] A. Corma, M. Iglesias, C. del Pino, and F. Sánchez, “New
rhodium complexes anchored on modi	ed USY zeolites. A
remarkable e�ect of the support on the enantioselectivity of
catalytic hydrogenation of prochiral alkenes,” Journal of the
Chemical Society—Series Chemical Communications, no. 18, pp.
1253–1255, 1991.

[24] B. Kraeutler and A. J. Bard, “Heterogeneous photocatalytic
preparation of supported catalysts. Photodeposition of plat-
inum on TiO2 powder and other substrates,” Journal of the
American Chemical Society, vol. 100, no. 13, pp. 4317–4318, 1978.

[25] T. O. Eschemann, J. H. Bitter, and K. P. de Jong, “E�ects
of loading and synthesis method of titania-supported cobalt
catalysts for Fischer-Tropsch synthesis,” Catalysis Today, vol.
228, pp. 89–95, 2014.

[26] G. K. Mor, K. Shankar, M. Paulose, O. K. Varghese, and C. A.
Grimes, “Use of highly-ordered TiO2 nanotube arrays in dye-
sensitized solar cells,” Nano Letters, vol. 6, no. 2, pp. 215–218,
2006.

[27] A. D’Agata, S. Fasulo, L. J. Dallas et al., “Enhanced toxicity of
“bulk” titanium dioxide compared to “fresh” and “aged” nano-
TiO2 in marine mussels (Mytilus galloprovincialis),” Nanotoxi-
cology, vol. 8, no. 5, pp. 549–558, 2014.

[28] Y.-G. Guo, Y.-S. Hu, W. Sigle, and J. Maier, “Superior electrode
performance of nanostructured mesoporous TiO2 (Anatase)
through e�cient hierarchical mixed conducting networks,”
Advanced Materials, vol. 19, no. 16, pp. 2087–2091, 2007.

[29] J. Xu, K. Li,W. Shi, R. Li, and T. Peng, “Rice-like brookite titania
as an e�cient scattering layer for nanosized anatase titania 	lm-
based dye-sensitized solar cells,” Journal of Power Sources, vol.
260, pp. 233–242, 2014.

[30] M.-M. Chen, X. Sun, Z.-J. Qiao, Q.-Q. Ma, and C.-Y. Wang,
“Anatase-TiO2 nanocoating of Li4Ti5O12 nanorod anode for
lithium-ion batteries,” Journal of Alloys and Compounds, vol.
601, pp. 38–42, 2014.

[31] M. Fujimoto, H. Koyama, M. Konagai et al., “TiO2 anatase
nanolayer on TiN thin 	lm exhibiting high-speed bipolar
resistive switching,” Applied Physics Letters, vol. 89, no. 22,
Article ID 223509, 2006.

[32] D. Grosso, G. J. D. A. A. Soler-Illia, E. L. Crepaldi et al.,
“Highly Porous TiO2 Anatase Optical �in Films with Cubic
Mesostructure Stabilized at 700∘C,” Chemistry of Materials, vol.
15, no. 24, pp. 4562–4570, 2003.

[33] D. Ramimoghadam, S. Bagheri, and S. B. Abd Hamid, “Biotem-
plated synthesis of anatase titanium dioxide nanoparticles via
lignocellulosic waste material,” BioMed Research International,
vol. 2014, Article ID 205636, 7 pages, 2014.

[34] J.Wang, J. Polleux, J. Lim, and B. Dunn, “Pseudocapacitive con-
tributions to electrochemical energy storage in TiO2 (Anatase)
nanoparticles,” Journal of Physical Chemistry C, vol. 111, no. 40,
pp. 14925–14931, 2007.

[35] H. Kominami, J.-I. Kalo, Y. Takada et al., “Novel synthesis
of microcrystalline titanium(IV) oxide having high thermal

stability and ultra-high photocatalytic activity: thermal decom-
position of titanium(IV) alkoxide in organic solvents,”Catalysis
Letters, vol. 46, no. 1-2, pp. 235–240, 1997.

[36] S. Bagheri, K. Shameli, and S. B. Abd Hamid, “Synthesis
and characterization of anatase titanium dioxide nanoparticles
using egg white solution via Sol-Gel method,” Journal of
Chemistry, vol. 2013, Article ID 848205, 5 pages, 2013.

[37] R. Palcheva, L. Dimitrov, G. Tyuliev, A. Spojakina, and K. Jira-
tova, “TiO2 nanotubes supported NiW hydrodesulphurization
catalysts: characterization and activity,”Applied Surface Science,
vol. 265, pp. 309–316, 2013.

[38] G. Liang, L. He, H. Cheng et al., “�e hydrogenation/dehy-
drogenation activity of supported Ni catalysts and their e�ect
on hexitols selectivity in hydrolytic hydrogenation of cellulose,”
Journal of Catalysis, vol. 309, pp. 468–476, 2014.

[39] Q. Luo, M. Beller, and H. Jiao, “Formic acid dehydrogenation
on surfaces—a review of computational aspect,” Journal of
	eoretical and Computational Chemistry, vol. 12, no. 7, Article
ID 1330001, 2013.

[40] M. Nolan, “Modifying ceria (111) with a TiO2 nanocluster for
enhanced reactivity,” Journal of Chemical Physics, vol. 139, no.
18, Article ID 184710, 2013.

[41] L. Si, Z. Huang, K. Lv, D. Tang, and C. Yang, “Facile preparation
of Ti3+ self-doped TiO2 nanosheets with dominant 0 0 1
facets using zinc powder as reductant,” Journal of Alloys and
Compounds, vol. 601, pp. 88–93, 2014.

[42] N. M. Julkapli, S. Bagheri, and S. B. Abd Hamid, “Recent
advances in heterogeneous photocatalytic decolorization of
synthetic dyes,” 	e Scienti
c World Journal, vol. 2014, Article
ID 692307, 25 pages, 2014.

[43] X.-L. Sui, Z.-B. Wang, M. Yang, L. Huo, D.-M. Gu, and
G.-P. Yin, “Investigation on C-TiO2 nanotubes composite as
Pt catalyst support for methanol electrooxidation,” Journal of
Power Sources, vol. 255, pp. 43–51, 2014.

[44] G. R. Bamwenda, S. Tsubota, T.Nakamura, andM.Haruta, “�e
in�uence of the preparation methods on the catalytic activity
of platinum and gold supported on TiO2 for CO oxidation,”
Catalysis Letters, vol. 44, no. 1-2, pp. 83–87, 1997.

[45] S. J. Tauster, S. C. Fung, R. T. K. Baker, and J. A. Horsley,
“Strong interactions in supported-metal catalysts,” Science, vol.
211, article 4487, 1981.

[46] T. S. Kim, J. D. Stiehl, C. T. Reeves, R. J. Meyer, and C. B.
Mullins, “Cryogenic CO oxidation on TiO2-supported gold
nanoclusters precovered with atomic oxygen,” Journal of the
American Chemical Society, vol. 125, no. 8, pp. 2018–2019, 2003.

[47] L. Lietti, P. Forzatti, and F. Bregani, “Steady-state and tran-
sient reactivity study of TiO2-supported V2O5-WO3 De-NOx
catalysts: relevance of the vanadium-tungsten interaction on
the catalytic activity,” Industrial and Engineering Chemistry
Research, vol. 35, no. 11, pp. 3884–3892, 1996.

[48] S. D. Lin, M. Bollinger, and M. A. Vannice, “Low temperature
CO oxidation over Au/TiO2 and Au/SiO2 catalysts,” Catalysis
Letters, vol. 17, no. 3-4, pp. 245–262, 1993.

[49] J. M. Gallardo Amores, V. Sanchez Escribano, and G. Busca,
“Anatase crystal growth and phase transformation to rutile in
high-area TiO2, MoO3-TiO2 and other TiO2-supported oxide
catalytic systems,” Journal of Materials Chemistry, vol. 5, no. 8,
pp. 1245–1249, 1995.

[50] W. Yan, S. M. Mahurin, Z. Pan, S. H. Overbury, and S. Dai,
“Ultrastable Au nanocatalyst supported on surface-modi	ed
TiO2 nanocrystals,” Journal of the American Chemical Society,
vol. 127, no. 30, pp. 10480–10481, 2005.



16 �e Scienti	c World Journal

[51] X. Ren, H. Zhang, and Z. Cui, “Acetylene decomposition to
helical carbon nano	bers over supported copper catalysts,”
Materials Research Bulletin, vol. 42, no. 12, pp. 2202–2210, 2007.

[52] K.-W. Park and K.-S. Seol, “Nb-TiO2 supported Pt cathode
catalyst for polymer electrolyte membrane fuel cells,” Electro-
chemistry Communications, vol. 9, no. 9, pp. 2256–2260, 2007.

[53] W. Yan, B. Chen, S. M. Mahurin et al., “Preparation and com-
parison of supported gold nanocatalysts on anatase, brookite,
rutile, and P25 polymorphs of TiO2 for catalytic oxidation of
CO,” Journal of Physical Chemistry B, vol. 109, no. 21, pp. 10676–
10685, 2005.

[54] G. T. Went, L.-J. Leu, and A. T. Bell, “Quantitative struc-
tural analysis of dispersed vanadia species in TiO2(Anatase)-
supported V2O5,” Journal of Catalysis, vol. 134, no. 2, pp. 479–
491, 1992.

[55] M. S. P. Francisco and V. R. Mastelaro, “Inhibition of the
anatase-rutile phase transformation with addition of CeO2 to
CuO-TiO2 system: raman spectroscopy, X-ray di�raction, and
textural studies,” Chemistry of Materials, vol. 14, no. 6, pp. 2514–
2518, 2002.

[56] S. Carrettin, P. McMorn, P. Johnston, K. Gri�n, and G. J.
Hutchings, “Selective oxidation of glycerol to glyceric acid
using a gold catalyst in aqueous sodium hydroxide,” Chemical
Communications, no. 7, pp. 696–697, 2002.

[57] F. Porta, L. Prati, M. Rossi, S. Coluccia, and G. Martra, “Metal
sols as a useful tool for heterogeneous gold catalyst preparation:
Reinvestigation of a liquid phase oxidation,” Catalysis Today,
vol. 61, no. 1, pp. 165–172, 2000.

[58] W. Fang, J. Chen, Q. Zhang, W. Deng, and Y. Wang, “Hydrotal-
citesupported gold catalyst for the oxidant-free dehydrogena-
tion of benzyl alcohol: studies on support and gold size e�ects,”
Chemistry—A European Journal, vol. 17, no. 4, pp. 1247–1256,
2011.

[59] T. M. D. Dang, T. M. H. Nguyen, and H. P. Nguyen, “�e
preparation of nano-gold catalyst supported on iron doped
titanium oxide,” Advances in Natural Sciences: Nanoscience and
Nanotechnology, vol. 1, Article ID 025011, pp. 1–10, 2010.

[60] I. W. C. E. Arends and R. A. Sheldon, “Activities and stabilities
of heterogeneous catalysts in selective liquid phase oxidations:
recent developments,”Applied Catalysis A: General, vol. 212, no.
1-2, pp. 175–187, 2001.

[61] C. Oumahi, J. Lombard, S. Casale et al., “Heterogeneous
catalyst preparation in ionic liquids: titania supported gold
nanoparticles,” Catalysis Today, vol. 235, pp. 58–71, 2014.

[62] A. Ayati, A. Ahmadpour, F. F. Bamoharram, B. Tanhaei, M.
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“Gold nanoparticles supported on TiO2-Ni as catalysts for
hydrogen puri	cation via water-gas shi
 reaction,” RSC
Advances, vol. 4, no. 9, pp. 4308–4316, 2014.

[70] I. X. Green, W. Tang, M. Neurock, and J. T. Yates, “Insights
into catalytic oxidation at the Au/TiO2 dual perimeter sites,”
Accounts of Chemical Research, vol. 47, no. 3, pp. 805–815, 2014.

[71] L. Li, Y. Gao, H. Li et al., “CO oxidation on TiO2 (110) supported
subnanometer gold clusters: Size and shape e�ects,” Journal of
the American Chemical Society, vol. 135, no. 51, pp. 19336–19346,
2013.

[72] R. Nafria, P. Ramı́rez De La Piscina, N. Homs et al., “Embed-
ding catalytic nanoparticles inside mesoporous structures with
controlled porosity: Au@TiO2,” Journal of Materials Chemistry
A, vol. 1, no. 45, pp. 14170–14176, 2013.

[73] A. Corma and H. Garcia, “Supported gold nanoparticles as
catalysts for organic reactions,” Chemical Society Reviews, vol.
37, no. 9, pp. 2096–2126, 2008.

[74] S. C. Chan and M. A. Barteau, “Preparation of highly uniform
Ag/TiO2 and Au/TiO2 supported nanoparticle catalysts by
photodeposition,”Langmuir, vol. 21, no. 12, pp. 5588–5595, 2005.

[75] L. Liu, X. Gu, Y. Cao et al., “Crystal-plane e�ects on the catalytic
properties of Au/TiO2,” ACS Catalysis, vol. 3, no. 12, pp. 2768–
2775, 2013.

[76] S. Padikkaparambil, B. Narayanan, Z. Yaakob, S. Viswanathan,
and S. M. Tasirin, “Au/TiO2 reusable photocatalysts for dye
degradation,” International Journal of Photoenergy, vol. 2013,
Article ID 752605, 10 pages, 2013.

[77] M.-Y. Xing, B.-X. Yang, H. Yu et al., “Enhanced photocatalysis
by au nanoparticle loading on TiO2 single-crystal (001) and
(110) facets,” Journal of Physical Chemistry Letters, vol. 4, no. 22,
pp. 3910–3917, 2013.

[78] S. Arrii, F.Mor	n, A. J. Renouprez, and J. L. Rousset, “Oxidation
of CO on gold supported catalysts prepared by laser vaporiza-
tion: direct evidence of support contribution,” Journal of the
American Chemical Society, vol. 126, no. 4, pp. 1199–1205, 2004.

[79] P. Claus, A. Brückner, C. Mohr, and H. Hofmeister, “Supported
gold nanoparticles from quantum dot to mesoscopic size
scale: e�ect of electronic and structural properties on catalytic
hydrogenation of conjugated functional groups,” Journal of the
American Chemical Society, vol. 122, no. 46, pp. 11430–11439,
2000.

[80] H. Masatake, “Catalysis of gold nanoparticles deposited on
metal oxides,” CATTECH, vol. 6, no. 3, pp. 102–115, 2002.

[81] M.Haruta, “Gold as a novel catalyst in the 21st century: prepara-
tion, working mechanism and applications,” Gold Bulletin, vol.
37, no. 1-2, pp. 27–36, 2004.

[82] V. Subramanian, E. E. Wolf, and P. V. Kamat, “Catalysis with
TiO2/Gold Nanocomposites. E�ect ofMetal Particle Size on the



�e Scienti	c World Journal 17

Fermi Level Equilibration,” Journal of the American Chemical
Society, vol. 126, no. 15, pp. 4943–4950, 2004.

[83] R. Zanella, S. Giorgio, C. R. Henry, and C. Louis, “Alternative
methods for the preparation of gold nanoparticles supported on
TiO2,” Journal of Physical Chemistry B, vol. 106, no. 31, pp. 7634–
7642, 2002.

[84] A. Visikovskiy, K. Mitsuhara, and Y. Kido, “Role of gold
nanoclusters supported on TiO2(110) model catalyst in CO
oxidation reaction,” Journal of Vacuum Science and Technology
A Vacuum, Surfaces and Films, vol. 31, no. 6, Article ID 061404,
2013.

[85] M. Boronat, P. Concepción, A. Corma, S. González, F. Illas,
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[122] G. P. López, R. R. López, and T. Viveros, “Dehydrocyclization of
n-heptane over Pt catalysts supported on Al- and Si-promoted
TiO2,” Catalysis Today, vol. 220–222, pp. 61–65, 2014.

[123] B. Ruiz-Camacho,H.H. R. Santoyo, J.M.Medina-Flores, andO.
Álvarez-Mart́ınez, “Platinum deposited on TiO2-C and SnO2-
C composites for methanol oxidation and oxygen reduction,”
Electrochimica Acta, vol. 120, pp. 344–349, 2014.
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