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Abstract: The environmental pollution is considered as one of the important issues today. One
of the simple and effective methods for solving the problem of water pollution from industrial
wastewater is from the photodegradation process. In the photocatalyst field, nanoparticles are
one of the most promising candidates for technological applications. By far, mesoporous
graphene with three-dimensional architectures has garnered increased attention recently from
the fields of environmental research, sensors and biology. Mesoporous titanium dioxide has
played a much larger role in this scenario compared to other semiconductor photocatalysts
due to its cost effectiveness, inert nature and photostability. Silicate mesoporous materials have
received widespread interest because of their potential applications as supports for catalysis,
separation, selective adsorption, novel functional materials, and use as hosts to confine guest
molecules, due to their extremely high surface areas combined with large and uniform pore
sizes. Over time a constant demand has developed for larger pores with well-defined pore
structures. The structure, composition, and pore size of these materials can be tailored during
synthesis by variation of the reactant stoichiometry, the nature of the surfactant molecule, the
auxiliary chemicals, the reaction conditions, or by post synthesis functionalization techniques.
This review focuses mainly on a concise overview of mesoporous materials together with their
applications as photocatalysts.
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1. Introduction

Porous carbon materials are of interest in many applications because of their high surface
area and physicochemical properties. Conventional syntheses can only produce randomly
porous materials, with little control over the pore-size distributions, let alone
mesostructures. Recent breakthroughs in the preparation of other porous materials have
resulted in the development of methods for the preparation of mesoporous carbon materials
with extremely high surface areas and ordered mesostructures, with potential applications
as catalysts, separation media, and advanced electronic materials in many scientific
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disciplines. Current syntheses can be categorized as either hard template or soft-template
methods.

Due to their unique electrical and mechanical properties, carbon materials have been
employed as efficient catalyst supports in fuel cells to reduce the loading of catalysts
while still render better catalytic activity, durability, and conductivity [1-3]. Reduced
graphene oxide, carbon nanotubes, and mesoporous carbons have all been used as supports
for cobalt oxides to catalyze ORR with better performance [4-7]. Graphene, a single-atom-
thick carbon nanosheet, possesses large specific area, strong mechanical strength, as well
as high electroconductivity and corrosion-resistance. These properties make it a promising
material as catalyst support. However, the lack of highly reactive edge sites in graphene
and the tendency of stacking together are detrimental to the catalysts coating and reactants
diffusion [8]. Functional groups on graphene (which is properly oxidized) could be
beneficial for the nucleation and anchoring of nanocrystals on the sheets to achieve covalent
attachments but may otherwise lower the electroconductivity and put a limit on the
catalytic efficiency of the hybrid materials [9-11].

Titania is a naturally occurring oxide known as titanium dioxide or titanium(IV)
oxide with a chemical formula of TiO,. Titania is well-known as one of the members of
the family of transition metal oxide and the electronic configuration for the titanium
metal is denoted as [Ar] 452 3d2. The metal oxide is intensely studied worldwide due to
its interesting electrochemical properties, low cost, chemical stability, non-toxicity,
resistance to photo-induced reaction and also commonly used in a various industrial
application [12-17]. For instance, it can be used in the formulation of sunscreen, plastic,
paper, toothpaste, foodstuffs and also as a white pigment in paints. Generally, minerals
of titania can be found in one of the three crystalline form: anatase (tetragonal), rutile
(tetragonal) or brookite (orthorhombic) [18]. Early breakthrough discovery, titania can
be found coming from diversity of environmentally occurring ores which comprise of
ilmenite, rutile, anatase along with leucoxene, where they are mined from sediments all
over the world. For the record, majority of titania pigment in industry can be
manufactured from titanium mineral ores by the so-called chloride or sulfate process,
either as anatase or rutile form. The main titanium white-colored (use with regard to
coloration pigments) nanoparticles are typically between 200 and 300 nm in diameter,
even though there is some agglomeration formed. Titania also widely used in catalytic
reaction acting as a promoter, a transporter for metals and metal oxides, an additive, or
as a catalyst [19-21].

Mesoporous silica materials have been developed for some applications in the health
field [22]. These solids are used for the controlled release of bioactive molecules, as catalysts
in the synthesis of essential nutrients, as sensors to detect unhealthy products etc., with
many applications in food technologies. By combining mesoporous silica materials with
food, we can create healthier products, the products that improve our quality of life. The
development of mesoporous materials applied to food could result in protecting bioactive
molecules during their passage though the digestive system. For this reason, the controlled
release of bioactive molecules is a very interesting topic for the discipline of food
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technology. The use of mesoporous silica supports as catalysts in the synthesis of nutrients
and as sensors for the detection of unhealthy products.

The development of graphene-based composites provides an important milestone to
improve the application performance of metal oxide nanomaterials in different fields such
as energy harvesting, conversion and storage devices, photovoltaic devices, photocatalysis,
etc., because the hybrids have versatile and tailor-made properties with performances
superior to those of the individual oxide nanomaterials [23-27]. Considerable efforts of
decorating graphene with metal oxides NPs have recently been reported. To date, various
kinds of metal oxides have been synthesized and supported on graphene, which include
TiO,, ZnO, SnO,, MnO,, Co,0,, Fe,O,, Fe,O,, NiO, Cu,0, etc. [28-30]. To this end, many
excellent studies have been published on the anchoring of the photocatalyst particles onto
supports that are readily removable. As a response, several workers have coated
photocatalysts onto a variety of surfaces, such as glass, silica gel, metal, ceramics, polymer,
thin films, fibres, zeolite, alumina clays, activated carbon, cellulose, reactor walls and
others [31-37].

2. Mesoporous Graphene

2.1. Porous carbon materials and mesoporous graphene

Porous carbon materials are ubiquitous and indispensable in many modern-day scientific
applications. They are used extensively as electrode materials for batteries, fuel cells,
and supercapacitors, as sorbents for separation processes and gas storage, and as supports
for many important catalytic processes. Their use in such diverse applications is directly
related not only to their superior physical and chemical properties, such as electric
conductivity, thermal conductivity, chemical stability, and low density, but also to their
wide availability. Many advances have been made in carbon technology in recent years,
both through continued improvement of existing fabrication methods and through the
development and introduction of new synthetic techniques. Conventional porous carbon
materials, such as activated carbon and carbon molecular sieves, are synthesized by
pyrolysis and physical or chemical activation of organic precursors, such as coal,
wood, fruit shell, or polymers, at elevated temperatures. These carbon materials normally
have relatively broad pore-size distributions in both micropore and mesopore ranges
[38-41].

Graphene with three-dimensional architectures has garnered increased attention
recently from the fields of environmental research, sensors and biology [42-44].
Nanoporous graphene foams with controlled pore sizes at nanoscales were firstly prepared
by Zhao et al. [45]. Such 3D structures not only prevent graphene sheets from restacking
but also provide graphene materials with a high specific surface area, an interconnected
conductive network and a specific microenviroment due to the combination of a porous
structure with the excellent intrinsic properties of graphene [46, 47]. It is anticipated that
nanoporous graphene as a loading matrix would enhance the activity of embedded
electrocatalysts [48].
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Porous graphene materials can be prepared through hard-template methods by
assembling graphene oxide (GO) with pre-formed solid templates, such as metal oxide
particles, polymer spheres and coagulated aqueous solutions (hydrogel and freeze drying)
or by depositing graphene onto porous catalysts (typically Ni foams) [49-58]. Nevertheless,
the hard-template method involves complicated, expensive, and time consuming multistep
procedures, which is the major disadvantage. On contrary, the soft-template method, using
supramolecular aggregates, such as micelles and emulsions as templates, requires much
fewer synthetic steps and has been proven to be an efficient technique for the synthesis of
nanoporous siliceous and amorphous carbon materials with well-defined pore structures
[69-64]. However, so far, few examples have been reported to synthesize porous graphene
materials by the soft-template approach. We recently developed emulsion-template
approach for the preparation of porous graphene materials [65]. However, the pore size
control capability of that emulsion-template method is not satisfactory.

Moreover, graphene an important form of carbon allotrope, is gaining prevalence
because of the industrial scalability, low cost (solution processable) and ease of hybridizing
with other materials. Other benefits include visible light absorption, light weight, high
specific surface area and outstanding chemical/ electrical stability characteristics which
are advantageous for catalysis applications. Due to its myriad of benefits, composites of
two-dimensional (2D) assemblies of graphene sheets with metal oxide and metal
nanostructures have been explored [66-69]. However, to meet the demands of catalysis
requirements of possessing a high surface area, porous structure and superior electrical
conductivity, it is desirable to assemble the composite into a 3D framework [70, 71].
Forming a 3D interconnected framework (hydrogel) forms (i) desirable pores which
facilitate liquid / gas access and diffusion, (ii) superior charge generation and collection of
interconnected electrical pathways and (iii) conceptually ideal open structure for
integration with other functional nanomaterials. Moreover, the size reduction of a
photocatalyst to the nanoscale is often carried out to increase the reactive surface area,
which brings about the difficulty in recovery after the catalysis process [72].

2.2. Application of mesoporous graphene as photocatalysts

Industrial and agricultural developments worsen water pollution in the world [73]. The
water pollution represents a serious environmental problem and a public health concern.
The aqueous organic pollutant is the main reason for lake eutrophication [74]. Organic
pollutant removal from wastewater or eutrophic water has been a big challenge over the
last decades, and up to date there is no single and economically attractive treatment that
can effectively remove aqueous organic pollutant. Photocatalytic oxidation technology is
an effective way of solving the problem of water pollution. Among photocatalysts, TiO, is
most widely used because it is easily available, inexpensive, non-toxic, and has relatively
high chemical stability [75]. However, as a wide band gap semiconductor (3.2 eV), TiO,
can only absorb a UV fraction of solar light (3%-5%), which causes very low efficiency in
solar light-assisted TiO, photocatalytic process performance [76]. On the other hand, the
quantum efficiency of TiO, is low because of the fast recombination of photoinduced
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electron-hole (e-h*) pairs [77, 78]. To overcome these two drawbacks, many studies
focused on designing novel TiO -based photocatalysts with high quantum efficiency and
extending the light-response range through methods such as noble metal deposition, non-
metal doping, and semiconductor coupling [79].

Kexin Liet al. [79] presented a mesoporous graphene and tourmaline co-doped titania
composite was prepared using a direct sol-gel co-condensation combined with
solvothermal treatment technique. The composite exhibited a three-dimensional (3D)
interconnected mesostructure and anatase phase structure with a large surface area (218
m?g~') and uniform pore size. Compared with pure titania, the photocatalytic activity of
the composite was enhanced significantly towards aqueous organic pollutant rhodamine
B and norfloxacin degradation under simulated sunlight irradiation. The high
photocatalytic activities can be attributed to the enhanced quantum efficiency, narrowed
band gap, and perfect surface physical and chemical properties of the composites. As
efficient photocatalysts, the composites in the current study are expected to use solar
light directly in wastewater treatment engineering (Fig. 1).

On the other hand, Minmin Gao et al [80] have developed a nanocomposite graphene
hydrogel (NGH) based on green chemistry, employing vitamin C (VC) to attain a
supramolecular 3D network of hybrid nanostructured materials. Here, it is shown that
the hydrogel is an appropriate and robust host for stable a TiO, semiconductor catalyst
sensitized with visible light responsive nanostructured particles. The NGH is tailored
with well-defined nano-mesopores, a large surface area, a highly dispersive nanosheet-
nanorods-nanoparticle composite, and enhance visible light absorption. Finally, we
demonstrate practical applications of utilizing the NGH with water containing pores for
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Figure 1: The transport and capture of photogenerated electrons in the graphene and tourmaline co-doped
titania three component system, Ref. 79, Copyright (2002)).
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photocatalytic H, production. An important pragmatic consideration of using an NGH is
the ease of separation and recovery of the nanosized catalyst after the photoreaction which
would otherwise require extensive and expensive nanofiltration (Fig. 2).
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Figure 2: Photocatalytic H, production studies of the various samples. (a) H, production of the control
samples (pure TiO, nanorods and 2D RGO-TiO, composite) and NGH with different wt% loading
of Au nanoparticles under different light wavelength irradiations. (b) Proposed photocatalytic
mechanism of the NGH-Au under ultraviolet and visible light irradiation, Ref. 80, Copyright
(2002)).

Simulated sunlight photodegradation of aqueous atrazine and rhodamine B catalyzed
by the ordered mesoporous graphene-titania/silica composite material was preserented
by Kexin Li group [81]. Ordered mesoporous graphene-titania/silica composite material
was prepared using a direct sol-gel co-condensation technique, and combined with
hydrothermal treatment, in the presence of a triblock copolymer non-ionic surfactant P123
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(EO,, PO, EO,, EO=\OCH,CH,\, PO=\OCH(CH,)CH,\ ). The composite exhibited a two-
dimensional (2D) hexagonal pomm symmetry and anatase-phase structure with a large
BET (Brunauer-Emmet-Teller) surface area and uniform pore size. The photocatalytic
activity of the graphene-titania/silica composite was evaluated through the degradation
of the aqueous organic pollutant atrazine and rhodamine B under solar-simulating Xe
lamp irradiation. Enhanced photocatalytic activity compared with pure titania was
obtained for the graphene titania/silica sample. In this study, at room temperature, P123
was dissolved into an HCI solution and tetraethyl orthosilicate (TEOS) was diluted with
EtOH. A titanium tetrachloride/titanium tetraisopropoxide (TiCl,/TTIP) solution was
prepared by dropping TiCl, and TTIP into EtOH under vigorous stirring for 5 min.
Graphene was dispersed equably in an EtOH/H,O solution using an ultrasonic crasher
for 1h. The above mentioned TEOS/EtOH, TiCl,/TTIP/EtOH, and graphene/EtOH
solutions were successively added dropwise into the P123/HCI solution. After stirring
the resulting mixture for 24 h at room temperature, a semi-transparent sol was obtained.
The sol was subjected to hydrothermal treatment at 150 °C for 48 h. The resulting gray
hydrogel was dehydrated slowly at different temperature and reaction time, until a
complete gel particulate was formed. After thermal treatment at 100°C for 24 h, the obtained
powder was extracted using EtOH at 80 °C for 36 h to remove P123. Ordered mesoporous
graphene-titania/silica composite material with unique physicochemical properties was
obtained by carefully designing the preparation route. The composite material exhibited
excellent photocatalytic activity in the degradation of aqueous organic pollutant atrazine
and rhodamine B under solar simulating Xe lamp irradiation resulting from the enhanced
quantum efficiency, ordered mesoporous structure, and perfect surface textural properties
of the composite material. As an efficient photocatalyst, the threecomponent junction
system composite material in this work is expected for use in the treatment of actual
organic waste water.

Yuhan Li et al [82] reported an enhancing the photocatalytic activity of bulk g-C,N, by
introducing mesoporous structure and hybridizing with graphene. Graphitic carbon nitride
(g-C,N,), can be used as an attractive metal-free organic photocatalyst that can work in
visible light [83]. g-C,N, possesses a high thermal and chemical stability as well as
appealing electronic and optical properties. As a multifunctional catalyst, g-C,N, has been
applied in photosynthesis, energy conversion and storage, contaminants degradation
carbon dioxide storage and reduction, solar cells, and sensing [84, 85]. Nevertheless, the
photocatalytic efficiency of bulk g-C,N, is limited because of its low surface area and the
fast recombination rate of photogenerated electron-hole pairs. To resolve these problems,
numerous strategies have been employed to modify the bulk g-C.N,, such as texture tuning
by templates, band gap modification by heteroatoms doping, post-functionalization, and
semiconductor coupling [86-92].

Bulk graphitic carbon nitride (CN) suffers from small surface area and high
recombination of charge carriers, which result in low photocatalytic activity. To enhance
the activity of g-C,N,, the surface area should be enlarged, and charge carrier separation
should be promoted. In this work, a combined strategy was employed to dramatically
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enhance the activity of bulk g-C,N, by simultaneously introducing mesoporous structure
and hybridizing with graphene/graphene oxide. The mesoporous g-C,N, / graphene (MCN-
G) and mesoporous g-C.N,/graphene oxide (MCN-GO) nanocomposites with enhanced
photocatalytic activity (NO removal ratio of 64.9% and 60.7%) were fabricated via a facile
sonochemical method. The visible light harvesting ability of MCN-G and MCN-GO hybrids
was enhanced and the conduction band was negatively shifted when 1.0 wt% graphene/
graphene oxide was incorporated into the matrix of MCN. As electronic conductive channels,
the G/GO sheets could efficiently facilitate the separation of charge carriers. MCN-G and
MCN-GO exhibited drastically enhanced visible light photocatalytic activity toward NO
removal. The NO removal ratio increased from 16.8% for CN to 64.9% for MCN-G and
60.7% for MCN-GO. This enhanced photocatalytic activity could be attributed to the increased
surface area and pore volume, improved visible light utilization, enhanced reduction power
of electrons, and promoted separation of charge carriers. This work demonstrates that a
combined strategy is extremely effective for the development of active photocatalysts in
environmental and energetic applications (Figs. 3-4). The enhanced activity of MCN-G and
MCN-GO can be ascribed to the enlarged surface area and pore volume, increased light-
harvesting ability, enhanced reduction power of photogenerated electrons, and improved
charge carrier separation. This work shows that a combined strategy is effective for the
modification of photocatalysts for large-scale applications.

Figure 3: TEM images of CN (a), MCN (b), MCN-G (c, d), and MCN-GO (e, f), Ref. 82, Copyright (2014)).
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Figure 4: Schematic drawings of the photocatalytic induction process in the MCN-G (a) and MCN-GO (b)
hybrids under visible light irradiation, Ref. 82, Copyright (2014)).

Lithium-ion batteries (LIBs) have become indispensable power source for cordless
equipment (e.g. laptops) due to their outstanding advantages such as high energy density,
long cycle life, no memory effect, environmental benignity, etc. Among these anode
materials for LIBs, Sn and its compounds are very attractive because of their high theoretical
specific capacity. Nevertheless, the practical use of Sn anodes is generally prevented by
the severe volume change and the aggregation of Sn nanoparticles that occur during the
alloying and dealloying process, resulting in rapid loss of capacity of the electrode and
the end of the cycle life [93, 94]. Additionally, the particle size and structure of Sn may
also influence its electrochemical properties [95]. To overcome the volume change and Sn
particle aggregation, an alternative method is to disperse Sn nanoparticles in a protective
carbon matrix such as bamboo-like hollow carbon nanofibers or spherical hollow carbon.
These Sn-C composites delivered highly reversible and stable capacities after several cycles
[96-98]. LIBs usually demonstrated better cycle performances and higher reversible
capacities than bare Sn because graphene unit restrains the volume expansion and
aggregation of Sn nanoparticles during the charge-discharge process [99-101]. the low Sn
content in the graphene-Sn composite may reduce its theoretical capacity [102], while the
high Sn content can induce the aggregation of Sn nanoparticles on the graphene surface,
leading to the capacity loss and poor cycle performance. Wenbo Yue et al [103] presented
a facile synthesis of mesoporous graphene-tin composites as high-performance anodes
for lithium-ion batteries.

Graphene-based metals and their oxides usually exhibit enhanced electrochemical
behavior in lithiumion batteries due to the outstanding properties of graphene. Moreover,
the structure and morphology of electrodes can also take an important role in their
electrochemical properties. Herein they describe a facile synthesis of graphene-Sn
composites containing ca. 3-6 nm diameter mesopores formed by aggregation of Sn
nanoparticles on the graphene surface. These mesoporous composites with large surface
area deliver higher capacity and better cycle performance in comparison with pristine Sn
particles. Furthermore, the mesoporous composites treated under hydrothermal treatment
exhibit higher rechargeable capacities and cycle performances. In this study, graphene
oxides were synthesized from natural graphite powders by a modified Hummer’s method.
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The mesoporous graphene-Sn composites were prepared by a facile one-step method. In
brief, SnF,. 2H,0 was added to GO suspension and then NaBH, aqueous solution was
added dropwise into the above mixture solution with vigorous stirring. The upper solution
was filtered, leaving the large Sn particles in the bottom. These graphene-Sn slurries were
washed with distilled water repeatedly, dried at 40 °C. The graphene-5Sn also synthesized
using hydrothermal method. In brief, SnF,and NaBH, solution were added successively
to GO suspension. The mixture solution was transferred into a Teflon-lined autoclave,
sealed and heated in an oven at 90 °C for 6 h. The Sn content in the graphene-Sn composites
was roughly analyzed by dispersing the composite in diluted hydrochloric acid. After
dissolving Sn nanoparticles, the solid was dried. The solid containing graphene was
weighed to evaluate the Sn content (Fig. 5). The mesoporous graphene-Sn composites
exhibited much higher charge-discharge capacities than normal Sn particles due to their
large surface areas and open pores. Moreover, increasing the surface area of mesoporous
electrode may further accommodate more Li+ ion in the electrode, leading to a higher
capacity. It is striking to note that bare Sn particles showed a significant capacity fading
and poor cycle performance, whereas the mesoporous graphene-Sn composites exhibited
better cycle performances. Their mesoporous structure may offer void volumes as buffer
layers to protect the electrode from pulverization. Additionally, graphene coatings can
also restrain the huge volume change and stabilize the mesostructured of graphene-Sn
composites during cycles. It is worthwhile noting that G-Sn (1 h) and G-Sn (6 h) samples
still suffered from visible capacity fading during cycles, which may result from the
irremovable bare Sn particles. The efficient removal of bare Sn particles on the surface of
mesoporous graphene-Sn composites will be explored in future. On the other hand,
although the initial capacities were not as high as other graphene-Sn composites, the G-
Sn(HM) sample delivered more stable reversible capacities. It can be attributed to the
high crystallinity of graphene-Sn composites prepared under hydrothermal condition,
which stabilized the crystal structure during the alloying and dealloying process. In
conclusion, they developed a facile strategy to synthesize graphene-Sn composites with
mesoporous structure as advanced anodes for LIBs. Sn nanoparticles with diameter under
5 nm were reduced by NaBH, solution and aggregated on the graphene surface to form
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Figure 5: Schematic illustration of the synthetic route for mesoporous graphene-Sn, Ref. 103, Copyright
(2013)).
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the mesostructure. Mesoporous graphene-Sn composites exhibited enhanced
electrochemical behaviors, especially after hydrothermal treatment. On one hand, their
porous structure provided large surface areas and void volumes, which were beneficial
to improve the electrode capacities and rate capabilities. On the other hand, the graphene
substrate not only enhanced the electron conductivity, but also restrained the volume
change and stabilized the mesostructure during the charge-discharge process. It can be
expected that graphene-based materials with porous structure will be explored as catalysts,
sensors or electrodes in future.

Hydrogen (H,) is a promising secondary energy resource, with the advantages of high
energy density and a carbon emission-free feature [104-106]. The electrochemical
production of hydrogen from water splitting requires the use of catalysts, which can
overcome the overpotential for the hydrogen evolution reaction (HER) and obtain high
catalytic efficiency. Efficient electrocatalytic hydrogen evolutions using noble metals, metal
alloys, enzymes, transition metal oxides and transition metal dichalcogenides catalysts
have been extensively investigated [107-110]. Despite many progresses in pursuing new
materials, most of the catalysts for HER contain metals, which are essential for the HER
reaction, and they also require complicated preparation processes to expose sufficient
catalytic active sites and increase electrical conductivities. An alternative approach for
developing efficient and low-cost HER electrocatalysts is to synthesise carbon-based non-
metal materials. Recently, heteroatoms doped graphene demonstrated potentials as metal-
free electrocatalysts for hydrogen production46. The nitrogen (N) and phosphorus (P)
heteroatoms could activate the adjacent carbon atoms in the graphene matrix by affecting
their valence orbital energy levels to induce a synergistically enhanced reactivity toward
HER [111].

Synthesis of mesoporous graphene materials by soft-template methods remains a great
challenge, owing to the poor self-assembly capability of precursors and the severe
agglomeration of graphene nanosheets. Herein, Xiaodan Huang et al. [112] presented a
micelle-template strategy to prepare porous graphene materials with controllable
mesopores, high specific surface areas and large pore volumes are reported. By fine-tuning
the synthesis parameters, the pore sizes of mesoporous graphene can be rationally
controlled. Nitrogen heteroatom doping is found to remarkably render electrocatalytic
properties towards hydrogen evolution reactions as a highly efficient metal-free catalyst.
The synthesis strategy and the demonstration of highly efficient catalytic effect provide
benchmarks for preparing well-defined mesoporous graphene materials for energy
production applications. In a typical synthesis process, GO aqueous suspension and
hydrazine hydrate was mixed together at room temperature under vigorous stirring. After
12 h reaction, F127 aqueous solution (10 wt%) was introduced into the reaction suspension
and subsequently stirred for 2 h. Then, HCl (37 wt%) was added. The entire system was
reacted for a further 24 h under vigorous stirring at room temperature. The precipitate
was collected by vacuum filtration. The obtained precipitate was firstly sintered at 350 °C
in argon for 5 h and further heated at 900 °C for another 5 h under the argon atmosphere
to obtain the final product, MPG. The porous architecture also contributes to the
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significantly enhanced electrocatalytic efficiency. Moreover, porous graphene materials
with relatively uniform mesopores have been successfully synthesized by a micelle-
template method. The pore size and functionality of the mesoporous graphene materials
can be well adjusted through tuning the synthesis parameters. By nitrogen-doping, the
functionalized mesoporous graphene showed promising electrocatalytic performances
for HER with high current densities and an excellent stability. Experimental investigations
and theoretical stimulations demonstrated that the synergistic effect of mesoporous
structure and nitrogen-functionalization could contribute to the significant enhancement
of HER catalysis. The experimental results and fundamental understandings reported in
this work provide a general protocol to design functional porous graphene materials and
facilitate the development of new families of metal-free catalysts for hydrogen production.

Lei Liao et al. [113] presented MoS, formed on mesoporous graphene as a highly active
catalyst for hydrogen evolution. A highly active and stable electrocatalyst for hydrogen
evolution is developed based on the in-situ formation of MoS, nanoparticles on mesoporous
graphene foams (MoS,/MGF). Taking advantage of its high specific surface area and its
interconnected conductive graphene skeleton, MGF provides a favorable
microenvironment for the growth of highly dispersed MoS, nanoparticles while allowing
rapid charge transfer kinetics. The MoS,/MGF nanocomposites exhibit an excellent
electrocatalytic activity for the hydrogen evolution reaction with a low overpotential and
substantial apparent current densities. Such enhanced catalytic activity stems from the
abundance of catalytic edge sites, the increase of electrochemically accessible surface area
and the unique synergic effects between the MGF support and active catalyst. The electrode
reactions are characterized by electrochemical impedance spectroscopy. A Tafel slope of
H-42 mV per decade is measured for a MoS,/ MGF modified electrode, suggesting the
Volmer-Heyrovsky mechanism of hydrogen evolution. These findings were attributed to
an increased abundance of exposed catalytic edge sites and excellent electrical coupling
to the underlying MGF modified electrode. MGF supported nano-MoS2 is a highly active
electrocatalyst, making it a potential matrix for cost-effective catalysts in electrochemical
hydrogen production.

3. Mesoporous Titanium Dioxide

3.1. A Perspective on Mesoporous TiO, Materials

Over the past two decades, various mesoporous materials with different compositions
from pure inorganic or organic frameworks to organic-inorganic hybrid frameworks have
been reported [114-117]. Among the families that experienced intensive advances,
mesoporous TiO, is of particular interest and has been undergoing the most explosive
growth due to its outstanding features such as low cost, environmental benignity, plentiful
polymorphs, good chemical and thermal stability, excellent electronic and optical
properties [118]. Compared with bulk TiO,, uniform mesopore channels of the mesoporous
TiO, do not only increase the density of active sites with high accessibility, but also facilitate
the diffusion of reactants and products; the high surface area and large pore volume provide
enhanced capability for dyes-loading and pollutants-adsorption. This has unambiguous
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implications for photovoltaic, lithium-ion insertion and catalytic applications. Therefore,
the design and synthesis of mesoporous TiO, with controllable mesopores and structures
are important from both fundamental and technological viewpoints. Some excellent and
exhaustive reviews have been published covering various aspects of mesoporous TiO,,
reflecting the tremendous advances in the past.

The sol-gel process of titanium precursors is distinguished from silicates by their higher
chemical reactivity resulting from the lower electronegativity of titanium and its ability
to exhibit several coordination states, so that coordination expansion occurs spontaneously
upon reaction with water or even moisture [119]. Thus, titanium precursors tend to fast
hydrolyze and form dense precipitates, which overwhelm the cooperative assembly with
surfactants, leading to undesired phase separation. For example, the hydrolysis rate of
titanium alkoxides is about 5 orders of magnitude faster than that of silicate ones. Therefore,
the critical issue for preparing mesoporous TiO, under the guiding of surfactant templating
is to control the hydrolysis and condensation rates of titanium precursors to effectively
match the cooperative assembly with templates. In addition, the recovery of mesoporous
TiO, without framework collapse should be paid much attention during the template
removal and crystallization.

The use of preformed mesoporous solids as hard templates to synthesize mesoporous
materials has brought in new possibilities for preparation of mesoporous TiO, with high
crystallinity and novel mesostructure, which is well-known as hard-templating
(nanocasting) method [120-121]. In this case, the mesopores arise from the regular
arrangement of replicated nanowires/nanospheres via three key steps: (i) precursor
infiltration inside mesochannels of the template; (ii) conversion of the precursor into target
product in the mesochannels; (iii) removal of the mesoporous template. Obviously,
compared with soft-templating method, the hard-templating method is less
straightforward. However, this synthesis strategy not only avoids the control of the
cooperative assembly and the sol-gel process of titanium precursors, but also easily
overcomes the collapse of mesoporous TiO, frameworks during the phase transition
process, thus making it quite successful and attractive on synthesis of ordered mesoporous
TiO, with novel mesostructure, high thermal stability and crystallinity. However, it is not
easy to completely fill up the vacancies of templates with titanium precursors because of
their strong tendency to precipitate and crystallize into bulk oxide phases directly in
aqueous media [122]. Some will partially block the channels, leading to failure in further
infiltration.

3.2. Application of mesoporous graphene as photocatalysts

Dong Suk Kim et al. [123] presented the hydrothermal synthesis of mesoporous TiO, with
high crystallinity, thermal stability, large surface area, and enhanced photocatalytic activity
(Fig. 8). In this study, well-defined spherical mesoporous TiO, was prepared from a poly
(ethylene glycol)-poly(propylene glycol) based triblock copolymer and titanium
isopropoxide mixed with 2,4-pentanedione by using a simple sol-gel approach in aqueous
solution. Hydrothermal treatment was performed to increase the crystallinity, thermal
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Figure 8: FE-SEM image of mesoporous TiO, with well-defined spherical shape (a), and magnified image
of a selected area of one particle (b). TEM image of mesoporous TiO, (c), and magnified HR-TEM
image of nanocrystalline anatase (d). Ref. 123, Copyright (2007)).

stability, surface area, and photocatalytic activity of the mesoporous TiO,. The
hydrothermally treated mesoporous TiO, materials were found to have a high crystallinity
with a nanocrystalline anatase structure even in the as-synthesized state, whereas untreated
materials were found to have an amorphous or semicrystalline phase prior to calcination
at300 °C. The surface area of hydrothermally treated mesoporous TiO, was found to exceed
395 m?g?, whereas the areas of the untreated materials were less than 123 m?g™. The pore
size distributions of the hydrothermally treated mesoporous TiO, materials were found
to be narrower than those of untreated materials; the average pore size increased from 5.7
to 10.1 nm with increases in the calcination temperature. The photocatalytic activity of
hydrothermally treated mesoporous TiO, is significantly higher than the activities of
untreated materials, with a maximum decomposition rate that is three times faster than
that of a commercial TiO,, P25. The high photocatalytic activity of mesoporous TiO, is
due to the large surface area and high crystallinity with a nanocrystalline anatase that is
induced by the hydrothermal treatment. The high photocatalytic activity of the HTMT



m Journal of Multifunctional Materials & Photoscience

materials in degradation of methylene blue can be explained in terms of their high
crystallinities, large surface areas and small crystallite sizes. The use of aqueous solution
as the reaction medium is environmentally friendly, and large amounts of materials can
be synthesized with just one reaction at low cost. This method is expected to be applicable
to the syntheses of other mesoporous transition metal oxides, and thus to be useful in
many applications, such as photocatalysts, photovoltaics, and electronic sensors.

Comparative investigation on photocatalytic hydrogen evolution over Cu-, Pd-, and
Au-loaded mesoporous TiO, photocatalysts was reported by Thammanoon Sreethawong
group [124]. Photocatalytic activity for hydrogen evolution from water using methanol as
hole scavenger was comparatively investigated over mesoporous TiO, photocatalysts with
various contents of Cu, Pd, and Au cocatalyst loadings prepared by single-step sol-gel
(SSSG) process with surfactant template. The comparison of optimum loading contents of
the cocatalysts was chiefly studied on the mesoporous TiO,. Among photocatalysts, 2
wt% Au supported on mesoporous TiO, exhibited the highest photocatalytic H, evolution
activity. The Cu-, Pd-, and Au-loaded mesoporous TiO, photocatalysts with various loading
contents were prepared by the single-step sol-gel process with surfactant template, in
which the cocatalyst sources were introduced into the completely hydrolyzed TiO, sol
prepared with templating surfactant acting as mesopore-directing agent. The photocatalytic
performance of the loaded mesoporous TiO, samples was assessed by means of H,
evolution from water using methanol as hole scavenger. The photocatalytic activity tests
reveal that the optimum contents for Cu, Pd, and Au loadings were 1.5, 1, and 2 wt% at
the H, evolution rate of 360, 420, and 557 Imol/h, respectively. At the optimum values,
the H, evolution results show that the photocatalytic capability of the cocatalysts was in
the order of Au > Pd > Cu. The 2 wt% Au-loaded mesoporous TiO, can be stated to be
very active H, evolution photocatalyst in this comparative investigation.

Carbon nanotubes (CNTs) attract considerable attention since their discovery [125]
due to their special structure, their extraordinary mechanical and unique electronic
properties and their potential applications. Their high mechanical strength makes them
to be good candidates for advanced composites [126]. They can either be semiconducting,
semimetallic or metallic, depending on the helicity and the diameter of the tube [127].
Such variety opens a promising field in nanoscale electrodevice applications. Their large
specific surface area, hollow and layered structures indicate that they can be ideal hydrogen
storage materials [128]. Recently, researchers found that CNTs are efficient adsorbents for
dioxin, fluoride, lead and cadmium [129]. Thus, CNTs can be used as a promising material
in environmental cleaning. CNTs can conduct electrons [130] and have a high adsorption
capacity. Anatase TiO, is known for its superior photocatalytic ability compared with
other photocatalysts. Therefore, the application of CNTs to enhance the photocatalytic
activity of TiO, is proposed. Ying Yu et al. [131] presented the enhancement of photocatalytic
activity of mesoporous TiO, by using carbon nanotubes. Titanium dioxide/carbon
nanotubes (TiO,/CNTs) composites were prepared with the aid of ultrasonic irradiation.
The photocatalytic activity was evaluated by the degradation of acetone and by the
detection of the hydroxyl radical (‘OH) signals using electron paramagnetic resonance
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(EPR). It is found that the crystalline TiO, is composed of both anatase and brookite phases.
The agglomerated morphology and the particle size of TiO, in the composites change in
the presence of CNTs. The CNTs in the composites are virtually all covered by TiO,. Other
than an increase of the surface area, the addition of CNTs does not affect the mesoporous
nature of the TiO,. Meanwhile, more hydroxyl groups are available on the surface of the
composite than in the case of the pure TiO,. The higher the content of CNTs, there is more
effective in the suppression of the recombination of photo-generated e/h* pairs. However,
excessive CNTs also shield the TiO, from absorbing UV light. The optimal amount of TiO,
and CNTs is in the range of 1:0.1 and 1:0.2 (feedstock molar ratio). These samples have
much more highly photocatalytic activity than P25 and TiO,/activated carbon (AC)
composite. The mechanism for the enhanced photocatalytic activity of TiO, by CNTs is
proposed. The comparison of the photocatalytic activity of TiO, and TiO,/CNTs composites
for acetone degradation in air indicates that the presence of a small amount of CNTs can
enhance photocatalytic activity of TiO, greatly. However, excess amount of CNTs also
shield TiO, from absorbing UV. CNTs can enhance the photocatalytic activity of TiO,
because the presence of CNTs can prevent the e/h+ pairs produced by TiO, under UV
light from recombination. That is, electrons excited by TiO, may easily migrate to the
nanostructure of the CNTs because of the strong interaction between TiO, and CNTs.
Meanwhile, CNTs raise the band gap of TiO,, which can make the e/h* pairs recombination
less likely to occur. Moreover, the abundant hydroxyl groups adsorbed on the large surface
of the composites can lead to the formation of more ‘OH radicals. Therefore, through the
two aspects, i.e. the decrease of the e/h* pairs recombination and more hydroxyl group
on the surface of the composites, the photocatalytic activity of TiO, can be greatly enhanced
by the presence of CNTs.

In view of the advantages the presence study attempted the synthesis of mesoporous
Fe,0,/TiO, using P123 tri block copolymer by sol-gel method and examined the
photocatalytic degradation of 4-chloropheenol, which is one of the important classes of
water pollutant [132]. 4 -Chlorophenol is potentially a carcinogenic and mutagenic to
mammalian as well as aquatic life. It is listed among the priority water pollutant by U.S.EPA
[133]. It is generated as a by-product in plastic, paper making, insecticidal and
petrochemical industries. It can cause serious effects on human health and environment
[134]. Hence, design of a suitable process for complete mineralization of 4-chlorophenol
in aqueous medium is an important issue. The photocatalytic degradation of 4-
chlorophenol was extensively studied under UV-light illumination using MgAl
hydrotalcites [135], mesoporous TiO, film [136] and Fe (III) citrate complex [137]. These
materials showed promising photocatalytic efficiency in the degradation of 4-chlorophenol
under UV-light irradiation. Photosensitization of TiO, with other transition metal oxides
can extend its light absorption property in the visible region. Such materials could emerge
as excellent catalysts for solar photocatalytic degradation. In the present study mesoporous
Fe,O,/TiO, (10, 30, 50, 70 and 90 wt% Fe,O,) photocatalysts were synthesized by sol-gel
process and characterized using different techniques. The XRD patterns exhibited the
presence of mesoporous structure and isomorphic substitution of Fe’* in TiO, at low Fe**
loading and Ti** in Fe O, at high Fe** loading. The XPS results revealed the presence of
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Ti* and Fe’* in Fe,0,/TiO, materials. The DRS UV-vis spectra showed a shift in the band
gap excitation of TiO, to longer wavelength, thus illustrating incorporation of Fe** in TiO,.
In addition, free TiO, and Fe,O, particles were also present. Their photocatalytic activity
was tested for the degradation of 4-chlorophenol in aqueous medium using sunlight. The
activity of the catalysts followed the order: meso-30 wt% Fe,O,/TiO, > meso-10 wt% Fe,O,/
TiO, > meso-50 wt% Fe,0,/ TiO, > meso-70 Fe,0,/ TiO, > meso-90 wt% Fe,O,/TiO, > meso-
Fe,O,/TiO,. This order concluded that mesoporous Fe,0,/TiO, could be an active catalyst
for pollutant degradation, as TiO, with framework Fe** and photosensitization with free
Fe,O, were involved in the activity.

Minghua Zhou et al. [138] represented an effects of Fe doping on the photocatalytic
activity of mesoporous TiO, powders prepared by an ultrasonic method. Highly
photoactive nanocrystalline mesoporous Fe doped TiO, powders were prepared by the
ultrasonic induced hydrolysis reaction of tetrabutyl titanate (Ti(OC,H,),) in a ferric nitrate
aqueous solution (pH 5) without using any templates or surfactants. The photocatalytic
activities were evaluated by the photocatalytic oxidation of acetone in air. The results
showed that all the Fe-doped TiO, samples prepared by ultrasonic methods were
mesoporous nanocrystalline. A small amount of Fe**ions in TiO, powders could obviously
enhance their photocatalytic activity. The photocatalytic activity of Fe-doped TiO, powders
prepared by this method and calcined at 400 °C exceeded that of Degussa P25 (P25) by a
factor of more than two times at an optimal atomic ratio of Fe to Ti of 0.25. The high
activities of the Fe-doped TiO, powders could be attributed to the results of the synergetic
effects of Fe-doping, large BET specific surface area and small crystallite size.

4. Mesoporous Silica

4.1. Mesoporous silica nanoparticles

Mesoporous silica materials have attracted special attention after the discovery of a new
family of molecular sieve called M41S. MCM-41, MCM-48, and SBA-15 are the most
common mesoporous silica materials with the pore size ranging from 2 -10 nm and 2D-
hexagonal and 3D-cubic structural characteristics [139]. The unique properties of
mesoporous silica nanoparticles (MSNs) such as they have controlled particle size, porosity,
morphology, and high chemical stability make nanoparticles highly attractive as drug
carriers, diagnostic catalysis, separation and sensing [140-145]. Rapid internalization by
animal and plant cells without causing any cytotoxicity inside the body, is another
distinctive property of surface functionalized mesoporous silica nanoparticle [146, 147].

Mesoporous silica nanoparticles can be synthesized by using a surfactant in the aqueous
solution which may be charged and neutral. Silicates (an ester of orthosilicic acid) are
polymerized by surfactant [148]. The variables that involve controlling the size and
morphology of mesoporous silica nanoparticles include:

* The rate of hydrolysis.

* The level of interaction between the assembled template and silica polymer.

* Condensation of silica source.



A Review: A Combination of Mesoporous Graphene, Titanium Dioxide, and Silica Materials... m

By controlling the pH, using different templates and co-solvent we control the above
variables [149-151]. Stucky et al. synthesized hard mesoporous silica spheres having a size
ranging from hundreds of microns up to millimeters at oil-water interphase, by using the
high concentration of template and hydrophobic auxiliaries [152]. Stirring rate plays a
key role in controlling the particle size of MSNs, if the rate is slow long fibers produced
whereas upon fast stirring fine powder is formed [153]. The effect of pH on the morphology
of MSNs was studied by Ozin et al. and demonstrates that under mild acidic condition
spherical mesoporous particles with the range of 1-10 pm are formed [154]. Brinker et al.
used a technique to synthesize MSN’s ranging from 100-500 nm by evaporating solvent
from aerosol containing silica source and surfactant [155].

4.2. Mesoporous silica application in the photocatalytic field

Ryuhei Nakamura et al. [156] reported a visible-light-driven water oxidation by Ir oxide
clusters coupled to single Cr centers in mesoporous silica. Inert nanoporous oxides such
as silica offer opportunities for assembling and coupling photocatalytic components for
the direct conversion of water and carbon dioxide to fuel molecules under visible light. In
these materials, framework substitution or covalent anchoring of metal centers and
polynuclear components, and spatial separation of oxidizing from reducing sites can be
explored by virtue of their surface chemistry and compartmentalized structure [157]. A
particularly challenging task of this or any other approach to artificial photosynthesis is
the visible light-driven oxidation of water. Of the small number of established oxygen-
evolving catalysts, all are driven either electrochemically, by adding strong oxidants
directly to the solution, or by generating the oxidant photochemically from a suitable
precursor [158, 159]. To develop solar to fuel systems by integrating photocatalytic
components into nanostructured scaffolds, direct coupling of the catalytic water oxidation
site to a built-in visible light-driven electron pump is required [160]. Moreover, the chemical
nature of the charge-transfer pump has to be such that it can be coupled to a reducing site
in the nanoporous scaffold that accomplishes CO, or H" reduction. We report here an
oxygen-evolving photocatalytic unit inside silica mesopores that consists of a single
framework Cr (VI) center as a visible light absorbing electron pump coupled to an Ir
oxide nanocluster. Visible-light-induced water oxidation has been demonstrated at a
polynuclear catalyst coupled directly to a molecular charge-transfer moiety in a nanoporous
solid. Covalently anchored metal centers as charge transfer chromophores open up
opportunities for coupling the oxygen-evolving site to a reducing metal-to-metal charge-
transfer unit in the nanoporous solid for accomplishing CO, reduction under H,O oxidation
in a sequential two-step process [161].

Yasutaka Kuwahara et al. [162] reported an efficient photocatalytic degradation of
organics diluted in water and air using TiO, designed with zeolites and mesoporous silica
materials. Titanium dioxide (TiO,) is a promising photocatalyst for degradation of organic
compounds ideally under environmentally benign conditions. This paper reviews recent
developments in designing TiO,-sorbent hybrid photocatalysts, especially those supported
on ordered nano-porous silica materials including zeolites and mesoporous silicas, with
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the objective of fabricating efficient photodegradation systems toward organic compounds
diluted in water and air. This review also describes the basic features of zeolites and
mesoporous silica, adsorption kinetics on their surfaces, and the principles of surface
modification techniques, and highlights that the hydrophobic nature of support materials
can offer significant enhancement in photodegradation. Contamination of water and air
with harmful organic compounds, especially resulting from industries, still remains a
major pollution problem, since they are often responsible for disruption of ecosystems as
well as illness in the human body. Current environmental regulations require treatment
and stabilization of these hazardous constituents and are anticipated to become more
stringent in the future. To develop clean and safe chemical processes and materials
contributing to this issue in accordance with the principles of green chemistry is our
obligation, which should be undertaken with great urgency (Figs. 9-10).

Daisuke Tanaka et al. [163] reported an enhanced photocatalytic activity of quantum-
confined tungsten trioxide nanoparticles in mesoporous silica. Due to quantum
confinement effects, tungsten trioxide nanoparticles B1.4 nm in diameter prepared in
channels of mesoporous silica exhibited a widened bandgap and enhanced photocatalytic
performance in the decomposition of benzene. Tungsten trioxide (WO,), employed in
electrochromic devices [164], gas sensors [165], field emission devices [166], and
photocatalysts [167], is an important semiconductor. Although the photocatalytic
performance of WO, is weak due to minimal bandgap energy, reports indicate that it can
be enhanced through platinum loading. However, improving the performance of WO,
without using noble metals still remains a challenge. Recently, nanometric WO, has been
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Figure 9: Adsorption and oxidation kinetics on the surface of supported TiO, photocatalyst. The organic
substrates diluted in aqueous medium or atmosphere are considered to be first adsorbed on the
surface of the support material where they migrate to the TiO, particles, and then are oxidized in
the vicinity of TiO, by radical species such as hydroxyl radicals ({OH) and superoxide radical
anions (‘O,) which are formed by the reaction with photogenerated holes (h*) and electrons (),
respectively. Ref. 162, Copyright (2011)).
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Figure 10: Applications of TiO, photocatalysts supported on nano-porous silicate materials in environmental
protection, cleanup and energy conversion processes. Ref. 162, Copyright (2011)).

shown to possess many interesting properties arising from its specific structures. While
several synthetic methods have been developed to obtain nanosized powders, WO,
nanoparticles less than 2 nm in diameter have never been obtained, and this size is
necessary to provide the quantum size effects [168-170]. Nevertheless, it is assumed that
improved photocatalytic performance is possible through control and manipulation of
the bandgap. Owing to the quantum size effect, nanometre-sized semiconductor particles
are quite intriguing because of their fascinating optical and electronic properties. At the
nanometre level, decreasing particle size widens the energy gap between the conduction
and valence bands resulting in a blueshift at the absorption edge. The size-dependent
optical properties of II-VI (chalcogenides) semiconductor nanocrystals, such as CdS and
Zn0O, have been well investigated for a wide variety of applications in optoelectronic
devices and biological labelling [171-174].

In general, due to relatively minimal bandgap energy, aromatic compounds are not
photocatalytically decomposed with bulk crystal of WO, [175]. Thus, the complete
decomposition of toluene cannot be achieved with bulk WO,. In the present study,
however, using the 1.4-nm-size WO, particles for the photocatalytic decomposition of
benzene was a success. While the photophysical properties of nanosized transition metal
oxides displaying the quantum-size effect have been investigated, the quantum-size effects
on catalytic performance have not sufficiently studied. Here, the photocatalytic activity
of the WO, nanoparticles was evaluated using the decomposition of benzene under UV
irradiation. Using a gas-chromatograph (Shimadzu, GC-8A), increments of CO, were
measured from the decomposition of 200 ppm benzene vaporised in a glass bottle
containing a 0.05 g sample. The decomposed benzene under UV irradiation from a black
light (Toshiba, 6 W) was found with the micron-size WO,. An initial increase in the amount
of CO, is attributed to the decomposition of benzene by trapping photogenerated electrons
via the reduction of W¢* to W>* on the surface of WO, [176]. Since the electron capacity of
WO, is limited, photodecomposition gradually decreases as the reaction progresses. In



m Journal of Multifunctional Materials & Photoscience

the present study, the rate of CO, generation on micron-size WO, was relatively small and
exhibited a saturating tendency. Fundamentally, the activation of oxygen molecules for
the continuous oxidation of organics to CO,and H,O is not induced on WO, due to its
positive conduction band level [177]. Increments with the 1.8-nm size WO, particles in
C16-MPS were vanishingly small because the amount of WO, was lower than that of the
bulk WO, sample. On the other hand, after 28 h of irradiation, nearly all benzene was
decomposed using the 1.4-nm-size WO, particles in C10-MPS. The vapor phase molecules
were reacted with the nanosized WO, because the nanochannels in the silica were not
completely occluded. This fact suggests that decreasing the size to a value below 1.5 nm
enhances photocatalytic activity. It was reported that the decomposition of benzene was
achieved with TiO, anatase with a bandgap of 3.2 eV. In fact, benzene was completely
decomposed in several hours with commercial anatase powder (Ishihara ST-01) under
the same conditions. Therefore, the enhanced performance of WO, nanoparticles is
attributable to the enhanced reducing potential, through widening the bandgap in excess
of 3.0 eV via the quantum-confinement effect.

Chih-Hung Huang el al. [178] reported a characterization and application of Ti-
containing mesoporous silica for dye removal with the synergistic effect of coupled
adsorption and photocatalytic oxidation. Highly ordered mesoporous silica, Santa Barbara
Amorphous-15 (SBA-15), and titanium-substituted mesoporous silica (TiSBA-15) materials
were successfully synthesized, characterized, and evaluated. A limited content of titanium
could be effectively substituted into the framework of SBA-15 without provoking structure
change. The adsorptive performance was examined by methylene blue (MB) adsorbed on
prepared materials. The isotherm models were analyzed to describe the adsorption
behavior of prepared materials. The adsorption isotherms were well fitted with Langmuir
and Freundlich models in the simulation of the adsorption behavior of dyes. The SBA-15
and TiSBA-15 materials were found to be effective adsorbents for MB from aqueous
solutions. The photodegradation of MB and total organic carbon (TOC) analysis on solid
composites were used to evaluate the catalytical performance of Ti-containing mesoporous
silica. The synergistic effect of adsorptive and photocatalytical ability of prepared TiSBA-
15 was identified. The regeneration and cyclic performance were also proved. In this study,
SBA-15 and TiSBA-15 samples with different nSi/nTi ratios were synthesized with the
following molar gel composition P123/HCl/H,0/TEOS/TTIP. In a typical synthesis,
pluronic P123 was dissolved in distilled water and stirred at 35 °C for 2 h. Thereafter, HCI
was then added to the clear solution and stirred for another 1 h. TEOS and the required
amount of desired Ti source were added dropwise to the acid solution under vigorous
stirring at 35 °C for 20 h. The resultant mixture was transferred into a polypropylene
bottle and aged at 80 °C for another 20 h without stirring. The aged mixtures were filtered,
washed, and dried at 100 °C overnight. After calcination at 500 °C for 5 h in air, the
mesoporous products were obtained. Anatase TiO, has been formed and located on the
external surface of SBA-15 with nSi/nTi value below 3. The analysis of adsorption behavior
shows that the SBA-15 and TiSBA-15 are effective adsorbents for MB removal from aqueous
solutions due to their high adsorption capacity. The adsorption isotherms can be well
fitted with Langmuir and Freundlich models. The sorption capacity of MB follows the
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order of SBA-15 > TiSBA-15[A] > TiSBA-15[B] > TiSBA-15 [C] > TiSBA-15[D]. The higher
adsorption capacity of SBA-15 than that of TiSBA-15 is due to the effect of electrostatic
attraction which is benefit to the adsorption intensity. The photodegradation of MB
depends on the Ti content in the TiSBA-15 materials. However, TiSBA-15[A] and [B] exhibit
better photodegradation rate normalized by per gram of Ti in synthesized samples. This
photocatalytic behavior could be attributed to synergistic effect with adsorptive ability.
After photocatalytic illumination, the structural regularity of TiSBA-15 is still maintained.
TiSBA-15 exhibits advantages of adsorptive ability from mesoporous structure and
photocatalytic performance by Ti incorporated into the framework. The organic molecules
are largely adsorbed onto TiSBA-15 materials and then photo-degraded under UV
irradiation. The process can be effectively recycled due to the regeneration capability of
TiSBA-15. As aresult, TiSBA-15 can be considered an ideal and effective material to remove
organic pollutants in aqueous solution due to the synergetic effect of both adsorption and
catalysis. Organic pollutants are supposed to be adsorbed or concentrated in situ and
then degraded in vitro under factory process, while the mesoporous composites are
regenerated and recycled.

5. Conclusions

The aim of this review has been to provide an overlook of the mesoporous silica,
mesoporous graphene and mesoporous titania materials. Both these materials brought a
good photocatalytic result. From that, we can hope that the problem of water pollution
can be improved with the development of this material source. The high photodegradation
performance is determined from a variety of different factors such as the graphene role,
the reduced of the band gap energy values, the shape of the crystals of the achieved
particles, so on. This catalyst can also be used to mineralize other organic pollutants in
wastewater. Since the catalyst surface carried protons, amine-based pollutants such as
dyes can be well adsorbed and decomposed rapidly. The increase of surface area can lead
to the improvement of UV absorption and photoreactivity of photocatalysts. The
photocatalytic performance of the loaded mesoporous TiO, samples was assessed by means
of H, evolution from water using methanol as hole scavenger. The pore size and
functionality of the mesoporous graphene materials can be well adjusted through tuning
the synthesis parameters. The combination of the mesoporous adsorbents with
hydrophobic surface and fine anatase TiO, photocatalyst is a good candidate as the efficient
system for the degradation of organic pollutants diluted in water.
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