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Abstract

Graphene is the most potential material in nanotechnology and
has attracted a remarkable amount of attention in recent years
in material science, due to its large specific area, unique
monolayer structure, superior electron mobility, high
conductivity, chemical stability, and electrical properties of the
Two-Dimensional (2-D) material. The use of graphene and its
derivatives to increase the effectiveness of photocatalysts has
attracted much curiosity. This review focuses on the recent
important development in the preparation and applications of
graphene-based photo catalysts. The applications of the new
materials in the degradation of pollutants, photocatalytic
hydrogen evolution, and water disinfection are presented. High
efficiency photocatalysts are vital for the removal of organic
pollutants and environmental sustainability.

Keywords: Photo catalyst; Graphene-based photo catalysts; TiO,/
graphene photocatalysts; Metal late/graphene photocatalysts;
Application

Abbreviations: GO: Graphene Oxide; GR: Graphene; RGO:
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Introduction

Graphene, which is a single layered sheet of sp? hybridized carbon
atoms in a tightly packed 2-D honeycomb lattice. It has engrossed a
great deal of research significance since its discovery in 2004 by
Novoselov, et al. [1]. High Young’s modulus (=1 TPa), excellent
mobility of charge carriers (200,000 cm?V-!s!), superior optical
transparency (<97.7%), superior mechanical stability, and large surface
area (calculated value ~2630 m?/g) are the unique properties which are
achieved by graphene [2]. The above mentioned properties result in
the utilization of graphene in various fields such as catalysis, nano

electronics and optoelectronics, drug delivery, supercapacitors, energy
storage, and biosensors [3].

Graphene based composites are also highly desirable in the field of
photocatalysis [4,5]. Photocatalysis has attracted intense attention
during the past decades because of its potential for environmental
purification and converting photon energy into chemical energy [6-9].
As the innovation of the photocatalytic splitting of H,O on electrodes
of TiO, in 1972 by Fujishima and Honda, significant progress has
been done in highly active oxide semiconductor photocatalysts
because of their ecological application [10-14]. This technology is
based on the distinctive electronic structure of semiconductors, which
is composed of a filled Valence Band (VB) and an empty Conduction
Band (CB). Holes are produced in the valence band due to the
excitation of electrons from the valence band to the conduction band
on absorbing a photon of energy equal to or greater than the bandgap
Energy (Eg) of the semiconductor [15]. Chemical oxidation or
reduction process was triggered on the separation of photo-generated
electrons and holes [16].

Photocatalytic conversion of carbon dioxide into hydrocarbon fuels,
pollutants degradation, and water splitting for H, generation are the
various photocatalysis application. The area of graphene improved
photocatalysis is moving ahead. In this review, we will focus on
current advances in the preparation, design, and photocatalytic
applications of graphene based composites [17].

Literature Review

Fabrication of graphene based photo catalysts

Graphene has been utilized in various semiconductors to prepare
photocatalysts based on graphene. Metal oxides (TiO,, WO;3, Cu,0,
Zn0, Fe,03, Sn0O,, NiO, ZrO,, MnO,, etc.), silver/silver halides (Ag/
AgCl and Ag/AgBr), sulfides (ZnS, SnS,, CuS, CdS, etc.), metal-free
photocatalysts (g-C3N4 and a-Sg) and oxy-acid salts (BiVOy4, Bi,WOg,
Sr,Ta,O7, Biy MoOg, ZnFe,O4, InNbO4, and LaMnOj, etc.) are
mainly included by these photocatalysts. The ex sifu hybridization
approach and the in sifu growth approach are the two main categories
in which the synthetic methods are classified.

Ex situ hybridization strategy

The ex situ hybridization strategy involves the mixing of
commercially accessible nanocrystals and graphene nanosheets in
solutions. The graphene nanosheets or nanocrystals are frequently pre-
modified to be enriched with functional groups to achieve interaction.
For example, capped CdS quantum dots capped on Benzyl Mercaptan
(BM) were resynthesized and then efficiently attached on RGO. This
method involves the interaction of benzene rings with RGO via n—n
stacking. Likewise, adhesive polymers are used for the pre-
modification of GO/RGO sheets for anchoring the NPs. RGO surface
was modified by Liu, et al., via the m—m interaction by employing
amphiphilic biopolymers, like bovine serum albumin protein. Several
types of metal NPs such as silver, gold, palladium, platinum are
absorbed by the functionalized RGO which can be utilized as a
universal adhesive layer.
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In situ growth strategy

Weak interaction, non-uniformity, and particle aggregation resulted
from an ex situ hybridization strategy between graphene oxide/
reduced graphene oxide. Charge transportation was limited between
graphene and photocatalysts and results in poor activity.
Photocatalysts based on graphene are prepared by the in situ growth
technique.

Solution mixing and in sifu growth: Satisfying results were
obtained by solution mixing for the synthesis of graphene based photo
catalysts. WO3/GR composite was prepared by Ng, et al., on mixing
graphene oxide with WO3; powder to enhance the photocatalytic
properties. WO3/GO dispersion was obtained by ultra-sonicated the
mixture of graphene oxide suspension and WOj5 for half an hour. WO5/
RGO composite was obtained by exposing the dispersion to either
visible light or UV irradiation for 3 hours. Though the morphological
feature of composites of WO3/RGO was the same, the particle size of
WO; was greater than 100 nm and tends to aggregate. The composites
of WO3/RGO were synthesized by utilizing polyvinylpyrrolidone to
combine reduced graphene oxide with tungsten by employing the
similar procedure as above. The precursor solution of WO3/GO was
obtained by ultra-sonicated and stirring the solution of GO and
ammonium met tungstate hydrate. The precursor was calcinated for 5 h
at 450°C in the air to obtain the composite of WO3;/RGO. Hence, the
nano crystallites of WO3 ranged in 20 nm-40 nm were distributed
consistently on the RGO.

NiTi-LDH/RGO catalysts derived by visible light were prepared by
in situ technique by anchoring NiTi-LDH nano sheets on the surface of
RGO. The monolayer suspension of RGO was formed by sonication in
the deionized water. The sources of nickel and titanium and urea were
mixed in the suspension of RGO. The suspension was stirred at 90°C
and the product obtained was vacuum dried in an oven for a day at
60°C. The nano sheets of NiTi-LDH were highly dispersed on the
surface of RGO with a lateral diameter of 100 nm-200 nm and have a
plate-like morphology. The homogeneous distribution of both titanium
and nickel was displayed by the elemental mapping images.

Hydrothermal and solvothermal approach: The hydrothermal
approach is an effective technique for the preparation of graphene based
photo catalysts. The solvothermal and hydrothermal methods are more
efficient in comparison to the solution mixing method due to their
controllable morphology of semiconductor particles. NPs would be well
bonded to graphene still without any intermediate. A-Fe,O3/RGO
composite was fabricated by Meng, et al., by using a hydrothermal
approach in which hematite NPs are supported on nanosheets of RGO.
The mixture was prepared by dissolving an appropriate amount of
FeCl3.6H,0 and graphene oxide in the distilled water and then it was
sonicated. Ethanol was mixed in the prepared solution and thermal
hydrolysis occurs on placing it in a boiling aqueous bath. The product
obtained from the centrifuging was heated at 350°C in the air for 120
minutes and then in pure N, for 15 minutes at 800°C. It was observed
that the crystalline size of monolithic a-Fe,O3 was greater than a-Fe,O3
grown on the sheets of RGO. Single crystalline structure feature of an
a-Fe,O3 particle on the sheet of RGO by shown by the TEM images.
The higher photocatalytic activity was observed for the composite of
Fe,03/RGO as compared to pristine a-Fe,O; nanoparticles towards
water oxidation. Reduced graphene Cuprous Oxide (Cu,O/RGO)
photocatalysts were prepared by Niu, et al. by utilizing a similar
procedure. Microspheres of RGO/TiO, were obtained by a non-
hydrolytic sol-gel reaction of acetone and Tetra Butyl Orth Titanate
(TBOT) followed by the hydrothermal method. TBOT was added in

excess acetone to prepare the pretreated titanium dioxide. 120
degrees to 180 degrees temperature was employed for the
preparation of TiO,/RGO microspheres by hydrothermal method.

NH; was employed as a medium solution during the process. It was
observed that the pre-treated titanium dioxide has a diameter in the
range of 1 um and 2 um and has a spherical shape. Microspheres with
a collection of nanoflakes were obtained on the surface after treated at
120°C. Rough microspheres with nanorods aggregates were achieved
when the temperature of the hydrothermal technique increase from
150°C to 160°C.

The solvothermal technique was utilized for the preparation of
Bi;WO¢/RGO (BWO/RGO) composites. The Teflon lined autoclave
was used for sealing the mixture of graphene oxide, Na,W04.2H,0,
and Bi(NOs3)3;.5H,0 and maintained at 180°C. Finally, Bi,WOg4 NPs
were deposited on the sheets of RGO. The solvothermal method is
extensively utilized for the fabrication of photocatalysts based on
graphene.

Electrochemical and electrophoretic deposition: Graphene
nanocomposites are synthesized by the electrochemical and
electrophoretic deposition technique. Materials based on thin films are
prepared by this technique. For example, nanostructures of zinc oxide,
Cu,0, MnO,, and ZrO, have been effectively deposited on layers of
RGO. Generally, a steady current is initially applied to seed NPs (such
as zinc oxide) on RGO, followed by the development of NPs under the
stable potential means. The morphology of the sample is determined
by the conductivity of RGO. Reduced graphene oxide with high
conductivity is responsible for the growth of high quality hexagonal
zinc oxide nanorods. Furthermore, mesoporous silica film is used for
the synthesis of ordered nanostructures. The pores of percolated silica
film are used for the deposition of CdSe nanocrystals on the face of
graphene.

Materials and Methods

Sonochemical method: As mentioned above, the particle is more
than numerous hundred nanometers in size on GR sheets by utilizing
in situ developed approach. Two important problems must be well
thought out for the plan and preparation of photocatalysts based on
graphene.

* Control of particle size.
* Interface among the catalysts and graphene.

It is a great challenge that how to manage the size of the particle
and enhance the interaction among the semiconductor and graphene.
In the previous study, the ultrasonic waves are efficient to resolve the
problem. Successful incorporation of titanium NPs onto layers of
graphene was achieved in few hours by using ultrasonication. The
condensation and pyrolysis of the dissolved titanium tetrachloride into
titanium dioxide by ultrasonic waves results in the controlled size of
NPs around 4 nm-5 nm on the sheets without the use of any surfactant.
The SEM and TEM images established the uniform dispersion of
titanium dioxide NPs on both the graphene surface and the interlayers.
From the results, it is confirmed that ultrasound is very successful in
dispersing NPs of titanium dioxide on layers of graphene.

The sonochemical technique was employed for the preparation of
composite (WO3/GR) consisting of WO3 NPs and graphene sheets.
The normal size of the particle of the WO3; NP was proscribed at
around 12 nm on the graphene sheets without utilizing any surfactant.
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The composite consisted of WOz NPs and the 2D graphene sheet is a
potential photocatalyst for the creation of oxygen. The synergistic
property of chemically bonded graphene and WOs; results in the
enhanced performance. The visible light absorption property of
WO5/GR is improved by the sensitization of WO;3 by graphene. The
recombination of the ¢ -h™ couples generated by a photon is decreased
by the chemical bonding of graphene and WO; and results in
enhanced photoconversion efficiency. A similar procedure is
employed for the preparation of BWO on the surface of graphene
sheets. There is improved performance in O, production from water
due to the mixture of the functionality of BWO with the sole
characteristics of graphene.

Photo assisted method: Layer by layer congregation, template
supported approach, etc. are different techniques that are developed to
prepare graphene based photocatalysts.

Chemical vapor deposition: This technique is the competent
method for uniformly growing the semiconductor metal oxides on
graphene substrates. Vapor phase epitaxy is used by Kim, et al., for
growing the nanoneedles of zinc oxide on graphene. Higher vertical
alignments were observed due to the increase in the nucleation of zinc
oxide nanoneedle at step edges and kinks on the surface of graphene
than those grown on SiO,/Si.

The CVD method was used by Zhang, et al., in which chemically
exfoliated RGO was pillared with CNTs. Figure 1 shows that the
solution of Ni(NOj3), was mixed into chemically exfoliated graphene
oxide or reduced graphene oxide platelets in water. Nickel including
GO and reduced graphene oxide platelets were achieved by drying at
60°C and were utilized as the catalyst in the CVD technique to grow
carbon nanotubes with acetonitrile as the source of carbon. A robust
three dimensional porous structure was formed by this composite
material with reduced graphene oxide layers pillared by carbon
nanotubes. On varying, the CVD time and the catalyst loading, the
growth of 1-D carbon nanotubes can be restricted. Brilliant
photocatalytic performance derived by visible light was exhibited by
the CNT pillared reduced graphene oxide composite materials for the
degradation of rhodamine B. Composite materials are excellent
photocatalyst due to effective photosensitized electron addition,
decreased electron radical recombination, and high ability of
adsorption.

-
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Figure 1: Experimental steps of pillaring graphene oxide and
reduced graphene oxide platelets with carbon nanotubes.

Graphene based photocatalytic composites

TiO,/graphene photocatalysts: The good stability, high efficiency,
and low cost of titanium dioxide make it a dominating photocatalyst.
Improved photocatalytic activities of titanium dioxide/graphene
catalyst result in them as one of the most potential applicants for
photocatalytic function.

Coupling of graphene and P25: The combination of graphene and
P25 has been extensively studied, with an evident improvement of

photocatalytic function. The one-step hydrothermal reaction was used
for the synthesis of chemically bonded nanocomposites of P25/
graphene, with Ca 1 weight percentage of graphene content. Because
of the sharing of -COOH groups on graphene oxide, P25 NPs
dispersed on the carbon support and had an affinity to collect beside
edges and wrinkles. Considerable enhancement in comparison to P25
was shown by a composite of P25/graphene in comparison to P25 for
the methylene blue photodegradation. P25-RGO composites were
synthesized by Fan, et al., by hydrothermal technique, hydrazine
reduction, and UV assisted photo reduction technique. P25 reduced
graphene oxide hydrothermal >P25 reduced GO photo reduction >P25
reduced GO hydrazine are the orders for the different photocatalytic
activities exhibited by composites of P25/reduced GO for hydrogen
evolution. Composite of P25 carbon nanotube was synthesized by the
same method for comparison. It was observed from the study that the
composite of P25 reduced GO is more efficient than the composite of
P25 carbon nanotubes for the hydrogen evolution. Zhang and
coworkers investigated the dissimilarity among P25/graphene and
P25/carbon nanotubes composite photocatalysts for the duration of
liquid phase degradation of dyes and gas phase degradation of
benzene. For improving the photocatalytic activity of titanium dioxide,
it was established that titanium dioxide/graphene was in essence like
another titanium dioxide/carbon composite material.

The complexity of graphene based photocatalysts is specified by
the conflicting results. Charge transfer and interfacial contact between
graphene and nanoparticles, electrical property of graphene are the
various factors that affect the integrated photocatalytic property of
graphene based composites. The coupling of graphene with
photocatalysts is demanding but enviable. The distinctive 2
dimensional structure of graphene sheets reimbursement the effective
anchoring of semiconductor photocatalysts on their surface. The
enhanced interfacial contact makes it a superior alternative for
catalytic support.

Development of titanium dioxide on graphene: One pot and in
situ routes are used to prepare photocatalysts with considerable
efficiency by devoting various groups to the growth of titanium
dioxide nanostructures on graphene. Liang and coworkers studied the
effect of consistent coating and a strong combination of titanium
dioxide and graphene oxide on Rhodamine B degradation (RhB). The
result of interfacial stress on the property of titanium dioxide/graphene
oxide composites was investigated by Chen, et al. The concentration
of titanium dioxide is responsible for tuning the development of n-type
and p-type semiconductors. P/n heterojunction could be observed
when graphene oxide produced a p-type semiconductor.
Semiconductors prepared by graphene oxide on the surface of
photocatalysts could work as a sensitizer and improve their
photocatalytic act. The effect of calcination atmosphere and graphene
content on the photocatalytic action has also been investigated.
Titanium dioxide/graphene composites showed improved performance
as compared to P25 for the evolution of hydrogen. Higher activities
were observed for the samples which are calcinated in the N,
atmosphere as compared to those which are calcinated in the air.

TiO,/graphene composite films: Photocatalytic films due to
several features such as restoring, fixing, and recycling are the best
candidates for photocatalytic applications. Graphene oxide coated with
titanium dioxide exhibits improved efficiency of the photodegradation.
It was associated with the proficient separation of charge and
transportation among the planar structure and giant p-conjugation. A
confined self-assembly technique was used by Du and coworkers to
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couple hierarchically ordered macro-mesoporous titania films to
graphene. Figure 2 represents the SEM and TEM images of macro
mesoporous titania films. Reduction in the length of the mesopore
channel improved the available surface area within the thin layer and
improve the mass transport through the layer is enhanced by the
existence of interconnected macrospores in mesoporous films.

Figure 2: Typical SEM and TEM micrographs of macro-
mesoporous titania films (a, d, g): Without and; (b, e, h): With
graphene and pure mesoporous titania film; (c, f, 1).

The obvious rate constants were found to be 11 times and 17 times
higher for macro-mesoporous layers without and with graphene as
compared to pure mesoporous titania films.

Results and Discussion

Metal oxide/G and metal sulfide/G photocatalysts

Various non-titanium dioxide based photocatalysts have been
prepared. It has been observed from the study that several metal oxide
compounds exhibited comparable photocatalytic ability, like Fe,Os,
WO3;, SnO,, etc. Zinc oxide is well thought out as an option to
titanium dioxide for photocatalytic applications. Zinc NPs are
combined with graphene oxide by in situ growth technique and on
chemical reduction, this is converted into zinc oxide/graphene nano
architectures. 4 times’ improvement of photocatalytic activity is
achieved by Xu, et al., on using 2 wt. % graphene content as compared
to pristine zinc oxide. The one pot reaction is carried out by utilizing
sodium acrylate and results in situ development of Fe;O,4 on graphene.

These composites show appropriate efficiency of removal and a fast
separation from an aqueous medium using an external magnetic field.

Microwave irradiation technique was employed for the synthesis of
nanocomposites of zinc sulfide/graphene. Thioacetamide was used
utilized as a reducing agent and as a source of sulfur. Decoration of
graphene with a well-known photocatalyst driven by visible light was
also investigated. 1.0 wt. % is the optimal weight % of graphene in the
nanocomposites of CdS clusters/G and leads to a 1.12 mmol h'!
photocatalytic hydrogen production rate. 22.5% is the resultant
apparent quantum efficiency at a wavelength of 420 nm.

Metallate/graphene photo catalysts

Lately, attention has been devoted to the photocatalytic applications
of metallates. The mixture of graphene with BiWOy is considered the
most significant photo catalyst among the Bi** based oxides. There is
a shift of the fermi level and reduction in the CB potential due to

charge equilibration and electronic interaction among Bi,WOg4 and
graphene. High movement effectiveness of photo induced e and a
negative shift in the Fermi level resulted from the improved
photocatalytic activity of BiWOg/graphene nanoarchitectures.
Outstanding 10 fold improvement was observed during the reaction of
photoelectrochemical water splitting after the incorporation of
graphene with BiVO,. Likewise, the photocatalytic performance of c-
Bi;MoOg has enhanced 4 folds after their incorporation with 1%
graphene.

Magnetically separable nanocomposite photocatalyst of ZnFe,O4/
graphene was prepared by Fu and coworkers. Photoelectrochemical
degrader and generation of hydroxyl radicals by photoelectrochemical
decomposition of hydrogen peroxide and are the dual functions of
photocatalysts. The photocatalytic activities of nanocomposites of
InNbO,/graphene were reported by Zhang, et al. 1.87 times and 2.1
times are the kinetic constants of methylene blue and 2,4-
dichlorophenol elimination by InNbO4/G.

Other G based photo catalysts

The combination of graphene with various other NMs has been
extensively studied. Plasmonic photo catalysts with outstanding
stability and better photocatalytic activity driven by visible light based
on nanocomposites of Ag/AgX (X=Br, Cl)/GO were synthesized by
Zhu and coworkers. In another study, graphene oxide and its reduced
form were pillared with CNTs in the CVD technique by utilizing
acetonitrile as a source of carbon. Exceptional property of electron
transfer and exclusive porous structure results in the outstanding
visible-light activity of the composite of carbon nanotube pillared
reduced graphene oxide. The consequence of alteration of reduced
graphene oxide with crystalline copper species was studied by Xiong,
et al. The excited e is passed from the reduced graphene oxide to the
adsorbed oxygen as the copper species acts as an ¢ relay. The led to
the degradation of RhB was degraded by continuously generated
reactive oxygen species under irradiation of visible light.

Application of G based photo catalysts

Graphene based photo catalysts play a vital function in resolving
various ecological and contamination challenges. As given in Figure
3, there are three areas in which the photocatalysts based on graphene
show considerable photocatalytic applications.

¢ Environmentally friendly chemical species resulted from the
degradation of organic pollutants.

» Photocatalytic change of carbon dioxide to hydrocarbon fuels.

» Photocatalytic hydrogen generation where there is a change of solar
energy into a hydrogen fuel.

. o

\\\

Figure 3: The photocatalytic applications of photocatalysts a)
Degradation of organic contaminants; b) Photocatalytic H, generation;
¢) Photocatalytic exchange of CO, to hydrocarbon fuels.

Photodegradation of organic contaminants: Different kinds of
intermediates and radicals are generated after photoexcitation.
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Hydroxyl radicals are capable to hit the molecules around the surface  damage of both organic and inorganic substances. Photodegradation of
of photocatalysts and are considered a powerful oxidizing agent. The  organic substances by utilizing photocatalysts based on graphene is
advantage of photocatalysts has been extensively studied in the shown in Table 1.

Type of catalysts Graphene content Contaminants Results

P25/G 1% MB 20% higher than P25-CNTs

P25/GO 8.2 wt. (%) MB Apparent rate constant enhanced by
a factor of 8.52 than P25.

P25/G 10% MB 70% degraded after 5 h, compared to
10% of P25.

P25/G 0.50% Benzene Alteration maintained at 6.4%. For
P25 is reduced from 5.8% to 1.2%
after 28 h.

TiOy/ G 15 wt. (%) RhB The rate constant of SnO, and TiO,
is 2.2 and 1.2 times larger than P25.

TiO,/G 75% MB The k value was 2.5 times larger in
comparison to P25.

TiO,/G 30 mg MB 75% in 3 h, enhanced in comparison
to P25.

TiO,/G - MO Much larger than P25/G.

TiO,/GO 0.14% MO Higher than P25.

TiOo/G 10 wt. (%) RhB The rate constant was 3 times
greater than P25.

TiOo/GO 4.60% MO The degradation rate of MO was 7.4
times greater than P25.

G/TiOo/MCM-41 0.15 wt. (%) 2-propanol Improvement in the photocatalytic
activity after coating of graphene.

TiO, nanorods/GO 40% TiO, C.l. acid orange Higher effectiveness was exhibited by
nanorods of TiO, as compared to
TiO, NPs.

TiO4 nanorods/ GO 30% MB Considerable  improvement  was

attained in comparison to P25.

TiO,/GO 0.03 mg MB TiO,/GO demonstrate enhancement
in comparison to TiO; film.

TiO,/G film - 2,4-dichlorophenoxyacetic Acid The rate constant was 4 times
greater than TiO, film.

Macro-mesoporous TiO,/graphene 0.6 wt. (%) MB The rate constant was 1.6 times
greater than  macro-mesoporous
TiOy,

ZnO/G - Rh B The rate of degradation was
outstandingly improved

Zn0O/G 2 wt. (%) MB The activity was improved by about 4
times than ZnO.

ZnS/G - MB ZnS/G had outstanding photocatalytic
activity.

Fe304/G - Rh B, MG 91% RhB and 94% MG were
removed.

Au/G - Rh B The rate constant was 1.8 times in

comparison to P25.
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Bi,WOg4/G - Rh B The activity was 3 times higher than
the Bi,WOg sample.

c-BioMoOg/G 1 wt. (%) MB Enhancement inactivity by 4 times
after 1.0 wt. % of graphene loaded.

ZnFe;0,4/G 20 wt. (%) MB Improvement in the activity after the
additon of HyO,, 88% MB
degradation was achieved in 5 min.

InNbO4/G 3 wt. (%) MB The kinetic constant was 1.87 times
higher in comparison to INNbOj4.

CNTs/G - Rh B 4 times faster in comparison to P25.

Copper modified G 10 wt. (%) Rh B 3 times faster in comparison to P25.

Table 1: New information on the utilization of G based photo catalysts for degrading selected organic contaminants.

Graphene based composites have been widely investigated for the
photodegradation of cationic dye MB. The photocatalytic action of a
composite of titanium dioxide/graphene is considerably improved
under both irradiations of ultra violet and visible light. Various
techniques have been utilized to explain the possible photocatalytic
mechanism for the enhancement. Reduced graphene oxide wrapped
titanium dioxide hybrid was prepared by one step photocatalytic
reduction by Liu and coworkers. The transient photo voltage method
was utilized by Wang, et al., for studying the photo induced charge
transport between graphene and titanium dioxide. The mean lifetime
of e-h" couples was extended from ~107 s to ~107 s after their
integration with graphene. Therefore, the double function of G in the
composite was enhanced by:

e Increasing the e-h" pair partition through the e injection from

the conduction band of titanium dioxide into G.

* Significantly delaying the recombination of e-h" pairs in the
excited TiO.

Photodegradation of RhB by using composites of graphene results
in high photocatalytic activities. The transfer of e” from RhB* to the G
semiconductor was thermodynamically favorable and a lot more
viable than titanium dioxide. In Figure 4, diverse photocatalytic
activities of titanium dioxide and SnO, were explained by the different
¢ transport pathways and photosensitization method. Graphene acted
as an e intermediary due to the effective injection of e from
Rodamine B to graphene and it makes possible the transfer of an
electron from RhB” to SnO,. The recombination process is retarded,
and the photocatalytic activity is enhanced by this spatially separated
electron and RhB*.

Graphene based photo catalysts also show potential applications in
the degradation of different organic substances. A homogeneous
titanium dioxide/graphene thin layer was prepared by Ng, et al.,
through the deposition of suspension of titanium dioxide/graphene.
There is 4 times rise in the speed of photocatalytic degradation during
the degradation of 2, 4-dichlorophenoxyacetic acid by titanium
dioxide/graphene films. Nanocomposites of Pt/graphene/titanium
dioxide were used for the degradation of DBS (Dodecyl
Benzenesulfonate) photo catalytically. There is an increase in the
mineralization of DBS by 3 times in comparison to P25. The improved
photocatalytic degradation of organic molecules is given below;

¢ The adsorption of photocatalysts is improved by the interactions of
aromatic regions of graphene with organic molecule.

¢ Charge recombination is concealed by the movement of excited e
from titanium dioxide to graphene.

e Photo responding range is extended and the bandgap of titanium
dioxide is narrowed by the formation of Ti-O-C chemical bond.
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Figure 4: The energy diagram of RhB, graphene, TiO,, and SnO,.

H, evolution from water photocatalytic splitting: It is an
effective method due to no emission of CO, and does not depend on
the consumption of fossil fuels. Extended light absorption and
inhibited recombination of photo induced carriers are significant
considerations in this method. Graphene based material shows a
potential application for hydrogen evolution from splitting water.
Their electronic properties could be tuned by controlling the oxidation
level. As a result, graphene oxide gradually catalyzed hydrogen
generation under ultra violet or visible light irradiation from a 20 vol
% aq. methanol solution.

Photocatalysts are combined with graphene due to the superb
electrical property of graphene and hence lead to the development of
their conductivity and activity of H, production. For example, the H,
evolution rate of 20 mmol to 21 mmol was exhibited by titanium
dioxide/reduced graphene oxide composites prepared by hydrothermal
technique. That value was much superior to the as synthesized
titanium dioxide NPs and the composites of titanium dioxide/carbon
nanotube composites. Metal free graphite carbon nitride acts as a
photocatalyst for water splitting. Recently, the combination of
graphene with this polymeric photocatalyst has also been investigated.
Other application of G based photo catalysts: Solar energy
conversion, environmental remediation, carbon dioxide reduction,
chemical synthesis, and antibacterial applications are the various areas
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in which graphene enhanced photo catalysts are used. The effect of
structural defects of G on the photocatalytic reduction of carbon
dioxide to produce solar fuel was investigated by Liang and
coworkers. Oxidation-reduction and solvent exfoliation are the two
main solution based pathways by which graphene with dissimilar
defect densities was synthesized. Larger enhancement in the
photoreduction of carbon dioxide was exhibited by P25/G
nanocomposites based on the less defective solvent exfoliated G. The
high photocatalytic activity was observed for nanoparticles of titanium
dioxide assembled on the nanosheets of graphene oxide for the photo
reductive change of hexavalent chromium. The speed of conversion is
found to be 5.4 times in comparison to P25. The effect of a G covering
on the antibacterial activity of the titanium dioxide thin layer was
investigated by Akhavan, et al. There is the enhancement of the
antibacterial activity by 7.5 due to photocatalytic reduction of
graphene oxide platelets for 4 hours.

Conclusion

Reactive OH radicals which are photo catalytically generated can
act as sharp chemical scissors for photocatalytic production of G for
electronics. Several photochemical tailoring of graphene, together
with arbitrary patterning, film by film thinning, and ribbon cutting on
any substrate are achieved by Zhang, et al.,, by using patterned
titanium dioxide photomask. Carbon field effect transistor arrays are
prepared by patterned graphene.

Water disinfection: Ag* contamination occurs due to conventional
water disinfection photocatalysts which are generally Ag based
materials. The photocatalysts are protected from photo corrosion by
graphene wrapping. Sulfonated GO/ZnO/Ag, GO/CdS, and GO/
TiO,/Ag are the several photocatalyst composites whose synthesis is
demonstrated by Sun's group. Improved efficiency and photo stability
were shown by both composites under visible light in the inactivation
of Escherichia coli as compared to their corresponding part without
adding graphene oxide. Metallic secondary contamination was
avoided by metal free photo catalyst.

Photocatalysts based on Bi are extensively used to combine with
graphene for water disinfection. Considerably higher efficiency was
given away by Bi,MoO¢/RGO nanocomposite in the inactivation of E.
coli K-12 as compared to Bi,MoOg. From the studies, it was observed
that toxic effects were exhibited by RGO on E. coli K-12.

Photodegradation of organic dyes: A high performance photo
catalyst was formed by the combination of P25 with graphene under
both UV and visible light. Higher activity was shown by the
composite in the photodegradation of MB in comparison to both pure
P25 and a P25/carbon nanotube composite. Efficient separation of
charge improved adsorption and extended light absorption range
resulted from the addition of graphene. In,S; nanosheets/G composites
driven by visible light were prepared by the hydrothermal method.
WOj3; nanorods/G was prepared for high efficient visible light driven
photo catalysis.
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