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a  b  s  t  r  a  c  t

The  remarkable  physicochemical  properties  of  graphene  (GR)  and  derivatives  can  be  leveraged  in the  pho-
tocatalytic  activity  of GR-semiconductor  photocatalysts.  The  hitherto  state  of  knowledge  on  the  role of
GR  in  these  composite  materials  is  insufficient  and  leaves  many  questions  unanswered,  thus  it  is  impera-
tive  to  fully  understand  the  interaction  mechanisms  between  GR  and  inorganic  semiconductors.  Detailed
study  and  optimization  of the  features  related  to  the  interface  are  still  very  much  sought  to  efficiently
design  photocatalysts  targeting  their  eventual  commercialization.  This  review  shows  that  photocatalytic
activity  of such  composites  depends  not only  on high  GR  electron  mobility  and  charge  transfer,  but  also  on
the  properties  of the  interface  (such  as interface  morphology,  size,  crystal  phases  and  facet,  dimensional-
ity  of  composites,  etc.).  Focusing  on  the  last  advancements  in this  field,  this  review  analyses  the  challenges
involved  in  the synthetic  strategies  of GR-semiconductor  photo(electro)catalysts  in  various  applications
including  pollutant  degradation,  organic  synthesis,  hydrogen  evolution  and  photoreduction  of  carbon
dioxide  (CO2). Mechanism  of interaction  between  GR and  semiconductors  are  thoroughly  discussed  by
examining  the  proposed  mechanism  in  the  diverse  areas  where  the  composite  materials  are employed  in
photo(electro)catalytic  processes.  In addition,  various  synthetic  and  characterization  technique  available
hitherto are  presented,  since  they  are  pivotal  to the understanding  of  the  composites  properties  (such
as  morphology,  crystal  phases  and  exposed  facets,  degree  of crystallinity,  dimensionality  etc.),  and  even

to shed  more  light  on  interaction  mechanisms  of the  photocatalyst  constituents.  As a  future  outlook,  it
is envisaged  that  research  will  not  only  focus  on  optimizing  GR electrical  and  chemical  properties,  yet
in the  synthesis  of GR-semiconductor  photocatalysts  attention  needs  also  be  placed  on  the properties  of
the  resulting  composites,  using  suitable  synthetic  methods  and  proper  characterizations  to  assess  their
performance.

© 2017  Elsevier  B.V.  All  rights  reserved.
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1. Introduction

Rising concerns about global pollution and climate change
due to ever increasing consumption of non-renewable, fossil
hydrocarbons as fuels and chemical feedstocks [1] has made the
development of green technologies for the production of goods
[2] and the abatement of pollutants [3] the core of contemporary
chemical research. Photocatalysis applied both to the degradation
of organic and inorganic pollutants in water [4,5] and air [6,7], as
well as to photoreduction of CO2 [8,9], and hydrogen evolution
[10–12], has emerged as a most promising method in our common
path to sustainability.

Heterogeneous photocatalysis based on the utilization of semi-
conductors such as TiO2 [13–17], CuO [18,19], ZnO [20,21], and
Fe2O3 [22–24] to produce highly reactive radical species able to

trigger oxidative reactions, as well as conduction band (CB) elec-
trons promoting reduction conversions, presents many advantages,
including low operation cost and no production of secondary haz-
ardous metabolites. The open challenges before photocatalytic



134 L.Y. Ozer et al. / Journal of Photochemistry and Photobiology C: Photochemistry Reviews 33 (2017) 132–164

ission

p
a
r
t
d
s
[

b
m
r
a
m
p
t

s
t
t
d
p
s
d

r
v
t
m
g
t
S
t
i
i
n
[

s

Fig. 1. Routes for the synthesis of GR. Reprinted with perm

rocesses become economically feasible for large scale industrial
pplications include the need to enhance efficiency under solar
adiation, and to mitigate recombination of photogenerated elec-
rons and holes. Several strategies have been developed including
oping with metal and non-metal species, coupling with other
emiconductors, and sensitization with organic chromophores
5,25–31], which have not all yet resulted in practical applications.

The discovery of GR [32], a 2D form allotrope of carbon and zero
and gap semiconductor [32] exhibiting extraordinary electron
obility (106 m s−1), excellent large surface area (2630 m2 g−1)

esponsible for improved interfacial contact with other species [33],
nd high chemical stability and mechanical resistance [34–36],
ight soon solve many of the practical problems encountered in

hotocatalysis [37], especially now that economically feasible syn-
hetic routes to GR are becoming available [38].

GR has different physicochemical features depending on the
ynthesis technique used for its preparation: bottom-up, where
he smallest building blocks of the material are assembled together
o obtain a high quality GR [28,39–41] and top-down by breaking
own graphite into the desired material by chemical or physical
rocesses (Fig. 1) [42–46]. The latter approach opened up the pos-
ibility of massive production when solution-based chemistry was
iscovered [47].

Early applications of GR in photocatalysis mostly relied on
educed graphene oxide (RGO) [45,48], rather than on GR, obtained
ia thermal [49], chemical [46], and electrochemical [39], reduc-
ion of graphene oxide (GO) synthesized by modified Hummer

ethods [42,50]. The presence of covalently bonded oxygenated
roups (including hydroxyl, epoxy, carboxyl etc.) in the GO struc-
ure offered anchoring points for the binding of semiconductors.
tructural defects and abundance of oxygen bearing groups in
he GO structure, however, impact on electrical properties by
nterrupting the conductive delocalized �-conjugation and also
nduce a tendency to aggregate with a final detrimental effect

ot only on specific surface area, but also on electronic properties
37,47,51–53].

In general, GR-semiconductor composites form photocatalysts
howing enhanced activity toward pollutants abatement, photore-
 from Ref. [39]. Copyright 2014 American Chemical Society.

duction of CO2 and photocatalytic hydrogen evolution, thanks to
i) the suppressed recombination of photogenerated electrons and
holes, ii) extended absorption range of light wavelengths, and iii)
better adsorption of reactants [54–57]. Furthermore, these char-
acteristics can be tuned and optimized working on many factors
including tunable layer number, edge morphology, crystallinity
degree, type and extent of defects, size effect and exposed crystal
facets [37,58–65].

In this account, we  address the challenges and opportunities in
the production of second generation GR-semiconductor compos-
ites. Recent advances in the synthesis and photo(electro)catalytic
applications, and in the understanding of the interaction mech-
anisms among different moieties in the resulting nanostructures
are discussed and put in context with the aim to provide guide-
lines in the development of new composites capable of meeting
productivity, stability and cost requirements needed for practical
application in the emerging solar [66] and bio-based [67] economy.
Throughout the described applications, a special consideration is
given to the ability of GR to provide a platform to attract and con-
vey electrons, promote (photo)adsorption of reacting substrates,
and enlarge the absorption range of semiconductors towards the
visible region [37,56,68].

2. Synthetic techniques

In the fabrication of GR semiconductor composites, GR behaves
either as compositing component of inorganic semiconductors, or
as a substrate where the semiconductors are grown/supported.
A number of methods do exist allowing for the fabrication of
GR-semiconductors composites with diverse morphology, size,
dimensionality and interfacial domains [69], all affecting the effi-
ciency of the photocatalytic processes. However, all the synthetic
techniques producing GR conjugated composites can be catego-

rized into: in situ crystallization and ex-situ hybridization [70].

In situ crystallization,  which is the most common method,
is based on the direct and homogenous growth of nanomate-
rials (such as nanoparticles, nanowires, nanorods, nanotubes or
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Fig. 2. Fabrication of Ag-TiO2-RGO ternary nanocomposite photocatalyst. Rep

anofilms) on the surface of a GR precursor, mainly GO or RGO [70].
n situ crystallization is based on mixing GO or RGO and the soluble
recursors of the inorganic semiconductors in a solvent, following

 chemical, thermal, optical or ultrasonic treatment of the mixture
o finally anchor the inorganic catalysts on the surface of GR. The
xygen sites of GO act as nucleation points for the adjustment of
ize, morphology and crystallinity of the nanoparticles and enable
he efficient interfacial contact of nanomaterials on GO/RGO sur-
ace to improve the efficiency of electron transfer. In situ methods
ncluding sol-gel method, hydrothermal/solvothermal treatment,
nd microwave-assisted deposition have been exploited to fab-
icate GR based composites through a one-step growth or by a
ulti-step reaction procedure.
Sol-gel method, a wet chemical approach, is based on phase

ransition from a precursor, a colloidal liquid, into a solid gel
hrough a series of hydrolysis and polycondensation reactions. Its
ey advantage is the effective anchoring of the catalyst at the
OH groups of GO/RGO by chemical bonding. The precursors used

n the preparation of GR-semiconductor composites are mostly
etal alkoxides, metal chlorides, and organometallic compounds.
s an example, in the fabrication of TiO2-RGO or GO composite
hotocatalysts via a sol-gel method, the precursors used were tita-
ium tetraisopropoxide (TTIP) [71–73], titanium butoxide (TBOT)
26,74–77], and titanium tetrachloride (TiCl4) [78], which resulted
n different structures of TiO2 depending on the experimental
onditions applied. From TTIP the following steps produced a com-
osite catalyst:

OxHy + (CH(CH3)2O)4Ti
O2, C3H7OH, unbalanced−−−−−−−−−−−−−−−→ {(CH(CH3)2 − O)3Ti

O2, 300oC, 2h, unbalanced

(CH(CH3)2 − O)3Ti − O} − G −−−−−−−−−−−−−−−−→ (TiO2) − G + CO2 + H

Final drying and annealing at temperatures typically above
00 ◦C resulted in semiconductor photocatalysts, whose crys-
allinity and photocatalytic activity were strongly affected by the
 with permission from Ref. [84]. Copyright 2013 Royal Society of Chemistry.

 − G + CH(CH3)2 − OH (1)

final heat treatment. Studies on the structural integrity of GR-
inorganic semiconductor composites have been conducted by Chun
et al. [79], who  found out that a high temperature up to 400 ◦C in
the final treatment enhances the photocatalytic activity of TiO2-3%
(w/w) GO without significantly affecting its structural features.

Hydrothermal/solvothermal method is widely used for the fab-
rication of composite photocatalysts, based on crystallization of
catalysts on GO sheets with the simultaneous reduction of GO at
high temperature and pressure. It can take place with or without
reductants starting from an aqueous/alcoholic solution [80–83].

Sher Shah et al. [84] synthesized Ag-TiO2-RGO, a ternary
nanocomposite photocatalyst, by dispersing TTIP in N,N dimethyl-
formamide (DMF) and ethylene glycol (EG) containing silver nitrate
and RGO to reduce silver nitrate to silver and mitigate the agglom-
eration of RGO nanosheets upon treatment at 200 ◦C for 18 h, as
illustrated in Fig. 2. The resulting Ag and TiO2 nanoparticles were
evenly distributed on RGO sheets without agglomeration of RGO.
During the fabrication of GR-semiconductor photocatalysts, Liu
et al. [85] targeted different exposed facets of TiO2, namely {101},
{100}, and {001}, to be grown on GR through a hydrothermal reac-
tion by capping anions at 180 ◦C for 24 h. After a thorough structural
and physicochemical analysis, they reported that directionality on
the facet growth also affected the photocatalytic activity by chang-
ing the bonding structure of GR and TiO2, and thus the interfacial
charge transfer rates.
2O (2)

Microwave-assisted synthesis is a fast and low temperature
method of producing GR-inorganic semiconductors composites
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ompared to other in situ procedures. This technique enables to
nduce nucleation and growth of small and homogenous particles
n GR [86]. UV microwave-assisted technique was used during the
abrication of OH-TiO2/RGO by UV irradiation of their precursors,
.e. TBOT and GO, and treating them through microwaves [59]. The
esults indicated that surface hydroxylation on RGO/TiO2 catalyst
nabled extension of visible light absorption up to about 600 nm
ith a color shift to yellow, at the same time reducing crystal sizes,

nducing surface defects such as Ti3+ states and oxygen vacancies,
hereby enhancing charge transfer with a lower recombination rate.

All reviewed studies on in situ synthesis suggest that GO is the
ost used precursor of GR because of its high degree of hydrophilic

unctional groups that allows for water processability. TiO2 and
dS also seem to have made the forefront of inorganic semicon-
uctors that are mostly composited with GR. TiO2-GR composites
eem to be commonplace because of TiO2 availability, nontoxicity
nd economic favorability. TiO2 precursors used include TTIP, TBOT
nd TiCl4; with the choice of precursor and synthetic method being
ependent on the structures and morphology of the required com-
osites. Among the in situ methods, microwave-assisted synthesis

s fast compared to sol-gel and hydrothermal. However, hydrother-
al  treatment seems to be the most widely used because GO is

airly reduced to RGO, thus yielding a better photocatalytic activity
f the resulting composite materials.

Ex-situ hybridization is based on mixing nanomaterials with a
efined structure and composition with GR precursors, aiming to
nchor the inorganic particles to oxygen moieties existing at the
urface of GO or RGO via covalent or noncovalent interaction [70].
or instance, coating GO sheets on a Nb-doped TiO2 (TNO) thin
lm resulted in a transparent conducting oxide (TCO) layer fab-
icated by a self-assembly technique, and being indium free, low
ost and enhancing charge transport. According to the photocat-
lytic activity measurement, GO on TNO films exhibit an improved
hotocatalytic efficiency on degradation of methylene blue (MB)
55].

In self-assembly technique, the distribution of nanomaterial on
R is random. For this reason, to maximize unique properties of
R, the surface modification of either GR or the inorganic semi-
onductors is necessary to improve their ability to process solvent,
nd to increase the spatial interaction between GR and the catalysts
54]. Xiao et al. [87] constructed 2% RGO/SiO2 hollow microsphere
omposites via ultrasound-assisted interfacial self-assembling of
egatively charged GO sheets on positively charged SiO2 modified
ith poly(diallyldimethylammonium) chloride (PDDA). Sonica-

ion enabled the composite to disperse in the aqueous solution
hus preventing aggregation. The following solvothermal treat-

ent resulted in a further reduction of GO and better interfacial
ontact between SiO2 and RGO.

Another approach involves the aerosol assisted self-assembly
ethod, which is simple, low cost and easy to scale up, allowing

o achieve a charge transfer between TiO2 and RGO sheets and to
oster interfacial contact between TiO2 and RGO compared to the
lectrostatic assembly approach [88].

From the perspective of synthesizing composites with robust
nterfacial contact between inorganic catalysts and GR, the ex-
itu synthesis method is often less efficient than in situ. The
tronger interfacial interactions can be attributed to the generation
f chemical bonds which tends to foster the effective separation of
lectron-hole pairs with an efficient electron transfer and the nar-
owing of optical band gaps. Conversely, we want to highlight that
he advantage of ex-situ method is to the control of the morphol-
gy of the materials into ordered and monodisperse structures by

re-selection of semiconductors with desirable morphology. In the
ourse of ex-situ preparations, the shape, size and morphology of
he used semiconductors in the composites are nearly the same as
he initial ones. A fair comparison of the photoactivity of the com-
gy C: Photochemistry Reviews 33 (2017) 132–164

posites with respect to inorganic semiconductors is then feasible,
without any concern on the morphological structure influence.

3. Dimensionality of composites

Besides doping/codoping techniques to modulate the carrier
separation and transfer of GR-semiconductor, several studies indi-
cated that the photocatalytic performance of GR-semiconductor
composites are also improved by tuning surface area, mass transfer
kinetics and local assembly environment, since these parameters
have a synergistic effect on the whole photocatalytic reactions.

We can differentiate among quantum dots, which are
zero-dimensional (0D), nanoribbons, nanotubes, nanowires and
nanorods, belonging to the one-dimensional (1D) category, single-
atom thick material like sheets being two-dimensional (2D) and,
finally, nanospheres and nanocones, which are among the 3D mor-
phologies. Dimensionality can explain the atomic assembly of the
materials and also affect their properties to a significant degree. The
same component can exhibit a very different photocatalytic activity
when existing in different shapes, due to a different charge mobil-
ity and reduced recombination resulting in a prolonged charge life
and shorter transfer paths.

3.1. Two-dimensional structures

The dimensionality of each component of a composite and the
increased interfacial contact area are able to enhance the electron
transfer thus result in a better photocatalytic activity. Coupling of
lower dimensional structures and GR such as in 0D/2D, 1D/2D and
2D/2D heterostructures, is an effective way  for boosting the global
photocatalytic performance [89].

In 0D/2D and 1D/2D composites, nanoparticles, nanorods,
nanowires or nanotubes have been coupled with GR through
in situ growth methods or ex-situ assembly. However, 2D/2D het-
erostructures have better interfacial contact areas due to the more
efficient face-to-face contact, which enhances the photocatalytic
performance by increasing the electron transfer and separation
of photogenerated electron-hole pair compared to 0D/2D, where
inorganic semiconductors are dispersed on 2D GR sheets, either
homogeneously or wrapped inside nanosheets, and also compared
to 1D/2D configurations, where a line-to-line interaction occurs as
shown in Fig. 3 [89]. A 2D/2D arrangement has been described for
instance by Luan et al. [90], who  indicated that the usage of 2D
TiO2 nanosheets in the fabrication of GR-modified semiconduc-
tor catalysts has advantages, serving as a hosting material to load
guest functional nanomaterials, providing a large interaction area
between catalyst and organic pollutant.

As reported by Bera et al. [91], GR/CdS nanosheets composite
(2D/2D) enhances the photocatalytic activity in the degradation of
MB of about 4 times, compared to GR/CdS nanorod (2D/1D), which
in turn shows ca. 3.4 times greater activity than GR/CdS nanopar-
ticles (2D/0D), fabricated by hydrothermal treatment. This study
highlights how increasing dimensionality results in a better photo-
catalytic activity.

3.2. Three-dimensional structure

GR, with its unique 2D structure, can be used as the building
block for the self-assembly of 3D functional materials. Due to the
strong interaction among GR sheets, it is hard to dissolve GR in most
solvents. However, in a gel medium, it can be well dispersed thanks
to the covalent �–� stacking interactions with a gelator peptide

[92]. Moreover, when synthesized by Hummer method, GO is sol-
uble in water yielding a homogenous liquid which is beneficial for
the 3D self-assembly procedures, producing organogels, aerogels,
and hydrogels.
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can be produced by the adsorption of gases, metals or organic
ig. 3. GR based composites with different dimensionality and interfacial contacts.

The 3D structures obtained, for instance, in porous films, aero-
els, and scaffolds, allow GR to enhance specific surface area, charge
arrier transfer and conductivity, and to inhibit aggregation, by
eans of combination of 3D porous structure and the peculiar

roperties of GR, namely high surface area, high conductivity and
lectron mobility.

Among the several 3D structures of GR which have been
eported, GR hydrogels/aerogels have attracted widespread atten-
ion due to (i) the porous structure providing an ideal support to
abricate photocatalytic semiconductors, (ii) the shapes, volumes
nd densities adaptability, allowing for high adsorption ability,
nd (iii) the affordable and convenient recycling of the photocata-
ysts due to the prompt separation from the reaction media. As an
xample, a study focused on construction of 3D porous aerogel con-
tituted by GR sheets and Bi2WO6 nanosheets, indicated that the
i-component photocatalyst achieved higher degradation of rho-
amine B (RhB) compared to bare Bi2WO6, due to a 60% higher
pecific surface area and higher adsorption of RhB compared to bare
i2WO6 sheets [93]. GO/polymer hybrid microspheres were fabri-
ated by getting 2D GO sheets wrapped on the surface of polymer
icrospheres and assembled into 3D structures [94]. The wrinkled

urface of the photocatalyst increased the specific surface area and
llowed the particles to grow on 3D structures by providing effec-
ive sites [95]. The photocatalytic activity of TiO2/RGO/polymer
omposites on the degradation of RhB under visible light was  about
6% in 30 min, much better compared to TiO2 Degussa P25, owing
o the good crystallinity and the small size of anatase TiO2 parti-
les, the unique electrical conductivity of GR, and the interactions
etween TiO2 and RGO in this complex composite.

As a final remark on 3D assembled composites, GR functional-
zed by melamine resin monomer (MRGO), assembled with CdS,
as reported to give an enhanced separation efficiency of photo-
enerated electrons by means of multidimensional transport
athways compared to CdS-RGO sheets (Fig. 4) [96]. Furthermore,
nted with permission from Ref. [89]. Copyright 2016 Royal Society of Chemistry.

hydroxyl end groups of melamine resin monomers were found to
inhibit restacking of MRGO in the composite CdS-MRGO.

4. Chemical doping effect

Many efforts have been directed towards exploiting the superior
physicochemical properties of GR by compositing with catalysts
such as TiO2 in order to convey electrons efficiently and boost the
electron-hole separation, at the same time narrowing the band gap
of the semiconductors [97–99]. The specific mechanism of GR dop-
ing has not been fully unveiled yet. It has been either ascribed
to anionic substitution doping, where the lattice oxygen atoms of
inorganic semiconductors are replaced by carbon (C), or to inter-
stitial doping where C bears a positive charge. Thus, the oxidation
state of carbon coming from GR varies from −4 to +4, as carbides
with Ti C bond (for the case of TiO2 doping) or carbonates with
C O bond, respectively. While Ti C bond was usually found in
composites fabricated by flame pyrolysis and ion-assisted electron
beam evaporation, C O bond was  frequently seen in those synthe-
sized via sol-gel. The degree of C doping affects the band gap with
a reduction ranging from 0.1 to 1.05 eV [98]. However, the dopant
loading has a threshold depending on the fabrication method: a fur-
ther increase results in the formation of a dopant segregated phase
[100]. Along with the extension of light absorption to the visible
range, it has been demonstrated that TiO2 composited with GR has
an electron-hole recombination rate slower than bare TiO2 upon
UV light excitation.

On the other hand, the chemical doping in GR and GR-inorganic
semiconductor composites is a relevant approach to modulate the
electronic properties of these materials. Chemically modified GR
molecules or through substitution doping, thus introducing het-
eroatoms such as nitrogen (N), boron (B) and sulphur (S), into the C
lattice of GR. Specifically, the aim of performing non-metal doping
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ig. 4. Schematic illustrating the charge transfer mechanism at interfaces of 3D C
merican Chemical Society.

ith N or B is to narrow the wide gap of GR-based semiconductors
oosting their activity in the visible region. Electron withdraw-

ng or electron donating functionalities GR can act as dopants by
odifying the chemical structure of GR [52,89].
Substitutional N doping is the most common approach due to

he comparable size of C and N. There are 3 common bonding con-
gurations of N atoms within the C lattice, including graphitic N
quaternary), pyridinic N, and pyrrolic N [58]. N-dopant both affects
he spin density and charge distribution of C atoms, also foster-
ng GR electron density close to the Fermi level above Dirac point,
ventually supporting the charge transfer in the course of pho-
ocatalytic reactions [101]. In addition, it was demonstrated that
-doping enhances the thermal stability of GR [102]. A recent case

tudy reported by Xu et al. [63] involves N-doped GR-TiO2 prepared
y a hydrothermal method with different nitrogen sources includ-

ng ammonia, hydrazine and urea. While N-doping of GR-TiO2 by
rea and ammonia brought to more than 70% pyrrolic N and 10%

yridinic N, on the other hand, using hydrazine as nitrogen source
roduced ca. 63% pyrrolic N and ca. 37% graphitic N. All of the N-
oped composites, especially when hydrazine is used, displayed a
etter photocatalytic activity compared to GR-TiO2 and TiO2, with

ig. 5. Synergistic effect of GR-TiO2 photocatalysts: (a) RGO/TiO2; (b) N-RGO/TiO2 (N 

e(III)/N-RGO/TiO2 (N Source: N2H4). Reprinted with permission from Ref. [63]. Copyrigh
RGO and 2D CdS-RGO. Reprinted with permission from Ref. [96]. Copyright 2015

an improvement of ca. 2 and 3 times, respectively. According to
this result, Xu et al. [63] proposed that the graphitic N acts as an
electron mediator for the photogenerated electrons, whereas the
pyrrolic N serves as an active site for oxygen reduction to rapidly
induce the subsequent interfacial catalytic conversion, as shown in
Fig. 5. Liu et al. have also found that N-doped GR-TiO2 has a good
stability over time and it can be recycled and reused after several
reactions without any loss of activity [56].

P-doped GR photocatalysts, produced by pyrolysis of phosphate
modified alginate at 900 ◦C under inert atmosphere, was  showed to
have wider optical band gap and better photocatalytic performance
on H2 production from H2O-CH3OH solutions, compared to bare
GR under UV irradiation [103]. This study shows how GR itself can
be used as a photocatalyst for reductions without coupling with
inorganic semiconductors.

In our opinion, nitrogen still remains the most utilized het-
eroatom non-metal dopant for GR and GR-inorganic composites.

This owes to the thermal stability it imparts to composites along-
side narrowing their band gap towards the visible light region.
Various sources of nitrogen that have been used in the literature
includes urea, hydrazine, ammonia, and ammonium nitrate.

sources: NH3 or CO(NH2)2); (c) N-RGO/TiO2 (N source: N2H4); and (d) Cu(II) or
t 2016 Elsevier.
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ig. 6. XRD patterns of (a) GR and GO, (b) ZnS and ZnS-GR semiconductor photocatal
012  American Chemical Society.

. Characterization strategies

The features of composite photocatalysts containing GR are
omplex and a straightforward assessment is hard if not impossible.
ince the physicochemical properties of semiconductors, includ-
ng crystal phase, size, dimensionality, morphology, and exposed
acets, play a role in both generation and transfer of charge car-
iers on the composite surface, eventually resulting in a better or
orse interaction between semiconductor and GR. It is essential to
eeply study the impact of the different catalyst properties on the
hotocatalytic activity.

XRD is firstly employed to analyze the crystallinity of the semi-
onductors. An estimation of the crystallite size can be done by
sing the main diffraction peaks according to the Debye-Scherrer

ormula [80]. The diffraction peaks of RGO, when prepared from
raphite flakes by the Hummer’s method, are three, located at 26.5◦,
4.3◦, and 54.5◦ corresponding to planes (002), (101), and (004),

ig. 7. Raman spectra of [A] (a) Gd(OH)3 nanorod, (b) Gd(OH)3 nanorod/RGO, (c) GO, [B
anorods. Reprinted with permission from Ref. [81]. Copyright 2014 Elsevier.
th an increasing loading of GR. Reprinted with permission from Ref. [104]. Copyright

respectively. The interplanar spacing can be calculated by using
Bragg’s equation from the observed position of the (002) peak. The
interplanar distance in GO between consecutive C basal planes, ca.
9 Å, is attributed to the presence of hydroxyl, epoxy, and carboxyl
groups bound to the GR sheets (Fig. 6) [104]. On the other hand, a
positive shift of (002) peak in RGO, corresponding to a d-spacing of
ca. 4 Å, indicates that the sp2 carbon lattice within the GR  network
is significantly restored during the reduction process of GO, mainly
due to the epoxides ring breakage [105]. However, in GR modified
composites, GR, RGO and GO crystal peaks are often not detectable,
since GR loading is usually far below the detection limit of XRD [78].
Moreover, Bhirud et al. [78] indicated that an increased amount of
GR in the composite may  restrict the degree of crystallization of
the inorganic semiconductor ZnS, as illustrated in Fig. 6b. Thus, the

presence of GR, even in trace amounts, needs to be confirmed via
Raman spectroscopy and XPS rather than XRD.

] Raman shift of ‘D’ and ‘G’ band and [C] characteristics Raman peak of Gd(OH)3
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ig. 8. FT-IR spectra of natural graphite, GO, RGO, TiO2, 1% GR-TiO2 and 1% RGO-TiO2.
eprinted with permission from Ref. [83]. Copyright 2016 Elsevier.

Raman spectroscopy is a useful technique to evaluate the state
f dispersion and the interaction of photocatalysts with GR as
ell as the disorder and defect structures of GR in the composites
aterials, reflected by shifts, width changes, and varying relative

ntensities of the peaks. When GO or RGO are used as precursors
f GR in the fabrication of composite semiconductors, the Raman

−1
pectrum shows the two peaks located at around 1550–1600 cm
G band) and 1300–1400 cm−1 (D), corresponding to the first order
cattering of E2g phonon of sp2 bonded C hybridization and to the
reathing mode of K-point phonons of A1g symmetry in GR, respec-

ig. 9. X-ray photoelectron spectra of composite photocatalysts obtained with and with
nd  0.6% TiO2/RGO-CTAB (C); (b) C 1s for GO; (c) C 1s for 0.6% TiO2/RGO-C; (d) Ti 2p for 0.6
gy C: Photochemistry Reviews 33 (2017) 132–164

tively [106]. The D/G peak intensities ratio indicates the defects
level and disorder degree of sp2 type C atoms in the GR struc-
ture. When analyzing the Raman spectra of a composite, such as
Gd(OH)3 nanorod/RGO, prepared starting from GO (getting reduced
during the composite formation), the intensity ratio of D/G bands
of the composite is greater than the same ratio in the absence
of inorganic semiconductor. The last insight suggests that the
interaction between the inorganic semiconductor and RGO sheets
result in a shrinking of sp2 domains upon reduction of GO to RGO
(Fig. 7A) [81]. The G’ band (also referred to as 2D band), located at
around 2700 cm−1, deriving from the second order of zone bound-
ary phonons activated by a two-phonon (opposite momentum)
assisted double resonance process, is used to assess the presence
of a single or a few layers of GR in the composites. Thus, as the
number of layers increases, the G’ band peak can be slightly shifted
and become broader with a shoulder towards lower wavenum-
bers. Moreover, upon incorporation of GR into the composites, the
inorganic semiconductor Raman peaks may  also shift due to the
interaction of inorganic semiconductors with GR as illustrated in
Fig. 7B and C. Haldorai et al. [77] indicated that D and G peak of
RGO shift slightly to smaller wavenumbers in RGO/TiO2 composite
compared to bare RGO.

The occurrence of different kinds of bonds in GO, RGO, and
GR-modified composites can by investigated by Fourier trans-
form infrared spectroscopy (FT-IR). The predominant characteristic
bands of GO, at ca. 1720–1740 cm−1 and 1630 cm−1, are assigned

to C O (carbonyl) stretching mostly originating from the edge of
GR surface, and C C stretching deriving from skeletal vibrations
of non-oxidized sp2-hybridized C, respectively [83,106]. The other

out cetyltrimethyl ammonium bromide (-C) as a surfactant: (a) GO, TiO2 nanorods
% TiO2/RGO-C. Reprinted with permission from Ref. [108] Copyright 2015 Elsevier.
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eaks of GO at ca. 3440 cm−1, 1400 cm−1, 1230 cm−1 and 1050 cm−1

re assigned to O H (stretching), C O (carboxyl), C O (epoxy) and
 O (alkoxy) vibrations, respectively, as duly illustrated in Fig. 8. In
he FT-IR spectra of RGO, the OH stretching peak at ca. 3440 cm−1

s significantly reduced in terms of full width at half maximum
FWHM) and intensity when compared to GO. The bands associated
ith oxygen stretching in RGO spectra are typically absent indicat-

ng a significant degree of hydroxyl and carbonyl groups removal
fter reduction of GO.

Coupling thermogravimetry (TGA) with FT-IR, and/or with a
S detector, enables determination of evolved gaseous prod-

cts during thermal treatment of a photocatalyst. This method
s useful in determining the optimal calcination temperature of
R-semiconductor composites to promote the crystallization of

norganic semiconductors, at the same time preventing the deteri-
ration of the GR moiety in the composites. According to the TGA
nalysis reported on GO, there are two characteristic weight losses
t 218 and 424 ◦C corresponding to the thermal removal of oxy-
en containing species (mainly OH) and degradation of hexagonal
R structure, respectively [71]. Overlapping of weight losses due

o the inorganic semiconductor is possible and can be misleading,
herefore, high precaution is needed in this analysis.

X-ray photoelectron spectroscopy (XPS) is employed to identify
he composition and the surface electronic state of GR semicon-
uctor photocatalysts upon the composite formation, in order to
eveal the interaction of GR and catalysts, as shown in Fig. 9. The
uccessful incorporation of GR into the catalyst can be investigated
y checking the XPS spectrum of C 1s from GO, convoluted into 5
eaks, 284.5, 285.4, 286.5, 287.6, and 288.9 eV, which correspond
o sp2 bonded carbon (C C), carbon atoms with sp3 hybridization,
poxy/hydroxyl (C O), carbonyls (C O) or quinone groups, and
arboxyl groups, respectively (see Fig. 9b) [107,108]. According to
PS, the percentage of GR in the composite photocatalyst and the
oping at either substitution or interstitial regions can be inferred,
eeping in mind that the sensitivity of this technique allows to ana-
yze only the surface composition (down to depth of ca. 10 nm),
ence a difference between bulk and surface composition can bring
isleading results.
UV–vis diffuse reflectance spectra (UV-DRS) is used to deter-

ine the light absorption properties of both crystalline and
morphous materials in the 200–800 nm range as %R and as
ubelka-Munk (K-M) function. In films, the transmittance and
eflectance allow to estimate the optical band gap through the Tauc

quation, which links the ratio between the absorption and scat-
ering coefficients and the photon energy for semiconductors with
in) direct band energy. The UV–vis spectra of GO show two absorp-
ion peaks, ca. 237 nm and ca. 307 nm,  attributed to p–p* transition

ig. 10. TEM images of N-doped TiO2/1% GR. GR in (b) is shown in the red rectangular
rookite-rutile grown on graphene and it was recently developed in Khalifa University of
gy C: Photochemistry Reviews 33 (2017) 132–164 141

of aromatic C C bonds and n–p* transition of C O bonds, respec-
tively. On the other hand, RGO displays an absorption peak at ca.
270 nm,  which results from the red-shift of the former peak of GO,
whereas the latter peak of GO vanishes owing to the removal of
oxygen containing functional groups [109]. Adamu et al. reported
that the band gap was  slightly narrowed to 0.21 and 0.26 eV when
TiO2 was  doped with 0.25% GO and RGO, respectively [110]. UV-DRS
also highlighted a red shift in the optical absorption and extended
visible light absorption edge with the incorporation of GR  into the
composite.

The photoluminescence (PL) spectra are among the best tech-
niques to assess the efficiency of electron migration, transfer,
trapping, allowing to draw conclusions on the surface structure
and excited states of a semiconductor, along with the recombi-
nation extent of electron-hole pairs. PL emission at wavelengths
equal (band-to-band transition) or greater (transitions occurring
in intra-band gap states and due to semiconductor defects acting
as recombination centers) than the optical absorbance threshold of
the semiconductor can be indeed ascribed to the recombination
produced by electron-hole recombination. A lower PL emission,
generally, indicates a lower recombination rate of electrons and
holes under a given wavelength excitation, and a more efficient
charge separation at the surface junctions. Assembling an inorganic
semiconductor with GR leads to defects on the surface of the cata-
lyst, acting as active sites where the photogenerated electrons are
trapped and also as an interface between the two  constituents of
the composite, where electrons can be efficiently separated and
conveyed far away from holes. As a result, the PL intensity is signif-
icantly lower in composite materials [111].

The morphology of GR-semiconductor photocatalytic surfaces
are characterized by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). The wrinkles of GR, the
uniformity and the shape of the composite photocatalysts can be
observed through SEM. A more detailed morphology characteriza-
tion can be performed with TEM, allowing also to observe the lattice
fringes and to deduce interplanar spacing (d) and Miller indices of
the observed crystal planes. The crystallite sizes of inorganic semi-
conductor particles can be identified along with the corresponding
crystal planes, as illustrated in Fig. 10*. The size of the agglomerates
can also be identified easily, although few layers of GR are tougher
to be observed due to the high electron transparency, resulting in a
color quite close to the background one. Low applied voltages, along
with the identification of GR wrinkles and edges of the composite,

however, are helpful to perform a proper observation. Moreover,
selected area electron diffraction (SAED) is a powerful means to
obtain information on diffraction rings of GR, with its asymmet-
ric six fold pattern with the corresponding Miller Bravais indices,

; (c) shows crystal fringes of rutile (110) plane. This sample is made of N-doped
 Science and Technology, Masdar Institute, by some of the authors.
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Fig. 11. Representation of possible electron transfer and scavenger mechanisms in different semiconductors: a) p-n heterojunction formed between GO and TiO2, b) schematic
of  GO function in the electron separation and storage, c) photo-generated electron separation and transfer in the ZnS-GR composites under visible light irradiation, d) self-
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transferred from VB to either (i) GR by passing through CB or (ii) CB
xidation of dyes under visible light irradiation. Reprinted with permission from R
hemistry.

nabling to safely differentiate between GR and the inorganic semi-
onductors [106].

Concerning the textural properties of the composite photocat-
lysts, the specific surface area, the total pore volume, and the
ore size distribution need to be determined and correlated to the
eactivity results. The specific surface area of GR semiconductor
hotocatalyst is usually calculated by the multi-point Brunauer-
mmett-Teller (BET) model and the correlation of isotherms and
ysteresis loops to the pore-size distribution curves can be unveiled
hrough Barrett-Joyner-Halenda (BJH) model. With combination of
R with inorganic semiconductors, higher specific surface areas
nd large pore volumes are expected, producing an enhanced pho-
ocatalytic performance due to a larger extent of adsorption and a

ore effective mobility of target molecules and products. Accord-
ngly, Chun et al. have reported that the specific surface area and
ore volume of GO-TiO2, 68.5 m2 g−1 and 0.23 cm3 g−1 higher than
hose of pure P25, 38.7 m2 g−1 and 0.14 cm3 g−1, respectively. In
ddition, post treated GO-TiO2 composite at 500 ◦C had higher
urface areas and pore volumes, 113.8 m2 g−1 and 0.47 cm3 g−1,
espectively [79].

Electrochemical impedance spectroscopy (EIS) is employed to
haracterize the charge-carrier migration and electron-hole recom-
ination behavior of the composites at semiconductor-electrolyte

nterface. The EIS spectra are represented as Nyquist plots con-
isting of semicircle and straight line. The diameter of semicircle
epresents the charge-transfer resistance (Rct) and constant phase
lement (CPE) at the interfacial contact between composites and
he electrolyte solution. The arc radius reflects recombination resis-
ance and the semicircle at high frequency is a feature of the charge
ransfer process. On the other hand, the straight line in the Nyquist
lot signifies the diffuse resistance of the electrolyte in the surface
f the semiconductor. According to Chen et al. [112], the radius of
emicircle decreased with RGO introduction in comparison to bare
i2S3 photocatalyst, manifesting that the introduction of graphene

educed the charge transfer resistance on the surface, improved
he transfer of the photogenerated charges and the separation of
hotogenerated electron-hole pairs at interfaces.
,115,116]. Copyright 2013 Elsevier, 2015 IOP Publishing and 2015 Royal Society of

6. Cooperative mechanism at graphene-inorganic
semiconductor interface

GR is a versatile component that can be functionalized in a
range of different ways to tune its electronic properties [113]. It
can be either p-type or n-type, upon chemical doping with electron
withdrawing oxygen functionalities or electron-donating nitrogen
functionalities, as illustrated in Fig. 11.

Chemically derived GO has a variable amount of oxygen in its
structure owing to the difference in the preparation process. These
functional groups, which can be located either on the basal plane
or at the edges of GO, lead to the occurrence of sp2 hybridization,
conductive � states, and sp3 hybridized carbon atoms, derived from
� states. The tailoring of the amount of sp2 and sp3 by chemical or
thermal reduction allows for tuning of the optical band gap [48].
RGO, having aromatic sp2 domains surrounded by sp3 domains,
shows a p-type semiconductor activity [114]. Under UV radiation,
these sp3 domains can be further reduced with the incorporation
of metal oxides such as TiO2, thus providing an efficient charge
separation spot in the composite photocatalysts [53].

The interaction mechanisms among GR and inorganic semicon-
ductors, resulting in suppressed recombination of photogenerated
electrons and holes, extended excitation wavelength and increased
surface-adsorption of reactants, are still not fully unveiled: several
operational schemes have been proposed so far, as illustrated in
Figs. 11 and 12 [61,115–117].

The function of GO in the electron transfer and scavenging
mechanisms, taking place under UV and visible radiation, can
be either electron donor or acceptor, depending on the energy
levels of the inorganic semiconductors, and depending on oxi-
dation/reduction potentials of the involved species. When GR is
incorporated into a semiconductor in which the CB is more positive
than the Fermi level of GR, the photo-generated electrons can be
by passing through GR [118–120]. GR with �-conjugated 2D struc-
ture allows electrons to transfer as much as 1.5 × 104 cm2 V−1 s−1

to target pollutants. As a result, the photo-generated electron path-
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ig. 12. Schematic representation of energy bands of GR and common semiconduc-
ors. Reprinted with permission from Ref. [117]. Copyright 2013 Elsevier.

ay is prolonged, thus promoting the production of highly reactive
adicals. Beside the transportation of photo-generated electrons,

ang et al. [121] proposed that a valence hole can move from
B to the phenol molecules on the RGO surface for immediate
egradation. In some cases, the Fermi level of GR is more positive
han the CB of photocatalyst, so electrons can be transferred from
he semiconductor to GR only in the presence of sensitizers lead-
ng to an increased mean free path of electrons and consequently
o a decrease in the recombination rate. Accordingly, the photo-

atalytic quantum efficiency of semiconductor/GR composites is
nhanced as illustrated in Fig. 12 [117]. However, beside the photo-
enerated electron transfer from GR to inorganic semiconductors or
ice versa, the photogenerated empty states (holes in semiconduc-

ig. 13. Representation of the three step mechanism proposed for the degradation of org
rom  Ref. [126]. Copyright 2015 Royal Society of Chemistry.
gy C: Photochemistry Reviews 33 (2017) 132–164 143

tor VB and in GR) can produce a direct oxidation of organic species
if their energy is low enough.

Moreover, the precise band positions in semiconductors need to
be carefully measured for the specific materials under study, since
they can change significantly depending, for instance, on prepa-
ration methods and amorphous vs. crystalline contents; diverse
reaction environments can also produce a diverse band bending
resulting in different performance [122].

Another mechanism can be considered in the presence of dyes,
which are able to absorb visible radiation themselves. Accord-
ing to Pastrana-Martinez et al., the photocatalytic activity of
GR-modified composites with adsorbed dye is due to dye self-
sensitized photocatalytic activation, which occurs under visible
light irradiation leading to the direct self-degradation of colored
pollutants [120,123]. The photo-excited electrons in the dye can
be delocalized in the electronic diffuse states of RGO and/or of the
CB of inorganic semiconductors, resulting in the degradation of the
dye, going through a transient intermediates or stable by-products.
However, this mechanism, which might partially explain the pho-
tocatalytic degradation of organic dyes under visible irradiation,
cannot be applied to species not absorbing visible radiation, unless
the visible absorbing complex is formed upon adsorption of the
organic species on the composite catalyst.

It must also be underlined that the intrinsically heterogeneous
GO electronic structure, containing many electronic states derived
from different sp2 and sp3 hybridized carbon atoms can boost the
electron transfer from GO to TiO2 under visible light irradiation.
adequate energy can be delocalized in the CB of TiO2 [123]. How-
ever, the self-sensitized photocatalytic activity can be dominant
under visible light irradiation.

anic dyes such as MB  by GR-inorganic semiconductors. Reprinted with permission
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. Applications

.1. Pollutants degradation

With the increase in energy consumption and industrial water
ischarge, environmental pollutants such as organic dyes, hydro-
arbons, heavy metals and metal oxides, have become a serious
hreat to the ecosystem. Many efforts have been directed towards
he degradation of water and air pollutants through redox pro-
esses. In order to achieve a complete mineralization of organic
ollutants into CO2 and H2O, the use of photocatalytic semicon-
uctors represents one of the most sustainable techniques. Notably,
emiconductors such as but not limited to TiO2 have proved to be
ffective in the removal of mutagenic and carcinogenic species,
ncluding both organic and inorganic compounds [10,124]. How-
ver, their relatively low efficiency under solar radiation restricts
heir practical use. For this reason, the incorporation of GR into
hotocatalysts has been applied to synergistically enhance the
egradation efficiency. The improvement in activity is correlated
o the ability of GR to promote reactants adsorption, extend the
bsorption range of photocatalysts towards the visible region and
uppress electron-hole recombination [125–128].

Schematically, the steps involved in photocatalytic activation
f GR-inorganic semiconductors for the degradation of dyes can be
ummarized as follows: (1) adsorption of pollutant on the surface of
R through �-� stacking interactions, (2) photo-excitation of elec-

ron from VB to CB of the composite under UV or visible light and,
astly, (3) generation of reactive oxygen species obtained through
he transfer of promoted electrons to O2 molecules, through a path-
ay shown in Fig. 13 [126]. However, it should be emphasized

hat dyes and other species are also prone to absorb light them-
elves triggering the photocatalytic oxidation processes, especially
fter adsorption on a semiconductor through the formation of com-
lexes. Accordingly, the excited electrons of dyes can be delocalized

n the electronic diffuse states of RGO and/or be injected into the CB
f inorganic semiconductors, finally activating a self-degradation
rocess [120,129].

Due to the complexity of the reactions going on, which is often
elated to the reactivity of the complex formed upon adsorption of
he dye, rather than to the intrinsic reactivity of the photocatalyst,
t is hard to have a reliable quantitative assessment of comparable
eaction rates for different catalysts [130]. However, synthetic dyes
re relevant pollutants, since they find applications in a multitude
f industries including textile, paper, plastic and rubber. Alarm-
ngly, nearly 10% of them are released directly into the environment
131]. Such dyes, including MB,  RhB and methylene orange, are

ome of the water pollutants, whose degradation is a major con-
ern [132]. Also, some of these dyes are toxic and carcinogenic in
c) HRTiO2; (d) HRTiO2/GR and (e) P25. Reprinted with permission from Ref. [137].

nature [133], thus adding to the harmful impact they have on the
environment and living beings.

A recent case study reported by Chang et al. [65] involves RGO-
TiO2 hybrids prepared by a hydrothermal method at temperatures
of 120, 150 and 180 ◦C. The catalyst prepared at a temperature of
180 ◦C showed an improved homogeneity when compared to those
prepared at lower temperatures. A higher temperature fostered the
homogeneity of the composite and PL emission because electron-
hole recombination was  significantly quenched, thus resulting in
an efficient degradation of MB.  After 10 min  in dark, 50% MB  was
adsorbed on the surface of RGO-TiO2, with an 8 fold improvement
in performance when compared to pure TiO2. The strong adsorp-
tion was generated by the non-covalent interaction driven by the
�–� stacking between aromatic regions of MB  and GR. After 3 h of
exposure to natural solar light, MB  was completely degraded. A lim-
ited electron-hole recombination and the extension of absorption
range towards the visible were reported as the reasons for such
performance. Upon exposure to a low (15 �W cm−2) and a high
(120 �W cm−2) radiation intensity, an enhancement of the pho-
tocatalytic activity from 25.5% for low intensity to 98.8% for high
intensity was reported.

The organic degradation can be carried out contemporaneously
to metal cation reduction, as shown by Kumordzi et al. [16], who
reported the photoreduction of Zn2+ using a hydrothermally syn-
thesized TiO2/GR 1% (w/w)  in the presence of sunlight and H2O2.
This photodegradation was  carried out anaerobically by purging the
reaction medium with nitrogen, thereby retaining the generated H2
in its form without being converted into water. The incorporation
of GR enhanced the reduction of Zn2+ to metal Zn, ca. 20% under
solar light compared to pristine TiO2, by narrowing the band gap of
the semiconductor from 3.1 eV to 2.2 eV. The combination of metal
oxide nanoparticles with GR derivatives leads to the narrowing
of the metal oxide band gap by energetically favored hybridiza-
tion of O 2p and C 2p atomic orbitals resulting in the formation
of new valence bands [78,134–136]. The proposed mechanism of
Zn2+ reduction by using TiO2/GR nanocomposites can be divided
into 3 steps: catalyst activation, oxidation of water and organic
compounds present, and reduction of Zn2+.

The exposed facets of semiconductors can affect reactivity in a
strong way: studies by Mukthar Ali et al. [137] on the effects of
the {001} facet of GR-modified TiO2 composite (HRTiO2/GR) has
been reported very recently. The composite, which was  prepared
by a photochemical reduction method, was applied on the pho-
todegradation of 4-chlorophenol (4CP) and different dyes including
MB,  RhB and methyl orange (MO). Under visible light, the extent of
adsorption and photodegradation of the dyes on prepared compos-

ites was  found to follow the trend MB  > RhB > MO > 4CP. Comparing
the performance of HRTiO2/GR composite with TiO2/GR on the pho-
todegradation of MB  revealed a higher efficiency of the former
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nder both visible light and UV radiation (Fig. 14). This indicated
hat the exposure of {001} facet on TiO2 in HRTiO2/GR composite
as a significant effect on the photocatalytic activity of the com-
osite. In addition to the MB,  the performance was  also found to be
etter for RhB and MO degradation, whereas worse photodegra-
ation of 4CP was observed when using the composite instead of
ommercial P25. Another important feature of HRTiO2/GR compos-
te is the selectivity towards the reduction of positive dyes (MB  and
hB), a property attributed to the negative charges on GR. Higher
electivity in the photodegradation of the positive dyes is observed
n the mixture of the positive and negative dyes.

Reactions similar to those described above can be carried out by
sing a configuration in which an ultra-thin anatase TiO2 nanosheet

s combined with GO by self-assembly [90]. The optimum GO con-
ent was found to be 5% (w/w) yielding a 91.2% degradation of MB
s compared to 53.2% when pure TiO2 was used under exposure
o UV irradiation. The authors mentioned that one of the major
easons for this improvement was attributed to increased specific
urface area resulting from interspace between the TiO2 nanosheet
nd GO. Yang et al. [138] reported the preparation of a porous
iO2/RGO composite via the permeation of TiO2 into GO-PS micro-
pheres followed by calcination. The prepared photocatalysts were
pplied to the degradation of MB  under visible light in the pres-
nce of photoelectron scavengers. The TiO2/RGO porous composite
xhibited 6.5 improvement in efficiency for the degradation of MB
nder visible-light as compared to bare P25. In this photodegrada-
ion process, the major reactive species were holes (h+), O2

•− and
H•. Owing to the high surface area and good permeability of the
s-synthesized photocatalyst, the number of active sites increased
nd the light utilization was also enhanced thanks to the multi-
cattering of incident photons. According to Xu et al. [54], the small
ize of TiO2 spheres was the key for a good interaction with GO
heets, yielding an enhanced photocatalytic activity in the degra-
ation of MO compared to that obtained with large TiO2 spheres,
hanks to the maximized interfacial contact area between TiO2 and
O and increased specific light absorption provided by the former
aterial. In two separate studies [139,140] the enhancement in

he photoreduction of Cr (VI) to Cr (III) by incorporation of GR into
iO2 was reported, as illustrated in Fig. 15. The optimum RGO con-
ent in the TiO2 microsphere/RGO composite was also found to be
% (w/w), similar to the conclusions given by Luan et al. [90]. The
uthors reported 98% reduction of Cr (VI) for the as-synthesized
omposite compared to 30% by P25 TiO2 when exposed to visible
ight for 180 min. On the other hand, the photocatalytic activity
f optimum 20% TiO2/GR hydrogel was 98% for a UV light exposure
ime of 30 min. TiO2/GR hydrogel has a large surface area with inter-
onnected pores, which facilitate higher active sites for adsorption
nd crossed open channels for the diffusion of adsorbates, mostly
n the forms of HCrO4

− and CrO4
2−. It was also demonstrated that

he oxygen functional groups of GR provide more active sites for
dsorption, thereby fostering the uptake of Cr (VI), which can be
uantitatively reduced to Cr (III). Accordingly, the results pointed
o a strong enhancement upon tuning the morphology and size of
iO2 and the distribution of TiO2 nanoparticles on GR sheets.

Modification of GR-TiO2 semiconductor using different doping
gents has been investigated with the aim of extending its visi-
le light absorption range, eventually narrowing the band gap. Liu
t al. [56] reported the importance of GR moiety in N-doped TiO2
anowires supported on N-doped GR (with an optimum GR content
f 7% (w/w)) fabricated by a facile hydrothermal method using urea
s a nitrogen source at relatively low temperatures. The efficiency of
he composite was compared to TiO2 nanowires and N-doped TiO2

anowires by degrading MB  and, under visible radiation, N-TiO2
anowire/N-GR showed a superior activity with an improvement
f 8.6 and 5 fold, respectively. This suggests that excited electrons
rom N 2p impurity energy levels migrate to the CB of the com-
gy C: Photochemistry Reviews 33 (2017) 132–164 145

posite and, later on, they are transferred to GO sheets via Ti O C
bonds. This is possible due to the favorable intra-band gap level of N
2p impurities in N-TiO2, which is located above the VB maximum
(corresponding to O 2p), as illustrated in Fig. 16. Meanwhile, the
holes on the surface of N-doped GO migrate to the VB of TiO2 thus
separating the electron-hole pairs and inhibiting the recombina-
tion of charge carriers. As a result, the electrons gathered on the GR
sheets leaving holes behind on TiO2 surface. The electrons can be
scavenged by O2 thus generating reactive intermediates (i.e. super-
oxide radical anions, O2

•−). The positive holes on TiO2 VB react with
H2O molecules leading to the generation of many mobile free OH•

radicals and hydrogen ions, which eventually oxidize MB as shown
in Eqs. (3)–(7).

e− + O2 → O · −
2 (3)

O · −
2 + H+ → HO ·

2 (4)

2 HO ·
2 → O2 + H2O2 (5)

e− + H2O2 → OH · + OH− (6)

h+ + H2O → OH · + H+ (7)

Wang et al. [141] studied the effect of RGO content and catalyst
dose by preparing TiO2-CdS/RGO nanocomposites via a solvother-
mal  method, with RGO ranging from 3 to 10%, and performing the
degradation of MB  and RhB under visible light. The authors reported
the optimum concentration of RGO in the composite to be 5%. When
the sample with optimum RGO content was utilized for the pho-
todegradation of MB and RhB, the degradation extent was  97.5%
and 93.5%, respectively. The high activity was attributed to a pro-
moted adsorption of pollutants and the suppressed recombination
of photogenerated electrons and holes due to the presence of GR.
Beyond the optimum concentration of RGO and catalyst weight,
the photocatalytic efficiency was found to be reduced owing to
the decreased active sites and to the decreased light transmittance.
CdS served as a sensitizer, trapping photons from visible light and
exciting electrons of CdS to the VB of TiO2, whereas RGO acted
as photo-excited electron mediator, which absorb photogenerated
electrons and transported them to TiO2, thereby minimizing the
electron-hole pair recombination rate. This is due to its efficient
charge carrier transfer as well as to its high adsorption capacity.

Apart from TiO2, several other GR-based composite of inorganic
semiconductors such as ZnO, CdO, MoS2, Bi2WO6 have been used
for oxidative degradation purposes. For instance, Ding et al. [142]
found that among GO/MoS2 hydrogel composites with loadings of
MoS2 ranging from 5% to 20%, the most efficient degradation of
MB was  attained with a GO/10% MoS2 hydrogel. For an exposure
time of 60 min  under visible light, 99% degradation of the MB  was
achieved for the optimum GO content. Gan et al. [143] also used the
hydrothermal method in the fabrication of WO3/GO with different
loadings of GO from 1% to 10%, where the WO3/7% GO had the high-
est degradation efficiency under both visible light (400–700 nm)
and combined UV–vis light spectra (below 700 nm). Qin et al.
[144] reported that, though the band gap of ZnO microspheres
did not remarkably change when coupled with RGO, the increase
in absorption extent in UV and visible light regions obtained by
increasing the RGO content was  due to the enhanced surface elec-
tric charges on ZnO composited with RGO, also to a change in the
mechanism of electron-hole pair formation, as illustrated in Fig. 17.
ZnO microspheres-RGO composites, fabricated by a facile solution
method improved photodegradation of MB,  whereas the photogen-
erated holes and superoxide radical, O2

•−, induced the generation
of active species.
Kumar et al. [145] reported that hydrothermally fabricated CdO-
RGO mineralized MB  up to 80% under UV radiation. However, bare
CdO was  able to degrade only 65% in the same reaction time. Xu
et al. [93] suggested an interesting photodegradation mechanism
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Fig. 15. Schematic diagram of TiO2/GR hydrogel–mediated reduction o

f RhB by using a Bi2WO6/RGO aerogel: the electrons excited from
he VB to the CB of Bi2WO6 under visible light leaving holes in
B, but recombination of the migrated electrons with holes was
assive as the concentration of the promoted electrons increase.
owever, the interaction of GR and Bi2WO6 in the Bi2WO6/RGO
erogel demonstrates that separation of electrons and holes was
ighly facilitated.

A magnetically recoverable catalyst, i.e. Fe3O4/RGO, was used

y Boruah et al. [146] in different pH media affecting the sur-
ace charge of the composite, and the adsorption of the degraded
ollutants eventually altered their degradation efficiency. At the
egative surface of Fe3O4/RGO, where pH was above 5.5, better

ig. 16. Representation of (a) photogenerated electron transfer between N-TiO2 nanowir
anowires and N-GR nanosheets. Reprinted with permission from Ref. [56]. Copyright 20

ig. 17. Schematic diagram for the energy levels of ZnO microspheres-RGO composites a
144]. Copyright 2017 Elsevier.
I). Reprinted with permission from Ref. [140]. Copyright 2016 Elsevier.

adsorption for cationic RhB and methyl green (MG) led to a better
photocatalytic efficiency. Conversely, the positive surface adsorbs
the anionic form of methyl blue (aniline blue) and Cr (VI) with a
pH below 5.5. This study also showed that an increased loading of
the catalyst up to 0.5 g L−1 enhanced the efficiency of degradation of
the dye due to the increase in available surface catalytic active sites
thereby resulting in a better maximization of the available photons.
However, a further increase leads to the loss of some activity owing

to agglomeration, which minimizes the exposed catalytic sites and
the chemical interaction between dye molecules and the nanopar-
ticles. After 120 min  of direct sunlight irradiation, the enhanced
degradation of MG,  MB  and RhB on Fe3O4/RGO was  99.31, 98.97 and

es and N-GR; (b) photo-generated electrons and holes exchanged between N-TiO2

16 Elsevier.

nd the proposed photocatalytic mechanism. Reprinted with permission from Ref.
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Fig. 18. The photodegradation/decolorization of (a) MB,  (b) MO, and, (c) RhB using pure-GR, bare CdS NPs, and CdS-GR nanocomposite in the dark and under visible light
irradiation. The kinetics of the reaction was  plotted as the photodegradation constant of the model dye ln(C/C0) vs. time (t). Adapted with permission from Ref. [132].
Copyright 2016 Elsevier.

Fig. 19. Schematic for PEC degradation towards bisphenol A (BPA) using RGO-CeO2-TNAs. Reprinted with permission from Ref. [153]. Copyright 2016 Elsevier.
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7.13%, respectively. In the case of Cr (VI) reduction, the GR-based
e3O4 also showed an improvement of 96% after an exposure time
f 25 min, as compared to bare Fe3O4, which only attained 66.17%
eduction. The proposed mechanism for the degradation of dyes
Eqs. (8)–(13)) and the reduction of Cr (VI) (Eqs. (10), (14) and (15))
sing Fe3O4/RGO nanocomposites are as shown below.

e3O4 + h� → Fe3O4
(

e− + h+)
(8)

ye + h� → (Dye)∗ (9)

e3O4/RGO + h� → Fe3O4
(

h+)
+ RGO

(
e−)

(10)

GO
(

e−)
+ O2 → RGO + O · −

2 (11)

e3O4
(

h+)
+ OH− → Fe3O4 + OH · (12)

ye + OH · → degradation products
(

Cl−, NO−
3 , SO2−

4 , CO2 and H2O
)

(13)

r(VI)adsFe3O4/RGO + 3e− → Cr(III)adsFe3O4/RGO (14)

r(III)adsFe3O4/RGO → Cr (III) + Fe3O4/RGO (15)

In the field of oxidative degradation, photoelectrocatalysis has
urned out to be a boon for its degradation ability to boost pho-
ocatalytic activity through the application of a bias. Numerous
emiconductor photocatalysts such as TiO2, Cu2O, CdS have been
sed in conjunction with GR or RGO as a route for the degradation
f such dyes.

Different combinations of GR or RGO with metal oxides have
een used for the degradation of synthetic dyes. Faraji et al. [133],
or instance, have shown that the deposition of silver metal/TiO2
anotubes/RGO coated Ti plate, exhibiting the best separation effi-
iency of photogenerated electron-hole pairs and the smallest
harge transfer resistance, enhanced photoelectrocatalytic perfor-
ance for the degradation of MB.  They achieved excellent results,
here more than 89% of MB was degraded within 2 h under UV

ight. These results were much better compared to the use of bare
itanium electrodes [147]. Silver metal can enhance the binding
f the metal oxide with GR, as has been shown earlier with carbon
anotubes [148]. Elsewhere, methylene orange was also effectively
egraded when GR was combined with flocculent like TiO2: more
han 75% of methylene orange was degraded within an hour [149].
he use of flocculent like TiO2 along with GR increased the pho-
ocurrent density, ca. 10.31 mA  cm−2, at 0.6 V bias versus Ag/AgCl,
s well as the available surface area for the reaction and consistency
n the results was seen, even after 4 cycles.

Degradation of such dyes under visible light range does not only
ake the process technically simple but also economically desir-

ble. Han et al. [150] demonstrated the degradation of MB  under
isible light by combining RGO with Cu2O. They observed that,
hen the composite consisted of a mere 0.2% of RGO, good results
ere obtained compared to other combinations or even bare Cu2O.

iu et al. [56] have shown that N-doping of the TiO2/GR compos-
te can enhance the efficiency of degradation of MB  under visible
ight. They found that N-doping increased the reaction rate by more
han 2.2 times. 87% degradation of MB  was seen after 3 h of visible
ight irradiation where only 7% of GR was added. Under the influ-
nce of visible light and voltage in between −0.5 V and 0.7 V (versus
he reference electrode), the excitation of electrons takes place to
he CB of N-doped TiO2 from the VB. These excited electrons can
ow be transferred to the CB of N-doped GR giving rise to holes in
he VB, effectively separating the electron-hole pairs. This process
herefore inhibits the recombination of charge carriers, efficiently
nhancing the photocatalytic activity.
Recently, a CdS/GR nanocomposite was found to be effective
n the degradation of multiple dyes including MB,  MO  and RhB.
lose to 95% MB  and 80% MO were found to be degraded in around

 h as shown in Fig. 18 [132]. The time required for degradation
gy C: Photochemistry Reviews 33 (2017) 132–164

was relatively longer compared to other composites but with the
advantage of utilizing visible light radiation.

Apart from synthetic dyes, various organic compounds such as
quinoline and bisphenol A (BPA) have been degraded using photo-
electrocatalysis [151,152]. Zhou et al. have shown that combining
cerium (IV) oxide (CeO2) with RGO and TiO2 modified nanotube
arrays gave excellent results for BPA degradation [153]. Using this
composite in the optimized conditions allowed to achieve a degra-
dation extent of more than 80% degradation of BPA in 2 h. Fig. 19
shows the used setup and the results obtained by combining pho-
tocatalysis, electrocatalysis and the photo-Fenton reaction. Zhang
et al. [154] have shown successful reduction of bromate using flu-
orine co-doped TiO2 and GO composites. Their process removed
more than 90% of bromate in less than 15 min  under UV radiation.

To sum up, GR improves the degradation of pollutants by fos-
tering adsorption, by extending the catalyst absorbance towards
visible region, by narrowing the band gap and reducing the
electron-hole recombination rate. The discrepancies in the pho-
tocatalytic results obtained with different materials highlight the
peculiarity of each of the discussed process and different effect
of varying parameters, such as composite synthetic methods, RGO
loading, pH, light intensity and initial concentration of pollutants.

The comprehensive role associated with GR derivatives in the
photodegradation of pollutants appear very interesting and com-
plex, and more efforts in these studies are expected along this
direction. Briefly, the possible role of GR in the improvement of
photocatalytic processes needs to be investigated in detail to opti-
mize the implementation of GR in the photocatalytic oxidation of
target pollutants.

7.2. H2 production by H2O and H2S splitting

Hydrogen has long been identified as a sustainable and renew-
able source of clean energy due to its high energy density and
environmental friendliness. As abundant as hydrogen is in nature it
does not occur naturally on its own, but, it is found in various com-
pounds, such as H2O, H2S, hydrocarbons, hydrides etc. The waste
product from burning hydrogen is water, meaning that hydrogen,
as a fuel, produces almost no pollutant when used as a source of
energy [155–157]. One way  to produce hydrogen is through het-
erogeneous photocatalysis which involves splitting of water, or
even H2S, through a process that can make use of solar energy as
a source of photons. Bare inorganic semiconductors (such as TiO2,
CdS, etc.) which are the most widespread inorganic photocatalyst
have poor and limited performance for hydrogen production from
splitting of water and H2S; thus, it is imperative to improve their
photoactivity [156,158,159]. One of the approaches to improve
performance of inorganic semiconductors is coupling with car-
bonaceous materials such as GR. Coupling of GR, for instance,
with TiO2 helps to increase the electron-hole pair recombination
time thereby increasing hydrogen production thanks to the higher
degree of mobile electrons available for reduction of hydrogen pro-
ton [126,156,160–165]. There exist extensive body of literature
on coupling of GR sheets with semiconductor photocatalysts for
enhanced photocatalytic activity in pollutant decomposition, water
treatment and hydrogen production through splitting of water and
hydrogen sulfide [126].

Recently, GO-CdS nanocomposite was synthesized to improve
bare CdS photocatalytic activity for hydrogen production; the opti-
mum  photocatalyst was  5% GO in CdS with hydrogen production
rate of 314 �mol  h−1 under visible light irradiation [155]. Peng et al.
[155] proposed a reaction mechanism for photocatalytic hydrogen

production of their optimized GO/CdS nanocomposites, as shown
in Fig. 20.

Li et al. [166] boosted hydrogen production rate to
1120 �mol  h−1 under visible light irradiation using 1% GR-
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Fig. 20. Diagrammatic representation of proposed mechanism for photocatalytic
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ydrogen evolution of CdS/GO nanocomposites. Reprinted with permission from
ef.  [155]. Copyright 2012 American Chemical Society.

dS nanocomposites with 0.5% Pt as a cocatalyst which was  ca. 5
imes higher than what pure CdS nanoparticles produced. In the
uest to finding suitable noble metal free composites, Lv et al. [167]
repared CdS-modified GR and TiO2 (P25)-GR nanocomposites
hrough an electrostatic assembly process for efficient photocat-
lytic hydrogen production, whose results are as shown in Fig. 21,
nd the results compared positively with respect to Pt-modified
norganic semiconductors under same operating conditions.
Chang et al. [163] synthesized CdS/MoS2-GR nanocomposites
or improved hydrogen production under visible light irradiation.
his photocatalyst nanocomposites was tested and compared in
actic acid and Na2S-Na2SO3 solutions, and the findings (as shown

ig. 21. Left: (a) Hydrogen production from CdS nanoparticles, CdS-modified GR (mG) an
nder  visible light irradiation (� > 380 nm); (b) effect of varying the weight% of mG in CdS
rom  P25 and its composite photocatalyst in 30 mL  water and methanol (v/v 2:1) soluti
ermission from Ref. [167]. Copyright 2012 Royal Society of Chemistry.
gy C: Photochemistry Reviews 33 (2017) 132–164 149

in Fig. 22) highlighted that lactic acid could be a better sacrifi-
cial agent for MoS2-based materials. CdS/MoS2-GR nanocomposites
produced 1800 �mol  h−1 of hydrogen in lactic acid solution and
1200 �mol h−1 in Na2S-Na2SO3 solution.

In order to improve charge transfer and binding energy of hydro-
gen on MoS2/GR photocatalyst for enhanced hydrogen evolution
reaction, Behranginia et al. [168] synthesized a 3D structured MoS2
with Mo-edge atoms and a high degree of crystallinity on GR films.
Analogously, Zheng et al. [169] prepared MoS2/RGO using a solvent-
evaporation-assisted intercalation different from the conventional
pre-exfoliation method. This new method significantly improved
the photoelectrocatalytic activity of MoS2/RGO for hydrogen pro-
duction, because of additional exposed active edge sites available
for the catalytic reactions. On the whole, the major improve-
ments could be credited to more active edge sites and increased
electro-conductivity of the composite. Ng et al. [170] also prepared
BiVO4/RGO nanocomposites for improved photoelectrocatalytic
hydrogen production from water under visible light irradiation.
There was  a 10-folds enhancement in photoelectrochemical water
splitting compared to the pure BiVO4. This improvement is credited
to extended lifetime of excited BiVO4 electrons and better interfa-
cial contact between BiVO4 particles and RGO sheets.

Jia et al. [171] reported the synthesis of a highly robust N-doped
GR/CdS nanocomposite where N-doped GR served as a cocatalyst
and protective layer to prevent CdS from photo-corrosion, and led
to a higher hydrogen production from water under visible light
tor. Zeng et al. [172] found that photocatalytic hydrogen production
from water under visible light irradiation was improved when they
used a one-pot solvothermal method to synthesize their RGO/CdS

d CdS-Pt composites in 20 mL Na2S (0.05 M)  and Na2SO3 (0.07 M)  aqueous solution
-mG photocatalyst on hydrogen production after 10 h. Right: hydrogen production
on under (a) UV–vis and (b) visible light irradiation (� > 380 nm). Reprinted with
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Fig. 22. Photocatalytic hydrogen evolution rate of MoS2-Graphene (G)/CdS and Pt/CdS. (a) comparing hydrogen production of different samples with varying weight amount
o ar con
G hotoc
t ht 201

n
p
u
r
V

o

F
a
2

f  cocatalyst (MoS2-G) after 1 h. (b) hydrogen production from CdS for different mol
/CdS  samples at different temperatures and (d) their cycling behavior for 5 h. (e) p

heir  cycling behavior after 5 h. Reprinted with permission from Ref. [163]. Copyrig

anocomposites compared to the use of a precipitation method. The
roposed mechanism is as shown in Fig. 23. The sacrificial agent
sed here is a Na2S/Na2SO3 solution, which is replaced for every

2− 2−
un due to drastic oxidation to SO4 and S2 by the hole in the
B of CdS.

Zhu et al. [173] prepared ZnS/GR/MoS2 nanocomposites using a
ne-pot hydrothermal process to get an improved photocatalytic

ig. 23. Schematic illustration for mechanism of CdS/RGO composites for photocat-
lytic hydrogen production. Reprinted with permission from Ref. [172]. Copyright
011 Royal Society of Chemistry.
centration of cocatalyst. (c) Photocatalytic hydrogen production activities of MoS2-
atalytic activities of MoS2-G/CdS and Pt/CdS for hydrogen production for 1 h and (f)
4 American Chemical Society.

hydrogen production from water splitting. Their major intention
was to exploit the co-catalytic properties of GR and MoS2. The result
yielded hydrogen production rate of 2258 �mol  h−1 g−1 under sim-
ulated solar irradiation, which was twice the one obtained from
using pure ZnS. Yan et al. [174] synthesized and optimized Ni(OH)2-
CdS/RGO composites for hydrogen production from water under
visible light irradiation. This new composite yielded an optimum
hydrogen production rate of 4731 �mol  h−1 g−1, which was ca.
10 times higher than the production rate from CdS/RGO compos-
ites. The result shows that there is strong synergy among all the
constituents of the Ni(OH)2-CdS/RGO nanocomposites. Tran et al.
[175] reported the synthesis of Cu2O/RGO composite capable of
solving the photo-corrosion problem associated with using pure
Cu2O nanoparticles. An optimum Cu2O/RGO composite with ca. 4%
RGO showed a hydrogen production rate of 264.5 �mol  h−1 g−1.
Sulphonated GO was  mixed with cerium-doped zinc(oxy)sulfide
by Chang et al. [164] to produce [zinc (oxy) sulfide-sulphonated GR
sheet] composite photocatalyst. This composite enhanced the pho-
tocatalytic hydrogen production both under UV and visible light
irradiation with hydrogen production rate of 2100 �mol  h−1 g−1

and 700 �mol  h−1 g−1, respectively. The proposed reaction mech-
anism for photocatalytic hydrogen production is shown in Fig. 24.
The improved photocatalytic activity was  reported to be associated

with presence of GR and cerium dopant which helped in narrowing
zincoxysulfide band gap. Lately, sulphonated GR sheet (SG)-TiO2
composite was  synthesized using ultrasonic mixing of SG sheets
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Fig. 24. The energy level diagram for Ce-doped zinc(oxy)sulfide/sulphonated
GR nanocomposites photocatalyst related to redox potential of water splitting.
Reprinted with permission from Ref. [164]. Copyright 2016 Elsevier.

Fig. 25. Photocatalytic hydrogen production over TiO2/MoS2-GR composites with
different weight ratio of MoS and GR in the MoS -G cocatalyst, using 25 (v) % of
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Among the few examples on H2S splitting, it is worthy to report
2 2

thanol-water solution under UV irradiation. Reprinted with permission from Ref.
156]. Copyright 2012 American Chemical Society.

nd spheres of TiO2. This composite showed excellent hydrogen
roduction from water under visible light irradiation in a wide
ange of pH (from 3 to 11) where the optimum production rate
f 260 �mol  h−1 was achieved at a pH of 7 with 2% SG sheet in
omposite [176].

Adsorption sites can be increased as shown by Xiang et al. [156],
ho succeeded in having more photoreaction centers and bet-

er interfacial charge transfer, at the same time decreasing the
requency of electron-hole pair recombination, by adding layered

oS2/GR hybrid as co-catalyst to bare TiO2 nanoparticles. A 0.5%
oS2/GR hybrid in TiO2/MoS2 (95%)/GR (5%) nanocomposite pro-

uced an optimum hydrogen rate of 165 �mol  h−1, as evident in
ig. 25.

Pei et al. [177] showed that N-doped-TiO2/GO nanocomposite
ucceeded in yielding a noble hydrogen production rate under both
V and visible light irradiation. This N-doped-TiO2/GO nanocom-
osite produced 716 and 112 �mol  h−1 g−1 using UV and visible

ight irradiation, respectively. These results are 9.2 and 13.6 times
he value obtained for TiO2 P25 photocatalyst under the same
ondition. Fig. 26 shows the proposed mechanism for hydro-
en production from N-doped TiO2/GO nanocomposites. It can be
oticed that electrons in N-doped TiO2 are excited from N 2p impu-
ity energy level to the CB energy level under visible irradiation
nd electrons are excited from VB of TiO2 under UV irradiation.

he GR serves as the electron-transporting bridge and sink, which
elps to increase the lifespan of the photogenerated electrons and
o radically mitigate the recombination of electron-hole pairs; as
gy C: Photochemistry Reviews 33 (2017) 132–164 151

a result, an enhancement in the production of hydrogen in aque-
ous solutions in presence of sacrificial agent like methanol can be
achieved efficiently. The hole in VB serves as an oxidizing agent
which oxidizes methanol to produce CO2 [156,162].

Fujishima and Honda with their pioneering work first demon-
strated the photoelectrocatalytic production of hydrogen using
TiO2 electrode [178]. This photoelectrocatalytic process makes use
of semiconductors, the practical use of which is limited by rapid
recombination of electrons and holes. GR or RGO, thanks to their
excellent electrical properties, can suppress electron-hole recom-
bination and hasten charge transfer, demonstrating to be ideal
components of photoelectrocatalyst composites. Kim et al. [179]
used nano-sized GR/TiO2 composites for hydrogen production.
They found that nano-sized GR sheets were more efficient in pro-
duction of hydrogen compared to larger GR sheets in combination
with TiO2 particles. They showed that, compared to TiO2, the com-
posite produced 5 times more hydrogen and impressively better
results were obtained when platinum was included in the com-
posite. The wide band gap of TiO2 along with faster recombination
rates of electron-hole carriers [56] has motivated researchers to
look into other semiconductors for photoelectrocatalytic hydrogen
production. Alternatively, CdS is being studied for such applica-
tions because of its appropriate band gap [180] and high adsorption
ability [132]. Fig. 27 displays a schematic in which the produc-
tion of hydrogen under visible light irradiation is shown, using a
CdS/GR composite, in the presence of platinum. On  the incidence
of visible light, excitation of electrons from the VB to the CB of the
CdS semiconductor takes place. The electron is then transferred to
either platinum or to the GR sheet where it eventually reacts with
adsorbed H+ to form H2. GR here serves as an electron collector
and transporter, efficiently separating the electron-hole pairs and
increasing the life time of charge carriers [166].

Though photo-corrosion and faster recombination of electron
hole pairs are some of the disadvantages of CdS, Han et al. [181]
have proposed its combination with ZnO and GR. The high efficiency
of this composite could be attributed to the presence of GR with
photocurrent density as high as 16.7 mA  cm−2 being achieved. This
photocurrent density was  3–4 times higher than CdS or ZnO. Again,
a major advantage of this composite is its activity under visible light
radiation.

Hydrogen can also be produced by photocatalytic splitting of
H2S, which is an abundant waste product from refineries and during
sour gas sweetening processes. A study by Bhirud et al. [78] revealed
that N-doped-TiO2/GR nanocomposite can efficiently exploit the
visible spectrum of solar radiation for an improved hydrogen pro-
duction from H2S. The optimized nanocomposite containing 2% GR
showed the highest hydrogen production at ca. 5941 �mol  h−1. The
improved result was  associated with the narrowing of band gap due
to nitrogen doping and excellent physical and chemical properties
of GR. Authors reported that the more heterogeneous the nanocom-
posites the better the photocatalytic activity, since a heterogeneous
structure helps to increase specific surface area, to increase the
interfacial surfaces and provide additional reaction sites.

The proposed mechanism for H2S splitting using N-TiO2/GR
nanocomposites is shown in Eqs. (16)–(19).

H2S + OH− � HS− + H2O (16)

N − TiO2/GR + h� → N − TiO2
(

h+)
VB

+ GR
(

e−)
(17)

Oxidation : 2HS− + N − TiO2
(

4h+)
VB

→ 2S + 2H+ (18)

Reduction : 2H+ + GR
(

2e−)
→ H2 (19)
that Chaudhari et al. [12] synthesized a complex marigold flower
like nanostructure of N-doped TiO2 by applying a facile and tem-
plate free solvothermal method. The hydrogen evolution rate was
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3-pyridine methanol (3-PMA) to 3-pyridine carboxyaldehyde (3-
PCA) and nicotinic acid (NA, vitamin B3), under simulated solar light
and de-aerated conditions, in the presence of cupric ions as elec-
tron scavengers. The reaction mechanism involved the formation
Fig. 26. Energy diagram of N-doped-TiO2/GO for hydrogen evoluti

bout 8800 �mol  h−1 g−1. This complex nanocomposite yielded
esult better than pure CdS and TiO2 spheres under visible irra-
iation.

By looking at literature data as a whole, CdS and TiO2 are
he most sought inorganic semiconductors for hydrogen gener-
tion, and it is evident that GR and its derivatives enhance the
hotocatalytic properties of pure semiconductors. While in some
tudies they have been used as cocatalyst, in other ones they were
pplied as supporting matrix and means to improve conductivity
f semiconductors. It is also evident that MoS2 is a very popular
ocatalyst because of the additional photoreaction sites it creates
hrough its edge atoms sites. On one hand, H2S splitting is not well
xplored compared to H2O, but there is great need to synthesize
nd optimize nanocomposites effective for hydrogen production
rom both of these molecules, since the Clausius process currently
mployed to convert H2S is producing water (instead of hydro-
en) and elemental sulphur. It should also be finally underlined
hat the reaction mechanisms proposed in literature for hydrogen
volution on composite semiconductors appear to be in agreement
163,164,166,171,173,174,176,182,183].

.3. Organic synthesis

Heterogeneous photocatalytic systems have garnered tremen-
ous attention owing to their easy recycling and simple chemical
ork-up, which are essential qualities in order to ensure a green

rganic synthesis route to many industrially relevant chemi-
als. However, the use of semiconductor-based photocatalysis for
elective organic synthesis remains modest if compared to other
pplications such as pollutants degradation [184–187]. One of the
ain issues resides in the lack of selectivity, especially in photo-

atalytic oxidations [188]. Two main types of organics syntheses
ver GR-based photocatalysts have been reported so far: selective
xidation of alcohols into corresponding aldehydes and selective
eduction of nitro organics to corresponding amino organics.

The selective oxidation of alcohols into aldehydes is one of the
ost important synthesis for laboratory research and commercial

roduction, since aldehydes are widely used in the food industries,
everages and drugs and as a precursor for many fine chemicals
nd intermediates [189–191]. In such chemical syntheses, water is
onsidered the best solvent due to its environmental friendliness,
afety and low cost. Nevertheless, the hydroxyl radicals generated

n aqueous systems following UV-vis irradiation unavoidably attack
he desired products, reducing the selectivity of the process [192].
rowing attention has been paid to exploring the potential of GR-
ased nanocomposites for these processes, carried out mainly in
printed with permission from Ref. [177]. Copyright 2013 Elsevier.

aqueous systems, in the attempt to enhance the conversion and
selectivity.

This last topic was addressed by Yuan et al. [193], who
compared the photocatalytic performance of solvent exfoliated
graphene–TiO2 (SEG–TiO2) and RGO–TiO2 for the aerobic selec-
tive oxidation of benzylic alcohols to the corresponding aldehydes
and acids in water under simulated solar light. Both photocata-
lysts, showed the best selectivity toward target products (>85%)
when SEG or RGO amounted to 5% of the composite material. How-
ever, activity was  greater for SEG–TiO2, showing conversions in
the range 46–57% against 30–37% in RGO–TiO2. This was due to
the much lower defects density, and better electron conductivity
of SEG as compared to RGO. Further addition of SEG or RGO above
5% in the photocatalyst led to lower conversions and selectivities,
with benzoic acid as the main byproduct. Alfè et al. [194] com-
pared the reactivity of two  kind of TiO2/GR photocatalysts: water
stable graphene-like (GL) layers were used in two  different forms,
that is in water suspensions (GLW) and shaped as flat platelets of
assembled GL layers (GLP), to eventually fabricate composites with
TiO2 nanoparticles (TiO2/GLW and TiO2/GLP, respectively). The pre-
pared photocatalysts were tested for the selective conversion of
Fig. 27. Schematic showing the photoelectrocatalytic production of hydrogen under
visible light. The charge transfer between the valence and conduction band is also
seen.  Reprinted with permission from Ref. [166]. Copyright 2011 American Chemical
Society.
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Table 1
Photocatalytic oxidation of several typical aromatic alcohols over the pure C3N3S3

Polymer (CNS) and the RGO/C3N3S3 Hybrid (0.3 RGO–CNS)a. Reprinted with per-
mission from Ref. [201]. Copyright 2014 American Chemical Society.

R groups Photocatalysts Conversion (%) Selectivity (%)c

H CNS 0.3RGO-CNS 28.2 51.5 100 100
NO2

b CNS 0.3RGO-CNS 22.3 34.1 100 100
F  CNS 0.3RGO-CNS 13.5 25.4 100 100
CH3 CNS 0.3RGO-CNS 34.7 54.4 100 100
Hd 0.3RGO-CNS TiO2 45.9 24.3 100 92.7

a Reaction conditions: aromatic alcohols (0.5 mmol), photocatalysts (0.03 g), sol-
vent of benzotrifluoride (BTF) (2.5 mL)  prior to being saturated with molecular
oxygen, visible light irradition (� > 420 nm), irradiation time (8 h).

b 4-nitrobenzyl alcohol (0.05 mmol), solvent of BTF (3.5 mL).
L.Y. Ozer et al. / Journal of Photochemistry and Pho

f 3-PCA as a primary intermediate following the reaction of holes
ith 3-PMA, then conversion of 3-PCA to NA and, finally, the pho-

oreduction of cupric ions to zero-valent copper. TiO2/GLP showed
he best performance with a 3-PMA conversion of 63.3% and selec-
ivities of 62.4% to 3-PCA and 34.6% to vitamin B3. The enhanced
eactivity, in comparison with bare TiO2, was both ascribed to a
arger variety of stable free-radical species generated within the
elocalized �-electron systems of the TiO2/GLP and to a minor
ydroxyl radicals formation. On the other hand, the well dispersed
L layers into TiO2/GLW composites interfered with the TiO2 crys-

allization process resulting in a lower NA conversion. Conversely,
LP offered a flat surface that was beneficial to the TiO2 growing
nd crystallization.

Semiconductors different from TiO2 were recently used to
ynthesize GR-based materials, where the alternative inorganic
emiconductors were ZnS, In2S3, ZnO, Bi2WO6 [104,195–197]. The
ast one was considered a promising candidate for many photocat-
lytic reactions [195,196]. However, despite its good stability and
ecyclability, its performance is still modest, due to the low sep-
ration efficiency of electron-hole pairs and the low selectivity in
ynthetic reactions. To address this problem, Yang et al. [192,198]
repared Bi2WO6-RGO (BWO−RGO) nanocomposites via electro-
tatic self-assembly for the selective photocatalytic oxidation of
lcohols in water. The valence and conduction edges of Bi2WO6
ere finely tuned by the addition of RGO, causing an upward shift

f the VB edge of Bi2WO6 (Fig. 28a), resulting in a minor genera-
ion of OH• and an enhanced selectivity. Despite this shift, which

ight have led to a decrease in oxidation capacity, BWO−RGO
howed excellent photocatalytic activity, which also improved sig-
ificantly with the increasing reduction degree of RGO owing to the

ow recombination phenomena in highly reduced RGO. Upon using
he BWO−RGO 2% photocatalyst, the conversions of an extensive
ariety of alcohols and the selectivities towards the correspond-
ng aldehydes were above 80 and 90% respectively. The proposed
eaction mechanism (Fig. 28b) involves the trapping of the pho-
ogenerated electrons by O2 to produce O2

•−, which react with
rotons to form H2O2. Meanwhile, benzylic alcohol is oxidized
hrough a two-step oxidation pathway, during which it reacts with

 hole, giving rise to radicals that are further oxidized to produce
he desired aldehydes by deprotonation. The reaction between O2,
2

•− or H2O2 and carbon radicals can take place simultaneously
oward the selective conversions of alcohols on the BWO−RGO 2%
hotocatalyst.

Even when the band gap and the band edges of the photoactive
aterial remain unchanged following the addition of GR, the latter
ight still lead to an increase of the visible light activity acting as

 photosensitizer for wide-band gap materials. Accordingly, Zhang
t al. [104] reported the assembly of nano-sized ZnS particles on GO
ZnS-GR) where GR acted as an organic dye-like photosensitizer for
nS rather than an electronic reservoir, resulting in a visible-light
hotocatalyst for the selective aerobic oxidation of a wide range
f alcohols and alkenes. After 10 h of irradiation, the selectivity to
arget products was in the range 88–98% over a ZnS-5% GR pho-
ocatalyst. As expected, the photocatalytic oxidation of the alkene
C C groups, was more challenging compared to the selective
xidation of CH2OH groups in alcohols, leading to conversions
n the range 9–13% for alkenes against 33–51% for alcohols. The
eaction mechanism envisaged the photoexcitation of GR from its
round state and the subsequent electron injection into the CB of
nS. Electrons could then be trapped by molecular oxygen in the
eaction system generating O2

•− radicals. The alcohols or alkenes
ere finally converted to the corresponding aldehydes or epoxides
ver the ZnS-GR photocatalyst thanks to the activated oxygen.
Still on the theme of sulfides, Li et al. [199] fabricated hierar-

hical petal-like In2S3 structures grown on GR sheets with much
arger surface area than the blank flowerlike In2S3, allowing for an
c The selectivity is indicated to the corresponding aldehydes.
d The photoreaction proceeds for 4 h with sunlight irradiation.

excellent interfacial contact between In2S3 and GR, which markedly
boosted charge mobility and reduced electron-hole recombination.
The proposed mechanism included the oxidation of the adsorbed
alcohol by the photogenerated holes to form alcohol radical cation,
thus reacting with O2 or O2

•− to give rise to the target aldehyde.
When the GR loading was 1%, the conversion of benzyl alcohol
was about 55% with high selectivity (ca. 99%) toward benzalde-
hyde after visible light irradiation for 2 h. Xu et al. [200] reported
hierarchical nanoarchitectures of photoactive metal organic frame-
works (MOFs) of UiO-66-NH2 combined with GR, and they applied
them in the oxidization of 4-nitrobenzyl alcohol, 4-methylbenzyl
alcohol and 4-fluorobenzyl alcohol to the corresponding aldehy-
des. After visible light irradiation for 8 h, the conversions for the
different benzylic alcohols were in the range 18.6-43.1% in pres-
ence of 1% RGO (1.0 RGO/UiO-66-NH2). The addition of pyrene+,
acting as a linker for RGOs and MOFs, was crucial for the self-
assembly of the photocatalyst to form a layered sandwich-like
heterostructure, in which electrons could be transferred effec-
tively. The improved utilization of the photocarriers, as well as the
more effective activation of surface-adsorbed oxygen, was  corrobo-
rated by electron spin resonance (ESR) spectroscopy which showed
enhanced oxygen activation to O2

•− in the 1.0 RGO/UiO-66-NH2
photocatalyst as compared with the bare UiO-66-NH2. Such radi-
cals, which were generated in large quantities following the quick
transfer of electrons on the GR layer, caused the oxidation of the
positive carbonium ions of aromatic alcohols to form the corre-
sponding aldehydes.

The same group also attempted to use GR  as a framework and
support for metal-free photocatalysts intended for alcohols oxida-
tion. They synthesized layered sandwich RGO/C3N3S3 hybrids, by
applying an in situ two-step polymerization, proving visible-light
activity for selective photocatalytic oxidation of benzylic alcohols
to aldehydes [201]. 4-Nitrobenzyl alcohol, 4-methylbenzyl alco-
hol, and 4-fluorobenzyl alcohol were oxidized and, as shown in
Table 1, 100% selectivity was achieved in all cases, conversions
being strongly dependent on the electron donor property of the −R
group, which decreased in the following order: −CH3 (54.4%) > −H
(51.5%) > −NO2 (34.1%) > −F (25.4%). In comparison to the reactivity
of the pure C3N3S3 polymer, the conversions over the RGO/C3N3S3
photocatalysts with 0.3% of RGO (0.3 RGO-CNS) were almost dou-
ble.

The photocatalytic selective reduction of nitro to amino group

in organic molecules is widespread, since amino organics serve
as raw materials for many chemical reactions [202–204]. Grow-
ing endeavors have been devoted to using GR-based materials for
such selective reductions [202,205,206]. Xu et al. [202] prepared
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ig. 28. (a) Estimated band structures of bare Bi2WO6 and various Bi2WO6-RGO 

i2WO6-RGO under light irradiation. Adapted with permission from Ref. [192]. Cop

iO2-GR hybrids by electrostatic assembly, where the incorpora-
ion of GR sheets minimized the recombination phenomena and
ncouraged the separated electrons to take part more effectively
n nitro-aromatics reduction, using oxalic acid as a hole scavenger.
s shown in Fig. 29a, after 1 h UV irradiation, 4-nitrophenol was
lmost completely converted to 4-aminophenol over the photo-
atalyst with 1% GO, with a 95% yield, which outperformed, by far,
he yield obtained over pure TiO2 (14%). Upon the photocarrier gen-
ration under UV irradiation, the excited-state electrons could be
ransferred from the TiO2 to the GR sheets, shuttled freely along the
etwork of the latter, and thus moved to the surface, finally reacting
ith nitro-aromatics to form the corresponding amino-aromatics,

s schematically depicted in Fig. 29b.
The use of hybrid nanocomposites containing CdS has proved

ffective to carry out such organic synthesis for a number of rea-

ons. CdS has been extensively investigated owing to its suitable
and gap (2.4 eV), well matching the spectrum of sunlight [207].
iu et al. [187] prepared CdS nanowires−RGO nanocomposites

ig. 29. Comparison of photocatalytic performances of different TiO2-GR hybrids for the 

llustration of the charge separation and transfer in TiO2-GR system and photoreduction 

ole  scavengers. (The adsorption of products and by-products are not listed in this illustr
hemistry.
les. (b) Tentative mechanism of the selective oxidation of benzylic alcohols over
 2016 Wiley VCH.

(CdS NWs−RGO NCs) via electrostatic self-assembly. These pho-
tocatalysts exhibited superior photocatalytic performance for the
selective oxidation of nitro organics in water under visible-light
owing to the greater lifetime and transfer of the charge carriers in
conjunction with enhanced adsorption capacity of CdS NWs−RGO
NCs towards aromatic nitro organics. For similar purposes, the same
group reported the synthesis of CdS nanospheres/GR (CdS NSPs/GR)
hybrid nanocomposites via an electrostatic self-assembly com-
bined with hydrothermal process [206]. In such photocatalysts, the
intimate interfacial contact between CdS NSPs and the GR sheets
benefited the electron conductivity and mobility of GR, as well as
inhibited the photo-corrosion of CdS NSPs, along with the ammo-
nium nitrate, which quenched the holes during the photocatalytic
reaction.

Synthesis of organic compounds in photocatalysis is still in its

early stage of development with application limited to selective
oxidation of alcohol to aldehydes, and reduction of nitro organic
compound to amino organics. Even these available routes for

4-nitrophenol reduction to 4-aminophenol under irradiation for 1 h. (b) Schematic
of nitro-organics into amino-organics under UV light irradiation in the presence of
ation). Reprinted with permission from Ref. [202]. Copyright 2013 Royal Society of
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ig. 30. (a) Energy level diagram for the CB and VB for CdS and TiO2 together with w
rom  CdS to TiO2 through GR. Reprinted with permission from Ref. [214]. Copyright

roduction of aldehydes and amino compound are not yet fully
nderstood. Highly oxidant hydroxyl radicals and other oxygen-
earing radicals remain the significant barrier to achieving high
electivity in aldehyde production from the selective alcohol oxida-
ion. We  believe a lot of research is still required to better optimize
he available technologies in this area of application.

.4. CO2 reduction

Being one of the major greenhouse gases, various approaches
ave been employed for the reduction of the level of CO2 in
he atmosphere, which is considered one of the challenges to be
rgently addressed in today’s society [208]. The present focus in the
cientific world is the valorization of CO2 to produce useful chem-
cals rather than its traditional capture without any specific use
fter. Since CO2 is thermodynamically stable [209], most of these
alorization techniques require the use of catalyst and a high tem-
erature and pressure in order to achieve the set objective [210].

Due to the depletion of fossil fuel, the conversion of CO2 into
olar fuel is being given great consideration. By so doing, the CO2
evel in the atmosphere will be maintained constant because the
O2 formed after the combustion of such solar fuel will be recycled
ack into fuel. Solar conversion also has an edge over the traditional
atalytic synthesis of fuel from CO2 in that the later requires high
emperature (which involves the burning of fuel) while the former
equires the freely available solar energy to proceed:
O2(aq or g)
+H2O(l or g),  photocatalyst, mild T and P−−−−−−−−−−−−−−−−−−−−−−−−→solar fuel (20)

Photocatalytic reduction of CO2 into solar fuel (Eq. (20)) remains
he most sustainable, eco-friendly and environmentally benign

ig. 31. Schematic representation of the reaction mechanism and the electron-hole pair s
pringer.
nction of GR and platinum (b) Schematic representation of the migration of electron
 Royal Society of Chemistry.

technique of capturing CO2 and addressing the world energy
demand [211]. A peculiar challenge to the CO2 reduction is the
appropriateness of the CB level of the photo-excited semiconduc-
tor, where electrons are available to trigger reductions after their
promotion from the VB. Most semiconductors perform well in the
photoreduction of water due to the positive reduction potential of
water (Eo = +0.82 V) [212]. This is not the case when one needs to
perform the reduction of CO2 (with Eo between −0.61 and −0.24 V)
[212]. Looking into these challenges holistically, various techniques
have been utilized to overcome them. The incorporation of GR into
the chemical structure of photocatalysts is one efficient way  of
boosting the reduction ability of photocatalysts, thanks to its spe-
cial features including high mobility of electrons, large surface area
and remarkable chemical stability.

Some of the solar fuels derivable from the photocatalytic val-
orization are methane [213–215], methanol [216–218], ethane
[219], carbon monoxide [220,221]. Other reported products are
formic acid [222] and formaldehyde [223]. It should be noted
that the peculiar photocatalytic reduction product is influenced
by many factors, such as the presence of GR in the composite, the
physical state of CO2 and the reductant used, among others.

The proposed mechanism for CO2 photoreduction into the vari-
ous organic species has been reported by a number of authors such
as Inoue et al. [224].

According to the mechanism, the reduction of CO2 into the
various hydrocarbons requires significant electrons, with methane

formation, for instance, needing eight electrons. Thus, long living
electrons are essential to favor such reductions and electron-hole
recombination needs to be suppressed to the extent possible. Con-
sider a typical photocatalytic mechanism as illustrated in Fig. 30:

eparation quality of GR. Reprinted with permission from Ref. [213]. Copyright 2014
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ig. 32. Transmission Electron Micrograph of GR-based NiOx–Ta2O5 composite fo
ociety of Chemistry.

he facilitation of electron flow within the composite (Fig. 30b) is
ttained with the aid of GR 2D layers with their high electrical con-
uctivity. The energy levels of the CB for both CdS and TiO2, on
ne hand, and the work function for GR and platinum on the other
and (Fig. 30a) suggest the direction of the photogenerated elec-
ron flow. Since the energy level of the CB of CdS (−4.14 V) is more
ositive than that of TiO2 (−4.32 V), photogenerated electrons from
dS migrate to the CB of TiO2 as illustrated in Fig. 30b. Furthermore,
hese electrons, in their new location, migrate quickly through GR,
hereby effectively separating the charge carriers. The migration of
he holes is however in the opposite direction (from lower to higher
nergy level) with the holes left behind in the TiO2 migrating to VB
f CdS. In the following, the description of the design of photocat-
lysts, using GR, for the reduction of CO2 into specific value added
roduct, is made.

The reduction of CO2 into methane is the most reported
hotocatalytic conversion of CO2 owing to the small reduction
otential (Eo = –0.24 eV). Recently, Ong et al. [213] described the
rst examples of the application of GR based N-doped TiO2 on
O2 photoreduction, prepared by a solvothermal treatment of acid
reated SEG (ATSEG) and TBOT in NH4F, 2-propanol and diethylen-
triamine (DETA) solution upon treatment at 190 ◦C for 10 h. The
sed TiO2 had predominant exposed {001} facet with a high surface
nergy, 0.9 J m−2 as compared to the most stable {101} facet with

 surface energy of 0.44 J m−2. The as-synthesized photocatalysts
ere then applied on the photoreduction of CO2 (Eq. (21)) using a

as flow reactor and the reaction temperature and pressure were
ept at ambient condition. Visible radiation, with wavelengths
anging between 400 and 625 nm was provided to the reaction
ystem to obtain the following conversion:

O2(g)
+H2O(vap), Titania comp., vis. light−−−−−−−−−−−−−−−−−−−−−→CH4(g) (21)

The promoted electrons injected into the CB of TiO2 are then
onveyed through GR and, aiding charge transfer, eventually pro-
oting the conversion of CO2 into CH4.
Six different kinds of photocatalysts were employed on

he photocatalytic reduction, namely (1) N-TiO2(001)-GR, (2)
iO2(001)-GR, (3) N-TiO2(101)-GR, (4) TiO2(101)-GR, (5) N-
iO2(001) and (6) TiO2(001). The GC analysis of the products
ndicated that in all the studied cases, only methane is formed
nd its yield reduces from 3.7 �mol  g−1 for catalyst (1) through
.34 �mol  g−1 for catalyst (6). This is owing to the enhancement
f the visible light absorbance (catalyst absorbance is in the fol-
owing order: (1) > (2) > (3) > (4) > (5) > (6)) and the lower charge
ecombination rate (recombination rate is in the following order:
6) > (5) > (4) > (3) > (2) > (1)).
Accordingly, the authors proposed that the nitrogen doping and
he sensitization effect of GR enhanced the absorbance of the pho-
ocatalysts in the visible region while low recombination rate was
ttributed to the high mobility of electron on GR as depicted in
anol synthesis. Reprinted with permission from Ref. [216]. Copyright 2013 Royal

Fig. 31. From this figure, it is also clear that GR provides a high
surface area for the reduction to take place. The presence of GR has
been found to increase the surface area of the composite by a factor
of ca. 1.8.

More recently, Benedetti et al. [214] reported an enhanced
photocatalytic activity of GR-based titania composites in the pho-
toreduction of CO2 into methane. The four kinds of catalytic systems
used for the photoreduction were TiO2, TiO2/CdS, TiO2/CdS/Pt and
TiO2/CdS/RGO/Pt. There was  a 3-fold improvement in the yield of
methane for the case of TiO2/CdS/RGO/Pt as compared to the TiO2.
Again, the authors attributed the catalytic enhancement to a higher
charge mobility coupled with the high surface area offered by GR for
the homogeneous deposition of the Pt nanoparticles. The GR high
surface area also made it possible for the TiO2 and CdS nanoparticles
to have a better interface contact.

Although GR composition enhances the activity of a semicon-
ductor when compared to the bare semiconductor, the efficiency is
further improved in the visible light region when single-walled CNT
are incorporated into semiconductors due to their more strongly
sensitizing effect. However, the GR composite performs better in
the UV region than does the CNT semiconductor composite [225].

Lv et al. [216] described the photocatalytic reduction of CO2 into
methanol using GR modified NiOx–Ta2O5 composite with water as
the reductant. The TEM micrographs of the as-synthesized catalyst
indicated the attachment of NiOx to Ta2O5 and to the GR surface,
as shown in Fig. 32, with GR offering a high surface area for the
attachment, thereby giving an indication that the activated electron
from the semi-conductor migrates either directly to the NiOx or
through the GR.

The photoactivity was found to improve by increasing in the
quantity of the GR and the optimum weight percent of GR in the
composite was found to be 1%, above which a continuous worsening
of the performance was  reported (Fig. 33), attributed by the authors
to the screening effect of excessive carbon moiety on the light
absorption ability of the composite catalyst. The yield improved by
3.4 folds when the optimum GR composition was used as compared
to the bare catalyst.

Wang et al. [217] observed a similar result with 1.53 fold
enhancement in the catalytic activity when GR was incorporated
into Cu2O photocatalyst utilized for a similar reaction. The authors
similarly attributed the enhancement to increased catalytic sites
and high electron mobility of GR. In order to study the effect of basic
solvent on the photoreduction, Lv et al. [216] dissolved CO2 in an
aqueous solution of sodium hydroxide, observing a 3-fold increase
in methanol yield. This was  attributed to the higher solubility of
CO2 in basic rather than neutral H2O, due to the acidic character
of the former one. Not only did the NaOH increased the methanol

yield, but it also increased the methanol selectivity by reducing the
concentration of H+ in the reaction medium. The reason for this
behavior can be found in the competing photoreduction of H2O to
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Fig. 33. Yield of methanol in the photoreduction of CO2 dissolved in water and in
NaOH using GR based NiOx–Ta2O5 composite. Reprinted with permission from Ref.
[216]. Copyright 2013 Royal Society of Chemistry.
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ig. 34. Methanol yield based on ZnO and graphene based ZnO photocatalyst for
he  CO2 photoreduction. Reprinted with permission from Ref. [228]. Copyright 2015
lsevier.

2, which is inhibited when the concentration of H+ in solution is
ower. A similar conclusion is drawn by Tseng et al. [218], but in that
ase the higher yield was mainly attributed to the scavenging of the
oles by the OH−, thereby further reducing the recombination rate
f electrons and holes.

Methanol production was also enhanced by the doping of GR-
ased titania with tourmaline and making NaHCO3 react upon

rradiation with photons in the visible region (� > 400 nm)  [226].
he yield of methanol (expressed in �mol  h−1 g−1) increased
rom 0.03 for TiO2, to 0.12 for 1% GR–TiO2, to 0.24 for 1%
ourmaline–TiO2, reaching the final value of 0.39 for 1% GR–1%
ourmaline–TiO2. The excellent performance was attributed to (i)
igh electron mobility on GR and electron acceptance by tourma-

ine, thereby reducing recombination, and to (ii) higher surface area
hereby increasing the active sites.

The effect of GR composition in ZnO/RGO composite on the
eduction of CO2 to methanol, in two different studies, by Li et al.
227] and Zhang et al. [228] revealed a similar result. As expected,
he yield of methanol was enhanced by the presence of RGO, which
ided the transfer of electrons from the ZnO surface in order to
educe the recombination rate of the electrons and holes. Zhang

t al. [228] made an advancement on the application of the as-
repared photocatalyst by obtaining the optimum GO composition
f the composite to be 10% with a 5-fold improvement in the yield of
ethanol as compared to the case when RGO was  absent (Fig. 34).
Fig. 35. Methane and ethane yield based on commercial P25 TiO2 and series of GR
based titania. Reprinted with permission from Ref. [219]. Copyright 2013 Wiley VCH.

Despite the ease of conversion of ethane into liquid fuel and into
ethylene, which makes it more attractive than methane, very little
work has been done on the reduction of CO2 into ethane and only
one, to the best of our knowledge, employed a GR-modified TiO2
for this purpose. The GO was synthesized using modified Hummer’s
method, while hydrothermal conversion was used for the synthe-
sis of the composite using the simultaneous reduction-hydrolysis
technique as reported by Tu et al. [219]. A mixture of methane
and ethane is formed as the reaction product, with an enhance-
ment of selectivity to ethane achieved by an increase in GO loading.
Although the optimum GR weight percent was found to be 2% to
obtain the best yield, the selectivity for ethane was  not very high
(67.8%). However, for a composite with 5% GR, the ethane selec-
tivity was  found to increase up to 75% (but with a lower yield)
as compared to 41% selectivity when no GR was used (Fig. 35).
The modification of the catalyst for a simultaneous high selectivity
and yield of ethane could be an interesting development to further
studies.

Tu et al. [220] produced a mixture of carbon monoxide (through
a two-electron transfer process) and methane (involving a much
more complex eight-electron transfer process) from hollow-sphere
titania (Ti0.91O2)/GR composites (catalyst A) synthesized using the
layer-by-layer method, comparing the performance with bare tita-
nia (Ti0.91O2) (catalyst B) and lastly with the benchmark Evonik
P25 (TiO2) (catalyst C). The efficiency and selectivity towards car-
bon monoxide were assessed by applying the three catalysts on the
photoreduction reaction. While catalyst B led to a 100% selectivity
towards methane, catalyst A was able to produce a quantifiable
amount of carbon monoxide with a selectivity of 83% as compared
to CO selectivity of 17% obtainable from the P25. The total yield
was also found to increase by using the hollow-sphere titania/GR
composite with 6 �mol  g−1 in the case of catalyst C, 10 �mol  g−1

for catalyst B and, finally, 45 �mol  g−1 for catalyst A.
In some of the reported studies [62,118] the results were vali-

dated by using 13-C in the starting CO2, to rule out the possibility
that the photodecomposition of graphene moieties or organic con-
taminants that could be adsorbed on the photocatalyst surface were
the source of carbon in the reduced species. However, in other cases
runs by using inert gases (Ar, N2) instead of CO2 were performed
as blank experiments [218].

Owing to the special qualities of GR (high surface area, high
mobility of electron), the comparison of the use of both Cu2O and
GR/Cu2O composite for the reduction of CO2 into CO under visible
light revealed that the latter is more efficient (by 10-fold). It was

recently reported by An et al. [118] that the optimum GR content
that produced the best catalytic activity is 0.5%.

The conversion of CO2 into useful products is also performed
by photoelectrocatalysis. For example, CO2 has been shown to be
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leveraging the GR properties but rather focus on studying and opti-
58 L.Y. Ozer et al. / Journal of Photochemistry and Pho

educed into formic acid, formaldehyde, methanol and methane
n the presence of various semiconductor powders by Inoue et al.
224]. Copper electrodes have shown to perform better in the syn-
hesis of hydrocarbons including methane [229]. Li et al. [230]
ucceeded in synthesizing ethylene from an electrode made of cop-
er nanoparticles on pyridinic-N rich GR in potassium bicarbonate
lectrolyte. Although they witnessed the synthesis of other prod-
cts including methane, ethane and formate, a very high selectivity
f 79% at −0.9 V (vs reversible hydrogen electrode) was seen for
thylene; 13-C tests were performed to confirm that the bicarbon-
te was the actual source of carbon in the reduced products. Hasan
t al. [229] showed that, when a TiO2/RGO composite was  doped
ith copper and used in a photoelectrocatalytic setup, CO2 was

educed to formic acid and methanol. Interestingly, longer reac-
ion times resulted in increased methanol production, which was
roduced significantly at 189.06 �mol  h−1. The reaction steps for
he production of formic acid and methanol from CO2 are shown
elow:

h+ + 2H2O → O2 + 4H+ (22)

− + H+ → H · (23)

− + CO2 → CO·−
2 (24)

O·−
2 + 2H · + h+ → HCOOH (25)

O·−
2 + 6H · + h+ → CH3OH + H2O (26)

Under the influence of visible light and at an applied voltage
f −0.61 V, the photo-oxidation of Cu/RGO/TiO2 composite takes
lace releasing electrons and producing reactive holes. The initial
xidation reaction given by Eq. (22) is characterized by the reaction
f these holes with water to form oxygen. Eqs. (23)–(24) show the
nitial reduction reaction where CO2 and hydrogen radicals are gen-
rated which in subsequent reactions give rise to formic acid and
ethanol. It was recently shown that doping an RGO/TiO2 compos-

te with Ga leads to an increase in surface area for CO2 absorption,
hereby boosting the CO2 conversion yield [76]. The main prod-
cts of this photoreduction under visible light were methanol and
ormic acid.

It is quite noteworthy that pH has an effect on the product
ormed by photoreduction of CO2, as was demonstrated by Hasan
t al. [231]. They observed that at a higher pH, a higher photocur-
ent response is seen. As a reason for this, they proposed that the
ecombination of electrons and holes might be mitigated, thereby
ncreasing the global efficiency of the photoelectrocatalytic pro-
ess.

On the basis of the literature results, GR has been demonstrated
o improve the photoreduction of CO2 by increasing the rate of the
eaction [214,216,228] and the yield into specific products [219],
ven producing a reduced species that would have been other-
ise absent [220]. All these improvements are mainly attributed

o the ability of GR to convey multiple electrons to be used for
he reduction of CO2. However, there is a trade-off among these
mprovements and the light absorption features of the composite

hen the GR content reaches a particular percentage, which varies
rom one composite to the other.

. Conclusions and future outlook

The evolution of GR-inorganic semiconductor photocatalyst has
een reviewed with emphasis on recent advancements in syn-

hetic processes and photo(electro)catalytic applications, taking
nto account the continuously increasing understanding of the
nteraction mechanisms among the constituents of the compos-
tes. GR has remarkable properties, which significantly enhance
gy C: Photochemistry Reviews 33 (2017) 132–164

the photocatalytic activity of GR-based composites. However, high
electron mobility and charge transfer of GR are greatly suscepti-
ble to changes in a GR-based composite photocatalyst affecting
the behavior of GR at the interface with inorganic semiconductors.
Therefore, other factors which include crystal phases, exposed crys-
tal facets, particle size, dimensionality and morphology are also
very important, as they all determine the photocatalytic perfor-
mance of GR modified photocatalysts.

The current state of knowledge on interaction mechanisms at
the GR-semiconductor interfaces emerging from this account high-
lights how electron-hole recombination rate is mitigated because
of the long electron transport path and reduction of generated holes
by available electron donor in the composites.

Synthetic methods are vital to foster the performance of GR-
inorganic semiconductors. GR based composites are usually made
either by growing nanoparticles of inorganic semiconductors on
GO or RGO surfaces or, alternatively, by anchoring them on the
oxygen sites through covalent and noncovalent interactions. The
oxygen sites on GR precursors are essential: they act as nucle-
ation points where size, morphology and degree of crystallinity
of the composites can be tuned including strong interfacial con-
tact. The dimensionality of the composites is also important to their
performance: the higher the dimensionality of the semiconductor
the higher the interfacial contact area and the better the electron
charge transfer, resulting in an enhanced photocatalytic activity.
3D structures can also help to increase specific surface area, thus
improving the photocatalytic performance by generating multidi-
mensional electron transfer pathways and elongation of lifespan of
electron-hole pair.

All the above mentioned properties make GR/RGO [232,233]
an ideal candidate in photoelectrocatalyst composites. Creating a
composite of GR and photocatalysts can give rise to groundbreaking
applications such as degradation of harmful pollutants, hydrogen
production and conversion of CO2. The applications stated are but
a few among many others.

Detailed knowledge from characterization techniques reveal
important features like pore size, crystal phases and facets,
morphology, degree of crystallinity and eventually interaction
mechanisms, is critical to optimizing the material properties in
view of GR-semiconductor composites commercialization.

Concerning applications to water remediation, various parame-
ters such as synthetic techniques, RGO loading, pH, and even light
have substantial effect on the efficiency of the GR-semiconductor
photocatalysts. Also, in hydrogen production through GR-modified
composites based on TiO2 and CdS as semiconductors of choice,
the performance is greatly affected by the synthetic method, the
nature of GR precursor, and the dimensionality of the result-
ing nanocomposites. The use of GR-semiconductor composites in
organic synthesis is in its nascent stage. The major challenge faced
in this area of application is lack of selectivity towards desired prod-
ucts due to the production of oxidizing radicals. Photoreduction
of CO2 is instead highly boosted by the high electron density in
the GR moiety. In photoelectrocatalytic applications, it is advisable
to leverage the electrical properties and large surface area of GR
moieties.

To wrap up, all reviewed works showed the great poten-
tial of GR in GR-semiconductor composites to be used in
photo(electro)catalytic applications. More work to unveil the full
potential of GR-based composites should concentrate not only on
mizing the GR interface with semiconductors and their electronic
compatibility, with the final aim to tune and boost the performance
of resulting composite materials.
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