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KEYWORDS Abstract Current energy crisis and environmental issues, including depletion of fossil fuels, rapid
Graphene; industrialization, and undesired CO; emission resulting in global warming has created havoc for the
Nanocomposites; global population and significantly affected the quality of life. In this scenario the environmental
Photocatalysts; problems in the forefront of research priorities. Development of renewable energy resources partic-
Solar energy; ularly the efficient conversion of solar light to sustainable energy is crucial in addressing environ-
Environmental remediation mental problems. In this regard, the synthesis of semiconductors-based photocatalysts has

emerged as an effective tool for different photocatalytic applications and environmental remedia-
tion. Among different photocatalyst options available, graphene and graphene derivatives such
as, graphene oxide (GO), highly reduced graphene oxide (HRG), and doped graphene (N, S, P,
B-HRG) have become rising stars on the horizon of semiconductors-based photocatalytic applica-
tions. Graphene is a single layer of graphite consisting of a unique planar structure, high conduc-
tivity, greater electron mobility, and significantly very high specific surface area. Besides, the recent
advancements in synthetic approaches have led to the cost-effective production of graphene-based
materials on a large-scale. Therefore, graphene-based materials have gained considerable recogni-
tion for the production of semiconducting photocatalysts involving other semiconducting materials.
The graphene-based semiconductors photocatalysts surpasses electron-holes pairs recombination
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rate and lowers the energy band gap by tailoring the valence band (VB) and conduction band (CB)
leading to the enhanced photocatalytic performance of hybrid photocatalysts. Herein, we have sum-
marized the latest developments in designing and fabrication of graphene-based semiconducting
photocatalysts using a variety of commonly applied methods such as, post-deposition methods,
in-situ binding methods, hydrothermal and/or solvothermal approaches. In addition, we will discuss
the photocatalytic properties of the resulting graphene-based hybrid materials for various environ-
mental remediation processes such as; (i) clean H, fuel production, photocatalytic (ii) pollutants
degradation, (iii) photo-redox organic transformation and (iv) photo-induced CO, reduction. On
the whole, by the inclusion of more than 300 references, this review possibly covered in detail the
aspects of graphene-based semiconductor photocatalysts for environmental remediation processes.
Finally, the review will conclude a short summary and discussion about future perspectives, chal-
lenges and new directions in these emerging areas of research.

© 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction:

Over the couple of decades, the threat of environmental degra-
dation has been increasing rapidly than earlier [1]. Currently,
major causes of environmental destruction are anthropogenic
in nature involving a combination of various factors including
industrial revolution, extensive population growth and
unplanned consumerism [2]. The environmental destruction
is mainly caused by the release of toxic substances in the envi-
ronment, such as hazardous gases emitted from fossil fuel com-
bustions, industrial wastes, and disposing homemade utilities,
processed materials including, garbage, electronic wastes, and
plastics. [3,4]. Apart from the conventional produced waste,
the greenhouse gases such as SO,, NOx, CO, and CO, has
become a globally significant challenge [5]. Particularly, over-
dependence on fossil fuels has significantly contributed to the
excessive discharge of CO, into the environment [6,7]. This
has created acute environmental issues, including global warm-
ing, depletion of ozone layer, ocean acidification, rising sea
levels and extreme weather. [8.9]. In addition, the dispropor-
tionate usage of fossil fuels and excessive deforestation have
disturbed the carbon cycle on the earth which further acceler-
ated the environmental degradation and depletion of natural
resources including fossil fuel [10,11].

Fossil fuels are non-renewable resources and are not dis-
tributed evenly across the globe, the threat to the energy secu-
rity is significantly enhanced and raises serious concerns about
their constant availability and future generations [12,13]. Con-
trolled consumption of fossil fuels should be encouraged to
avoid their complete depletion and to reduce the environmen-
tal impact [14,15]. Global CO, emissions are directly corelated
to the fossil fuels based energy production, consumption, their
cost and accessibility [16]. For example, high-energy consum-
ing countries (developed and developing countries) will ulti-
mately generate excessive amount of CO, in the atmosphere,
causing undesirable distress to the environment [17]. The
global primary energy consumption more than doubled, from
270.5 EJ in 1978 to 580 EJ in 2018 (cf. Fig. 1) [18].

Therefore, limiting the dependence on fossil fuels and devel-
opment of alternative renewable energy technologies is
required to safeguard and sustainable energy supplies at low
costs and to address problems of climate change [19]. Renew-
able energy sources are either carbon neutral or generate less
carbon emissions. Therefore, renewable energy sources are

the guarantee to limit the harm to the environment in compar-
ison to the fossil fuels-based energy production methods [20].
Renewable energy sources include, solar energy, geothermal
energy, wind energy, ocean energy, biomass energy and fuel
cell technology [21]. Recently, among various renewable
energy resources, H, based energy sources have gained
immense fame as clean energy alternatives to the fossil fuels
due to its high energy content and carbon neutrality [22,23].
H, is colourless and odourless gas which is relatively less dense
than air, however, the gravimetric density of H, energy is sev-
eral times higher (142 MJ kg~', upper heating value), than the
density of fossil fuels [24-26]. Besides, due to zero emission of
CO,, H, is considered as the suitable clean energy carrier,
which greatly reduces the environmental issues.

Typically, H, is produced at large scale by several well-
established approaches including hydrocracking of fossil fuels
through refinery processes. However, most of these conven-
tional methods often require high energy consumption and
emission of carbonaceous materials which largely hamper their
applications [27-29]. In this regard, sunlight is considered as a
sustainable source of clean energy, which has been exploited in
both natural and artificial processes to obtain high-energy
resources [30]. As an example, the conversion of water and
CO, into O, and high-energy carbohydrates through natural
photosynthetic process and sunlight driven water splitting
methods to produce clean H, (cf. Fig. -2) [31-34]. Particularly,
the H, production through water splitting has attracted great
attention as it employs sunlight to produce clean H, gas using
simple technology by producing non-hazardous side-products
[35].

Typically, the photocatalytic H, evolution occurs on the
surface of semiconductor based photocatalyst in which water
is directly converted into H, and O, through electrolysis (cf.
Fig. 3) [36,37]. Photocatalyst absorbs the light and convert it
to an electrical charges which potentially derive the surface
redox reactions [38]. Ideally, the most economic method of
generating clean H, would be a ‘particulate’ system in which
photocatalysts can be directly dispersed in water to obtain
H, gas [39,40]. Besides, a single photocatalyst which is capable
of delivering overall water splitting (OWS) through simultane-
ous oxidation and reduction of H,O into H, and O, is highly
desirable [41]. However, only limited number of particulate
photocatalysts are capable of achieving OWS which are mostly
based on wide bandgap semiconductors including TiO,, ZnO,
SrTiO; etc. [42]. In addition, these photocatalysts are only


http://creativecommons.org/licenses/by/4.0/

Graphene/inorganic nanocomposites: Evolving photocatalysts for solar energy conversion for environmental remediation 3

375.4

1978

*Wind, Solar, Geothermal, Bio-energies
Source: BP Statistical Review of World Energy June 2019

1998

Fig. 1

chemical
energy

Natural photosynthesis

Fig. 2

7 O+ 4H?
2H20

Photocatalyst

Fig. 3 Schematic illustration of the photocatalytic process of
water splitting over a semiconductor photocatalyst [43].

active under UV light which constitute < 5 % of the solar
spectrum, which seriously limits their H, producing efficiency
and commercial applicability. So far, remarkable strides have
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been made toward increasing the efficiency of photocatalysts
in past several decades, however, scientists are still trying hard
to achieve the absorption in the visible portion of solar spec-
trum to utilize it with full potential.

In addition to the production of clean H,, semiconductor
based photocatalysts have also found large applications in
other environmental remediation processes including pollutant
degradations[44,45]. Currently, increasing population and
rampant industrialization has seriously strained the atmo-
sphere due to the contamination of global water bodies includ-
ing river and underground water [46]. The water pollution is
mainly caused by the mixing of hazardous pollutants into
the water, which is harmful to human health and aquatic
ecosystems [47]. The pollutants are of various forms, such as
physical pollutants like colour, odour, biological pollutants
like pathogens and chemical pollutants involving hazardous
organic and inorganic chemicals [48.49]. Among these pollu-
tants, hazardous organic compounds are of more concern even
in smaller quantity, due to their carcinogenic and mutagenic
properties [50]. Additionally, these organic pollutants are not
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easy to remove (from the waterbodies) or decompose by the
conventional water-treatment processes and thus possess
dreadful danger to the humans and aquatic organisms [51].

Particularly, the degradation of refractory organic pollu-
tants, such as organic dyes and other high-molecular-weight
organic compounds is challenging due to their resistance
towards biological treatment processes [52]. Application of
other conventional treatment technologies like precipitation
and flocculation are also not fruitful as they require post-
treatment to remove the pollutants [53]. Therefore, researchers
rely on photocatalytic degradation of pollutants which is an
effective in removing both organic and inorganic contaminants
simultaneously without forming hazardous side products [54].
Photocatalysts are capable of mineralising recalcitrant organic
contaminants and reducing metal ions in water at low cost
without producing harmful side products. Apart from this
semiconductors based photocatalytic materials have also been
extensively utilized in other environmental remediation pro-
cesses including conventional organic synthesis and CO,
reduction etc. [55].

Due to this, research on semiconductor based photocata-
lysts is skyrocketed in recent years and so far, numerous semi-
conducting photocatalytic nanomaterials have been developed,
including metal oxides (TiO,, V,0s), mixed metal oxides
(ZnAl,04, Bi;WOy), metal sulfides (MoS,, Bi,S3,), metal phos-
phides (Ni,P, Co,P), metal selenides (CdSe, MoSe,), metal
halides (such as AgBr), metal-organic frameworks (MOFs)
and other 2D layered materials including graphene and carbon
nitride (g-C3Ny). [56-59]. These photocatalysts offer vast ben-
efits in photocatalytic environmental remediation, however,
their large-scale applications are often suffered from a variety
of limitations [57,60]. For instance, low photon absorption in
the visible region, chemical stability under required reaction
conditions, high recombination rate for the photo-induced
excitons [61]. Therefore, continuous efforts are being made
in the field of photocatalysis to enhance the efficiency of these
photocatalysts through structural and electronic modifications
using advance methods such as, metal deposition, co-doping,
dye sensitization, coupled semiconductor, defect-induced pho-
tocatalysis, and supported photocatalysis [62-65]. For exam-
ple, the combination of metal and metal oxide nanoparticles
(TiO,, ZnO, Ag, Au, Pt) has been known to enhance the light
absorption efficiency of the resulting photocatalysts due to the
localized surface plasmon resonance (LSPR) of metal
nanoparticles [66-68]. Amidst several techniques, supported
photocatalysis has been proven as an effective strategy for
overcoming aforementioned limitation of bare nanomaterials
[69-71]. In this regard, inorganic photocatalysts have been
often supported on a variety of support materials including
polymers, biomaterials, and various carbonaceous materials
such as, poly (vinyl chloride) (PVC), poly (methyl methacry-
late) (PMMA), and polystyrene (PS), lignin, starch, chitosan,
bio-char, activated carbon and various graphene-based materi-
als. The support materials are used to enhance the stability,
adsorption capacity and photocatalytic properties of inorganic
photocatalysts [72-74].

Among these materials, graphene has gained remarkable
attention as support material for inorganic photocatalysts,
since most of other supports suffer from lower stability, con-
ductivity or very small surface area. [75,76]. Graphene is a
sp>-carbon packed, 2D layered, zero band gap semiconductor
with extraordinary physicochemical properties including excel-

lent electrical and optical properties such as, exceptional
Young’s modulus values (~1.0 TPa), high mobility of charge
carriers (greater than200 000 cm2 V™! s™! at electron densities
of 2 x 10" em™?), large spring constants (1- 5 Nm™"), excel-
lent thermal conductivity (~5000 Wm~! K1), high electrical
conductivity (108 A cm™), large theoretically specific surface
area (2630 m?/g), and optical transmittance (~97.7 %).
Besides, locally conjugated aromatic system and high electro-
chemical stability have made graphene very popular in photo-
catalysis as a support and carrier or promoter [77-79]. Other
benefits of graphene based photocatalysts involve low cost,
ease of availability and processing, lowered chances of aggre-
gation of nanoparticles and possibility of surface modification
for enhanced absorption [77,80,81]. Since, the interfacial con-
tact with additional components is maximized due to the large
specific surface area of graphene, the chances of the agglomer-
ation of nanoparticles on its surface is minimized significantly
[82].

In the recent times graphene/inorganic based light assisted
(both UV and visible light) photocatalysts have emerged as
effective, environment friendly, and economical materials for
variety of environmental remediation processes [83]. There-
fore, the combination of graphene with inorganic semicon-
ducting nanomaterials offers a facile strategy to strengthen
photocatalytic activities and stabilities of resulting photocata-
lysts [84]. These hybrid photocatalysts offer enhanced absorp-
tivity, improved light absorption capacity, fast charge carrier
migration, reduced rate of recombination, and increased
photo-efficiency [85]. This review offers current advancements
in the field of graphene-based photocatalytic materials consist-
ing of semiconducting nanomaterials with enhanced photocat-
alytic activity under UV or visible light. Besides, herein a
systematic, updated summary of the current status of the
applications of graphene-based photocatalysts in a variety of
environmental remediation processes have been highlighted.
Such as, nonselective degradation of pollutants, water splitting
to clean H, fuel, photocatalytic transformations for organic
compounds and CO, reduction. In addition, recent develop-
ments in the preparation of graphene and graphene-based pho-
tocatalysts have also been briefly discussed. Furthermore, the
current challenges and prospects of tailoring graphene-based
hybrid photocatalysts are summarized towards the end of this
review.

2. Synthesis

2.1. Preparation of graphene

Reports of the synthesis of graphene have been exploded ever
since the successful fabrication of graphene has been reported
by Novoselov et al. in 2004 through manual mechanical cleav-
age of graphite using scotch tape [86.87]. Although, the scotch
tape cleavage method became popular, but it only results in
producing pile of sheets or few isolated sheets in small amount
[88]. On the other hand, sequential oxidation—reduction meth-
ods are capable of producing large quantity of defected gra-
phene like materials which is often referred as highly reduced
graphene oxide (HRG) [89]. Generally, the synthesis of gra-
phene is broadly classified in two different categories including
bottom-up and top-down methods (cf. Fig. 4) [90,91]. Bottom-
up methods are suitable alternative to the mechanical exfolia-
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tion of graphite which produce relatively high yield of gra-
phene than the scotch tape method using atoms or molecules
of a variety of precursors other than graphite using chemical
reactions [92,93]. Some of these methods include epitaxial
growth on single-crystal SiC and chemical vapor deposition
on metal foil surfaces and unzipping carbon nanotubes.
[94.95]. Thus, in the cases where bulk quantity of graphene is
required (such as, for the synthesis of graphene nanocompos-
ites), the top-down approaches are more suitable, wherein bulk
amount of slightly defected graphene-like sheets can be
obtained using reduction of graphite derivatives including gra-
phite oxide (GO) and/or graphene oxide (GRO) [96,97].

GO is typically synthesized by the slight modification of
well-established Brodie, Staudenmaier, and Hummers
approaches involving the oxidation of graphite powder under
the influence of strong mineral acids and oxidants [98,99].
These oxidation processes render a variety of oxygenated
groups on the surface of graphite layers including hydroxyl,
epoxy, carboxylic acids and other oxygen containing func-
tional groups which facilitate the separation of graphitic layers
[100,101]. To convert GO into HRG, the oxygen containing
functional groups are removed from the surface of starting
material using a variety of reduction techniques such as, chem-
ical, thermal, microwave, hydrothermal, solvothermal and var-
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ious other green reduction method [102-104]. For instance,
Jiang et al., have reported the preparation of high-quality
HRG by a facile microwave reduction method under ambient
conditions [105]. The reduction of GO was achieved by strong
arc discharge, which is caused by aggregation of electrons at
the junction between HRG and GO under microwave irradia-
tion. During this process, O, atoms were removed and carbon
atoms were rearranged simultaneously in the HRG lattice.
Very recently, HRG was prepared using a nontoxic reducing
agent from the bio-extract of pomegranate peels (cf. Fig. 5)
[106]. The reduction of GO was achieved by the elimination
of a substantial contents of oxygenated groups and the partial
restoration of sp? carbon structures.

2.2. Preparation of Graphene-Based inorganic Photocatalysts:

The hybridization of semiconducting inorganic nanomaterials
on graphene for the synthesis of graphene-based photocata-
lysts is typically performed by a variety of different methods,
among them most prominent methods are ex-situ hybridiza-
tion (post-deposition), in-situ crystallization (in-situ binding).
The former involves combining of separate precursor disper-
sions including graphene and pre-synthesized nanomaterials,
this method is also referred to as solution mixing method.
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Schematic illustration of the preparation of graphene by different methods.[90,91].
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Fig. 5 Reduction of GRO using the bio-extract of pomegranate peels [106].

While, in the latter case, simultaneous reduction of GRO and
metal precursor salts is performed using suitable reduction
technique [107]. Besides, a variety of other methods involving
hydrothermal, solvothermal, microwave and many other tech-
niques have also been applied [108,109]. Using these methods,
different kinds of graphene-based semiconducting photocata-
lysts involving different types of nanoparticles have been pre-
pared. These nanoparticles include, TiO,, ZnO, Cu,O, SnO,,
ZnS, CdS, CdSe, Bi;WO4 and metal chalcogenides. In the fol-
lowing section, we will discuss the latest developments in the
preparation of graphene-based photocatalysts using some of
these prominent methods [110,111].

2.2.1. Post deposition methods

In the post deposition techniques, two separate solutions con-
taining previously prepared graphene and desired nanoparti-
cles are mixed together to perform the deposition. In many
cases, the surface of graphene is often modified to improve
the dispersibility and adsorption capability of graphene. The
surface of graphene is often functionalized using covalent
and non-covalent functionalization techniques [112-114]. The
covalent functionalization of graphene surface is typically per-
formed using a variety of ligands containing carboxylic, amine
and other functional groups which are known to attract and
hold the nanoparticles [115]. Whereas, in the non-covalent
functionalization large molecules with conjugated carbon net-
works, such as pyrene, coronene derivatives are used which
possess excellent ability to homogeneously disperse on the sur-
face of graphene using n-m stackings [116]. In some cases, the
surfaces of nanoparticles are also functionalized with suitable
ligands to improve the chances of homogeneous deposition
and uniform coverage of nanomaterials on the surface of gra-
phene. However, the post-deposition techniques often suffer

from low density and non-uniform coverage of nanoparticles
onto the graphene sheets.

Post deposition techniques have been widely applied to pre-
pare graphene inorganic semiconductor photocatalysts. Such
as, pre-synthesized TiO, nanoparticles and GRO dispersion
were mixed using ultrasonication, the resulting dispersion
was subjected to ultraviolet irradiation to initiate the reduction
of GRO and deposition of nanoparticles on the surface of gra-
phene [118]. Chen et al. have prepared different number of gra-
phene, ZnO nanorods based photocatalysts using different
weight ratios of graphene [117]. For the synthesis, pre-
synthesized dispersions of ZnO nanorods and GRO were
mixed ultrasonically (cf. Fig. 6). The mixed solutions were vig-
orously stirred to achieve firm deposition of ZnO nanorods on
the surface of graphene. The resulting dispersion was trans-
ferred to autoclave and the reduction of GRO was performed
under hydrothermal conditions to obtained graphene-ZnO
nanorods based photocatalysts. Recently, Ahmadi et al. have
reported the fabrication of strontium titanate (SrTiO;) and
graphene based photocatalyst [119]. In this study, the photo-
catalyst was prepared using SrTiO; nanoparticles and GRO
as precursors which were mixed together, followed by stirring
under UV light irradiation for 5 h. In this period, the original
brown color of solution was turned to black indicating the
reduction of GRO to graphene which finally resulted in the
formation of graphene-SrTiO; photocatalyst. In another
study, a Z-scheme heterojunction with enhanced photocat-
alytic activity was fabricated using a novel oxygen-defective
ZnO (0-ZnO)/HRG/UiO-66-NH, nanocomposite by a facile
solvothermal route [120]. In this study, pre-synthesized oxygen
deficient ZnO were used to deposit on the surface of graphene,
which is obtained by solvothermal reduction method in the
presence of MOF precursors and ZnO nanoparticles (Fig. 7).
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2.2.2. In-situ binding methods

The in-situ binding techniques are the most common methods
which are usually applied for the direct deposition of nanopar-
ticles including semiconducting metal oxide nanoparticles on
the surface of graphene to produce photocatalysts [121,122].
In this method, widely applied precursor of graphene like
GRO or GO and metal salts are mixed together to convert
them into corresponding oxide nanoparticles and GO compos-
ite. Subsequently, after reduction of GO, which is typically
performed using a variety of reductants, graphene based semi-
conducting photocatalysts are produced [123]. For instance,
Zhang et al. have reported the preparation of different photo-
catalysts based on HRG with tin dioxide (SnO,) and titanium
dioxide (TiO,) nanoparticles [124]. The in-situ growth of metal

oxide nanoparticles was achieved by mixing separate disper-
sions of GO and metal salts (titanium trichloride (TiCls) and
tin (IT) chloride dihydrate (SnCl,-2H,0)) under acidic condi-
tions and stirred for few hours. The composites were obtained
by the direct redox reaction between the GO and the reactive
cations Sn®>* and Ti*", forming HRG-SnO, and HRG-
TiO, composites [125]. Similarly, graphene-ZnO photocatalyst
was also obtained in another study, Zn>* ions were deposited
onto GO and converted into ZnO nanoparticles by adding
NaOH for condensation of zinc hydroxide and NaBH, for
the reduction of GO at 150 °C. Flower-like anatase HRG-
TiO, photocatalyst was prepared by the hydrolysis of TiF,
which was mixed with GO dispersion [126]. In this case, the
morphology of the TiO, nanoparticles was influenced upon
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changing the concentration of GO in the dispersion, at high
GO concentration, long-range ordered assemblies of HRG-
GO was obtained. Bera et al. have reported a single-pot low-
temperature (95 °C) surfactant-free preparation of HRG-
SnO, composites by changing the GO to tin (II) 2-
ethylhexanoate weight ratio [127]. The reaction resulted in
the oxidation of Sn?" (of tin precursor) to Sn*", forming
SnO, nanoparticles with the simultaneous reduction of GO
to HRG which rendered the deposition of SnO, nanoparticles
onto the surface of HRG (cf. Fig. 8).

2.2.3. Hydrothermal/-Solvothermal methods

The hydrothermal/-solvothermal methods are other commonly
applied methods which are used for the preparation of
graphene/nanocomposites based photocatalysts [128]. These
are one-pot processes which are capable of delivering highly
crystalline, homogeneous nanostructures without requiring
any post-synthetic annealing or calcination. These reactions
are usually performed under closed systems in the presence
of solvent or water at a temperature close to their boiling point
to create high pressure [129]. Hu et al. have reported the prepa-
ration of tungsten trioxide (WO3) nanorods with HRG
nanocomposites by using a single-step in-situ hydrothermal
method employing sodium tungstate (Na,WO4-2H,O) and
GO as precursors [130]. Xiao et al. have reported the synthesis
of flower-shaped nanosheets of HRG-Ag,O/TiO, ternary
composite using two-step hydrothermal and one-step wet
chemical co-precipitation methods [131]. At first, anatase
TiO, with a nano-flaky flower-like structure was prepared
under hydrothermal conditions, which is subsequently used
to prepare HRG-TiO, nanocomposite under similar condi-

sn (1)

Tin(ll) 2-ethylhexanoate

tions (hydrothermal conditions). Later on, graphene-coated
Ag,O/TiO, (AT) ternary composite material was formed by a
simple wet chemical co-precipitation method. Hydrothermal
methods are also efficient in controlling the morphologies of
the materials under pressure of the main composition in the
reaction [132]. This method was used to fabricate 3D nitrogen
(N)-doped graphene aerogel monolith with platinum (Pt) nan-
ocluster [133]. GRO and poly(oxypropylene)diamine were
used as precursors, wherein, the concentration of GO and
pH influenced the morphologies of the aerogel composite. In
another study, hydrothermal conditions were exploited to pre-
pare Fe’*-doped TiO, nanowires (Fe-NWs), which is subse-
quently used to fabricate graphene/Fe* " -doped
TiO; nanowire nanocomposites (GR/Fe-NWCs) [134]. GO
was reduced to HRG, anatase Fe-doped TiO, NWs were
simultaneously deposited on the surface of HRG. Similarly,
graphene was successfully wrapped around Fe doped TiO,
sphere to produce G-TiO,-Fe photocatalyst using hydrother-
mal method [135]. In addition to aqueous synthesis, a variety
of other solvents have also been utilized to prepare graphene
based photocatalysts under solvothermal conditions. For
instance, a facile single-step solvothermal method was
employed to prepare graphene/CdS nanocomposites [136].
The fabrication of the composite was performed by the hydrol-
ysis/dissociation of CH4N,S in the presence of GO in ethylene
diamine (EDA) solution of cadmium acetate dihydrate under
solvothermal conditions at 180 °C. Dong et al. have exploited
solvothermal method for the preparation of graphene/rod-
shaped TiO, nanocomposite through reduction of colloidal
dispersion of graphene oxide in benzyl alcohol. During the
synthesis, both the reduction of GO and the growth and depo-
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(GO)
SnO, NPs @ carbon
@ Oxygen
-+ Hydrogen

rGO
Sn0,-rGO nanocomposite (SGNC)

TEM image of SGNC

Fig. 8 Schematic illustration of the formation of HRG-SnO, nanocomposite [127].



Graphene/inorganic nanocomposites: Evolving photocatalysts for solar energy conversion for environmental remediation 9

sition of rod-shaped TiO; nanocrystals simultaneously
occurred on the surface of graphene. Hu et al. have applied
solvothermal method for the preparation of novel octahedral
shaped CoFe,O4 onto HRG to synthesize hybrid and pure
CoFe>O4 nanoparticles [137]. During the synthesis, HRG
influenced the morphology of CoFe,O4 nanoparticles which
displayed size-dependent changes of shapes from granular
(or sheet) to octahedral shapes.

2.2.4. Self-Assembly method

In addition to aforementioned methods, several other tech-
niques have also been applied for the preparation of
graphene-nanomaterials based photocatalysts including self-
assembly method, electrochemical methods. [81]. The self-
assembly is a prominent technique for the fabrication of com-
plex architectures from nano, micro and nanoscale materials,
particularly in the preparation of layered materials [139].
Wang et al. has prepared a magnetically separable y-Fe,Os/
GO composite using low temperature, self-assembly method
[140]. In another study, HRG encapsulated LaNiO; (LNO-
RGO) composites were prepared as crumpled nanoreactors
through self-assembly and photocatalytic reduction method
[141]. In this case, the interaction between the oxygen vacan-
cies (positive charge) on the LaNiOj surface and the oxy-
genated groups of the GO facilitated the encapsulation,
forming a micro-nano multi-level structure (nanoreactor)
under ultraviolet irradiation. Wang et al. have produced
HRG-ZnO nanorods nanocomposites using a facile two-step
self-assembly technique [138]. The composite exhibited uni-

form structure of rod-like morphologies with an average diam-
eter of 30 nm and a length of 1-3 um with high specific surface
area, uniform structure, and good interfacial contact (cf.
Fig. 9). The nanocomposite was prepared by electrostatic
self-assembly of positively charged ZnO NRs with negatively
charged GO, followed by the hydrothermal reduction of GO
to HRG.

2.2.5. Electrochemical methods

Electrochemical deposition methods electrochemical deposi-
tion of graphene on different supports followed by deposition
of inorganic nanoparticles onto graphene. A monolithic, two-
side, ternary Cu,O/graphene/TiO, nanotube array based
heterostructure was prepared using anodic deposition of
TiO, nanotube array onto Ti foil (TNA/Ti) as the substrate
[142]. Graphene film was electrodeposited on the TNA/Ti
and then Cu,O nanoparticles were depositied onto the gra-
phene sheets by electrochemical method. Furthermore, electro-
chemical methods were also applied for the preparation of 3D
graphene-based photocatalysts, such as the preparation of
three-dimensional (3D) porous graphene-based composite
materials as reported by the Chen et al. [143]. This was
achieved in two consecutive electrochemical steps, such as,
the initial electrochemical preparation of 3D graphene
(ERGO) porous material, followed by the reduction of concen-
trated GO dispersion (cf. Fig. 10). In the subsequent step, the
second component including semiconducting nanomaterials
such as ZnO was electrochemically deposited onto this 3D gra-
phene matrix, which yielded 3D porous graphene-based com-

Fig. 9 SEM images of a) ZnO b)5% HRG-ZnO, TEM images of ¢) ZnO NRs d) 5% HRG-ZnO. [138].
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Fig. 10  Schematic illustration of the preparation method for 3D
graphene-based composites, (a) and (b) Cross-section SEM image
and XRD pattern of the lyophilized ERGO-PtNP composite. (c)
and (d) Cross-section SEM image and XRD pattern of the
lyophilized ERGO-ZnO composite. Scale bar: 1 mm. [143].

posites. The as-prepared 3D composites exhibited conductive
graphene network as the matrix, consisting of homogeneously
coated second component, such as noble metal nanoparticles
and metal oxide.

3. Environmental applications of graphene based photocatalysts

For the last couple of decades, photocatalytic processes have
gained great attention of scientists and technologists due to
their excellent abilities in addressing the environmental con-
cerns and energy problems (Table 1) [144,145]. Particularly,
heterogeneous photocatalysis have been extensively applied
in a wide range of photocatalytic processes including water
splitting for hydrogen generation, photocatalytic conversion
of CO, into hydrocarbon fuels, organic transformation and
environmental remediation such as the degradation of organic

pollutants. [146-148]. Typically, the heterogeneous photocat-
alytic processes involve the conversion of light energy into
chemical energy, which occur when a semiconducting material
is irradiated by light with photon energies larger than the band
gap energy of the semiconductor [149](Fox et al., 1993). The
light is partially reflected from the semiconductor surface
and partially absorbed in the semiconductor. The absorbed
light initiates the excitation of electrons from the valence band
(VB) into the conduction band (CB), producing electron—hole
pairs, which are responsible for the photocatalytic activity (cf.
Fig. 11) [150]. The photogenerated electron-hole pairs dissoci-
ate from each other and quickly migrate to catalytically active
locations at semiconductor surface where they reduce the elec-
tron acceptors or oxidize the donor species. Through the chem-
ical transformations, the abundant solar energy can be
effectively stored and utilized [151]. But, usually, the recombi-
nation of electron-hole pair takes place and their energy is dis-
sipated as heat before arriving at the semiconductor surface.
This is one of the major factor that largely inhibit the efficiency
of photocatalytic processes.

The potential of photocatalytic processes of semiconduct-
ing materials can only be fully exploited when the following
conditions are fulfilled, such as, the generation of electron-
hole pair upon the absorption of light across the whole spec-
trum of light; minimizing the possibility of the recombination
of electron-hole pairs; abundance of photocatalytically active
sites on the photocatalysts through high surface area. [152].
However, it is often difficult to fulfil all these conditions for
photocatalysts at the same time. For instance, even an exten-
sively studied semiconducting photocatalysts like TiO,, exhi-
bits a large band gap (3.2 eV), therefore, only responsive to
the UV light absorption of the solar spectrum which is only
3 to 5 % of whole spectrum [153]. Another widely studied nar-
row band gap(2.4 eV) semiconductor (CdS) which absorb light
under visible light region, suffers from the low separation effi-
ciency of electron—hole pairs and photo-corrosion during irra-
diation [154]. Therefore, these shortcomings such as the loss of
energy of energy during charge transport and recombination
significantly affected the photocatalytic processes. In these
regards, graphene based semiconducting composites offer
great hope in addressing the aforementioned problems in pho-
tocatalytic processes [155-157]. Graphene exhibits extraordi-
nary physicochemical properties, due to which, it is largely
established as an excellent electron collector and transporter
which effectively inhibits recombination of photogenerated
electron hole pair [158,159]. In addition, due to the high speci-
fic surface area, graphene and graphene based semiconducting
photocatalysts significantly enhance the absorption of light
intensity and considerably extend the light absorption range
of the material for the effective utilization of solar energy
[160]. In addition, the combination of graphene and other
inorganic semiconductors minimize the chances of aggregation
of nanoparticles and restacking of graphene nanosheets lead-
ing to the enhance efficiency of resulting composites [161].
So far, several advance characterization techniques such as,
photoluminescence (PL) spectroscopy, time-resolved fluores-
cence spectroscopy, photocurrent response data, electrochem-
ical impedance spectra (EIS) measurement, and electron spin
resonance (ESR) spectrum have led to the identification of
the efficient photocatalytic properties of graphene [162,163].
Manga et al. have demonstrated ultrafast photocatalytic elec-
tron transfer between the TiO, and graphene using femtosec-
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Table 1 Application of graphene-based metal or metal oxide nanocomposites for most important photocatalytic reactions.
Catalyst Source of radiation/ Preparation = Metal precursor Reaction Catalytic performance  Ref.

method
3 wt% HRG/TNT 100 W UV irradiation/ TiO, Removal of MB 100 % decolorization  [312]
hydrothermal method and MO and 77.4 %
mineralization
TiO,/HRG 300 W Xe arc lamp/ sol-gel Ti(OnBu), Removal of MB 0.201 mmol gg,th™! [313]
method
Ag/Ag@Ag;PO4/HRG 400 W Xe arc lamp/ hetero- AgNO; Removal of NR, 15 mg/L [314]
growth method RhB, MB and MO
dyes
N-doped TiO,/HRG visible light/ chemical reduction Tetrabutyl titanate Removal of MB 90 % MB removal [315]
method percentage
TiO,-GQD visible light/ ultrasonication Tetrabutyl titanate Degradation of MB 97 % MB removal [316]
process percentage
TiO,@HRG 8 W UVC lamp/ hydrothermal Tetra-n-butyl degradation of 28 % phenol removal  [317]
procedure orthotitanate phenol percentage
HRG-Fe-TiO, UV chamber/ in-situ Titanium degradation of 74.6 % degradation of [318]
sonochemical procedure isopropoxide, Ferric crystal violet dye CV
Nitrate
HRG-TiO,—Fe 300 W Xe lamp/ hydrothermal Titanium Degradation of MB  — [135]
method isopropoxide,
FCC13'6H20
ZnO-HRG 300 W Xe lamp/ lyophilization Zn(OAc), MB removal 83.3 % MB removal [319]
method and thermal treatment
process
HRG-ZnO 300 W, Visible/ solventless Zn(OAc), degradation of MB  74.0 % MB removal [320]
method percentage
Nig 4Cog 6Erg 045F€1.9504/ 60 W, Visible/ co-precipitation Ni(NO3),, Co(NO3),, photodegradation 43.1 % MB removal [321]
HRG and sonication procedure Er;O3, Fe(NO3); of MB percentage
TiO,/ZnO/Bi,0;-HRG solar irradiation/ sol-gel Zn(OAc),, Bi formaldehyde degradation rate (k) of [322]
electrospinning method (NOs)3-5H,0,Cu degradation 0.1 min~!
(CO,CH3),-H>0
Ag;PO4/HRG 500 W Xe lamp AgNO; degradation of 100 % bisphenol [323]
bisphenol removal percentage
Agl-BiOI-HRG 300 W Hg lamp AgNO;, KI, Bi H, production 168 pmolh~'g™! [324]
(NO3)3-5H,0
Ag-Bi,WO-HRG 300 W Hg lamp/ solvothermal Bi(NOs3);-5H,0, H, production 78 pmolh'g~! [325]
method AgNO;3
NiO/nickel carbide/HRG 400 W Hg lamp/ thermal NiCl, H, production 39.4 % [326]
treatment method
TiO,/HRG/Pt 9 W lamp H¢PtCls-6H,O H, production 308 pmolg ™' [327]
Ag-TiO,/HRG 100 mW cm 2 irradiation/ AgNO; H, production 225 pmolh~!g™! [328]
microwave assisted hydrothermal
method
AgBr—HRG-TiO, 35 W Xe lamp/ reflux method AgNO;, CTAB H, production 2025 ppm [329]
Au/HRG/TiO, 300 W Xe lamp HAuCl, H, production 44 pmolh~! [330]
Zr0,-TiO,/HRG solar irradiation/ hydrothermal Titanium(IV) H, production 7773 pumolh~'gg! [331]
method isopropoxide, ZrO
(NO3),
ZIS/HRG 300 W Xe lamp/ microwave- ZnCl,-2H,0, H, production 2640.8 ymolh~'g~! [332]
assisted hydrothermal method InCl5-4H,0 H,-production rate
FG-ZnS 300 W Hg lamp/ chemical vapor  ZnCl, H, production 11,600 pmolh~'g™! [333]
deposition method
ZnO-ZnS/HRG 300 W Hg lamp ZnCl, H, production 1070 pmol h~'g™! [334]
Pd NPs/CS-HRG in-situ reduction PdCI2-.4H,0 H, production 42.5 molymolpd [335]
min~! TOF value
CdS-HRG-MoS, 300 W Xe lamp/ hydrothermal Cd(Ac),-2H,0, H, production 7.1 pmolg~'h™! [336]
method Na>,Mo0O,4-2H,0
BiVO, QDS/HRG 300 W Xe lamp/ hydrothermal Bi(NOs3);-5H,0, CO, reduction - [307]
method NH4VO;
NiO/Ni-HRG 300 W Xe lamp/ reduction NiCl, CO, reduction 642 pmolgnh ! [308]
method CH,4 formation rate
GO/CH;3NH;PbBr3 300 W Xe lamp/ ligand-assisted PbBr,, CH;NH;Br CO, reduction 1.05 pmolem 2h~! [337]

precipitation method

(continued on next page)
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Table 1 (continued)

Catalyst Source of radiation/ Preparation =~ Metal precursor Reaction Catalytic performance  Ref.
method
HRG/TiO, 500 W Hg lamp/ reflux and titanium dioxide CO; reduction 30.30 pmolg 'h~! [296]
vacuum thermal treatment
method
HRG/TiO, (NT) 200 W UV-A lamp/ Ti foil CO, reduction 760 pMolg ™! [338]
electrochemical anodization
technique
WSe,-HRG-TiO, 500 W UV/visible light/ ultrasonic  C;sH3404Ti, selenium  CO, reduction 6.3262 umolg’lh’l [300]
process powder, and WO;
ZnO-HRG 300 W Xe lamp/ hydrothermal Zn(NO3), CO; reduction 263.17 pumol/geat [339]
procedure
the solar cells which convert sunlight into electrical energy,
o, photoelectrochemical cells (PEC) transform solar energy into
kk —\ & %ﬁ;&w’% solar fuel like green H,. The semiconductor-based photocat-
& alytic water splitting involves two conceptual options including
J - 0;~ a system consisting of two separate devices each for light har-
—'ZEB— L & 4 vesting and electrolyzation of water (PV-coupled electrolysis)
hv: @ [168]. Whereas, the other is an integrated system which combi-

Light ‘K
F
« _F \.#

Fig. 11  Schematic representation of semiconductor excitation by
band gap illumination leading to the creation of “electrons” in the
conduction band and “holes” in the valance band [150].

£.&.

H,0 H,0

2

ond transient absorption spectroscopy [164]. Nyquist plots
obtained by the EIS measurement revealed the charge transfer
resistance in solid-state interface layer and the charge transfer
resistance at the contact interface between electrode and elec-
trolyte solution [165]. The ESR studies confirmed the genera-
tion of the radical species including hydroxyl and superoxide
radicals in the graphene based semiconducting photocatalysts
[166]. Hu et al. has demonstrated the photocatalytic mecha-
nism of graphene-titanate nanotubes (TNTs) photocatalyst,
and proposed the electron transport model of the hybrid under
visible-light illumination. The electron transport from gra-
phene to TNTs is confirmed using scanning tunnelling micro-
scope, electron paramagnetic resonance and photo-
Iuminescence spectra [167].

3.1. Photoelectrochemical H, evolution reaction (HER) for
green H, fuel

Photoelectrochemical (PEC) water splitting is an effective
method for the production of green H, using a sustainable
resources like water, sunlight and specialized semiconducting
materials-based photocatalyst [169]. The photo-
electrocatalyst accelerates the process of water splitting into
H, and O, using light as a source of energy [170]. Similar to

nes both the components of light harvesting and catalytic
water splitting interface in the same material (photo-
electrochemistry) (Fig. 12a). Currently, photovoltaics are the
most efficient solar energy transformation devices, however,
their technical advancement is still low because the photo-
absorbing material is in physical contact with the electrolyte,
limiting the durability of the device. [171]. PEC water splitting
offers great potential for the sustainable, green and low-cost
H,. It utilizes the naturally abundant precursors such as water
and solar light. However, the photocatalyst capable of harvest-
ing in the visible portion, with suitable bandgap and band edge
positions and able to separate the carriers is the key for the
commercialization of this technology.

In the quest of finding efficient and cost effective photocat-
alysts, scientists have explored a variety of different materials
including semiconducting metal oxides, metal chalcogenides
and organic semiconducting layered materials [172]. However,
semiconducting graphene-based photocatalysts have been
regarded as promising materials for the photoelectrochemical
conversion of solar energy into green H, [173]. Particularly,
graphene derivatives like graphene oxide, highly reduced gra-
phene oxide consisting of a variety of oxygenated functional
groups in combination with semiconducting inorganic
nanoparticles  exhibited great potential as  photo-
electrocatalyst for H, and O, evolution from water [174]. Espe-
cially, high electron mobility and surface area of graphene ren-
der it as an effective electron acceptor to improve the
photoinduced charge transfer and restrict the reverse reaction
by the separation of evolution sites of H, and O, and there-
fore, enhancing the H, production properties [70]. As an exam-
ple, TiO,-5 wt% graphene photocatalyst has exhibited two
times more H, evolution (H,: 4.5 p mol/h) properties when
compared with the pristine TiO, under sunlight illumination.
This enhancement is attributed to the reduction of electron-
hole recombination due to the presence of graphene [175].
To reduce the electron-hole recombination, a low-defect
reduced hydroxylated graphene (RGOH) was used as a carrier
material to prepare TiO,/RGOH) [176]. The hybrid photocat-
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Fig. 12 Two conceptual options for the generation of solar hydrogen: PV-coupled electrolysis, and direct photoelectrochemical (PEC)
water splitting. b) Working principle of a tandem PEC cell for water splitting using a photoanode with bandgap energy E,;, and a

photocathode with E,» (where E,; > E,») [168].

alyst demonstrated high electrical conductivity, which
enhanced the separation and migration efficiency of photogen-
erated electron-holes. Besides, the possible existence of
Ti—O—C bond in the hybrid, facilitated the transfer of photo-
generated electrons through this bond to the RGOH flakes and
prevented rapid recombination of photogenerated electron-
holes. In other study, for enhancing the light capturing prop-
erties, avoiding electron—hole recombination, and accelerating
charge transfer carbon-doped TiO, was fabricate which is
deposited onto HRG (C-TiO,/HRG). The resulting nanocom-
posite exhibited enhanced photocatalytic activity and longevity
[177]. The C-TiO,/HRG exhibited a band gap of 2.2 + 0.2 eV
and crystallite sizes of 0.9-2 nm in diameter. Other results
revealed that, under solar light irradiation C-TiO,/HRG
yielded incredibly high H, production rates of 1.50 = 0.2 mm
ol g=' h™!, which is greater than the pristine precursor without
graphene and other semiconducting photocatalysts. To explore
the electro-photocatalytic H, mechanism of HRG with doubly
doped graphene-based catalyst, Wang et al. fabricated Pt/
TiO»/HRG photocatalysts [178]. The 2 wt% HRG doped
HRG/Pt-TiO, hybrid photocatalyst demonstrated superior
solar-driven H, production rate (1075.68 pmol h~' g="), which
was 81 times higher than bare TiO, and 5 times in comparison
to the Pt/TiO, based photocatalyst. This study revealed that
the presence of Ti—O—C bonds in the hybrid, shifted the
valence band edge from + 2.2 eV to + 1.83 eV, while the pho-
toelectrochemical tests indicated the enhanced electron density
of hybrid which is almost double than TiO, (cf. Fig. 13).
Apart from TiO,, other metal oxides in combination with
graphene-based materials have been extensively utilized for
PEC water splitting [179]. In this regard, ZnO and graphene-
based materials nanocomposites have been prepared. Compare
to TiO,, ZnO possesses 10 to100 times higher electron mobility
and a lower rate of carrier recombination. In addition, it can
be easily prepared in variety of morphologies using simple syn-
thetic methods [180]. Hierarchical porous ZnO and ZnO/HRG
nanocomposite based photoanodes were prepared by sol-gel
method using triethylenetetramine as a stabilizer [181]. The
resultant photocatalyst demonstrated enhanced current den-
sity (1.02 mA cm2at 1.5 V vs Ag/AgCl) in 1 wt% HRG,

up to 12 times higher compared to the bare ZnO
(0.09 mA cm 2 at 1.5V vs Ag/AgCl). This was due to the pos-
itive role HRG electron separation/transportation. Copper (I)
oxide (Cu,0) is another metal oxide which is cheap and abun-
dantly available p-type semiconductor with a direct (forbid-
den) band gap of 2.17 eV and optical band gap of 2.62 eV.
This semiconductor is highly desirable for PEC H,O splitting
under visible light (A < 600 nm) irradiation [182]. Hierarchical
Cu,0 nanospheres with a pompon dahlia-like morphology and
graphene hybrids were fabricated by electrostatic self-assembly
[183]. Introduction of small amount of graphene enhanced the
apparent quantum efficiency (AQE) at 475 nm of hierarchical
Cu,O for H, production. The values increased from 2.23 % to
3.35 %, giving an increase of evolution rate from 234 pmol.
g ' h~! to 352 pmol.g'h-1 respectively. Similarly, doping of
other metal oxides with graphene has shown excellent H, gen-
eration activity, such as, in the case of WOj3; nanostructures,
the photocatalytic activity for the H, production was increased
upon increasing the doping contents of graphene upto 7 wt%.
[184](Tahir et al., 2018). In another study, HRG mixed with
vanadium oxide (V,Os/HRG) photocatalyst demonstrated
the enhanced PEC H,O splitting properties [185]. The photo-
catalyst exhibited reduced bandgap, which increased the visible
light absorption capacity and reduced recombination rate of
photogenerated charge carriers in comparison to pristine
V,0s. This resulted in ~3-fold enrichment in the photocat-
alytic activity, while the PEC performance enhanced ~3.5
times higher compared to V,05 photoanode. Other oxides like
BiVO,, BiFeOs;, were also applied. For instance, the prepara-
tion of BiVO4-HRG nanocomposite using visible-light-
assisted approach as demonstrated by Soltani et al. exhibited
the highest photocurrent density (554.4 pA cm2at 1.2 V vs
Ag/AgCl), compared to pristine BiVO4 (111.7 pA cm™2) in
PEC H,O splitting experiments [186]. The photocatalyst also
exhibited the high charge carrier density, with an extended life-
time and improved electrical conductivity. In another study,
Bi;_«Sm,FeO; (BSFO) nanoparticles were ~ deposited  onto
HRG using two-step ultrasonication method [187]. The
BSFO-HRG nanocomposite based photoanode showed high
photocurrent density and solar to hydrogen conversion effi-
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ciency (2.40 mA/cm? (at 0.5 V vs saturated calomel electrode)
and 2.45 % efficiency.

CdS is a narrow bandgap (~2.4 ¢V) semiconducting mate-
rial which is capable of absorbing light in the visible portion of
solar spectrum and the reduction and oxidation potential of
H,O remain in the band gap limit of CdS [188]. However, fast
recombination rate of electron—hole pairs and aggregation of
nanoparticles inhibits the photocatalytic activity of CdS
[189]. To address these problems, Peng et al. fabricated GO—
CdS-Pt nanocomposites with varying amounts of Pt using a
combination of the reduction process and the two-phase
method [190]. The hybrid photocatalysts has successfully sup-
pressed the recombination of electron—hole pairs and extended
the lifetime of charge carriers by an effective charge transfer
route. Besides, graphene helped in inhibiting the aggregation
of nanoparticles leading to the high specific surface area of

the material which was easy to separate using centrifugation.
The nanocomposite demonstrated excellent H, evolution rate
of 123 mL h™!' g! with strong photostability. These values
are 2.5 times higher than that of GO-CdS and 10.3 times
higher than the pristine CdS. In another study, the H,O split-
ting efficiency of the HRG-CdS nanocomposite prepared
through a chemical reduction method was ~ 3 times higher
than that of pure CdS NPs [191]. Both computational and
experimental studies of other sulphides like WS,, MoS, ZnS,
SnS, have recently shown their effective role in catalyzing
the PEC based clean H, generation with a relatively good yield
[192,193]. The study of the optical properties of WS,-HRG
hybrid has revealed high optical absorption (98 %) and lower
band gap (1.75 eV), with good band-edge alignment in PEC
experiments [194]. The photocatalyst exhibited good photocur-
rent density (95 pA/em?® at 1.23 V bias), and 3.3 times higher
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performance compared to pristine WS, with higher charge
transfer ability. HRG-based ZnS heterojunction photo-anode
enhanced the PEC performance by improving optical proper-
ties and charge separation ability of the composite.
Furthermore, graphene-based ternary mnanocomposites
have also been prepared and received decent attention [196].
He et al. have prepared HRG-modified WO3/TiO, heterojunc-
tion (S-scheme heterojunction) nanocomposite based photo-
catalyst in a single-step using hydrothermal method [195].
TiO, and WOj; nanoparticles attached closely to HRG in the
ternary hybrid forming a stable S-scheme heterojunction (cf.
Fig. 14). In this case, HRG not only offered plentiful adsorp-
tion and catalytically active sites but also facilitated electron
separation and transfer from the conduction band of TiO, by
creating a Schottky junction between TiO, and HRG. Due to
this, the ternary WO3/TiO,/HRG nanocomposite exhibited a
dramatically enhanced H, evolution rate of 245.8 pmol g~ 'h ™!,
which was approximately 3.5-fold higher than that of pure
TiO,. Bai et al. reported the synthesis of BiVO,/NiO/HRG
photoanode using electrodeposition, solution immersion
and spin coating methods [197]. In comparison with BiVOy,
the photo-current density of the ternary photoanode reached
1.52 mA/cm2 at 1.23 V vs RHE, which is 2.41 and 1.39 times
higher than that of pure BiVO, and binary BiVO4/NiO pho-
toanode, respectively. Very recently, VS;-MoS,-rGO
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heterostructure was fabricated and explored for the PEC based
H,O splitting. In this ternary composite, MoS, was applied to
inhibit charge recombination and HRG as a protective layer to
improve the stability of the material [198]. The resultant hybrid
exhibited 4.5 times higher catalytic activity and stability than
bare constituent materials.

In short, it has been established that graphene derivatives
including GO, HRG, pristine graphene possesses several
extraordinary features such as, high surface area and n conju-
gated basal plane for high electron mobility and therefore,
have been regularly applied as electron sinks for semiconduc-
tors based photocatalysts to facilitate exciton separation and
later transportation and/or storage of electrons for H, for
water splitting. Besides, the incorporation of inorganic mate-
rial on the surface of graphene forms a Schottky barrier, which
further enhance the clean H, production. So far, extraordinary
success has been achieved in designing and creating highly effi-
cient graphene/inorganic nanoparticles-based PEC systems
which can effectively split water to generate clean H, using
sunlight. However, there are still several concerns which need
to be addressed to achieve the full potential of these materials
for the generating green H, fuel. For instance, there is little
understanding available on the interfacial contact and bonding
between graphene and the semiconductors in the hybrid mate-
rials, which still require extensive experimental and theoretical
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knowledge of the electronic structure of the resulting materials.
The synthesis of graphene needs to be further enhanced to
obtain high-quality graphene with precise size, number of
sheets and functionality which can further enhance the charge
transport mechanism of the graphene-based photocatalysts.
Furthermore, creative designing of the multicomponent
graphene-based photocatalysts is required to achieve efficient
charge transport in the composite matrix and infuse further
charges for the facilitating the reaction at the H,O-composite
interface.

3.2. Photocatalytic degradation of pollutants for environmental
remediation

The quality of aquatic environment heavily deteriorates due to
the release of sewage water, heavy metal ions, dangerous
organic and inorganic pollutants, most of them are non-
degradable and highly resistant in nature [199]. Organic pollu-
tants include phenolics, oil bacterial and so on., whereas inor-
ganic contaminants involve metal salts, and heavy metal ions.,
which remain suspended in water for a very long time either in
dissolve or colloidal form [200]. Among these contaminants,
industrial effluent based phenolic compounds are the most
dangerous materials due to their high toxicity [201]. Conven-
tional water-treatment methods like filtration, sedimentation
(physical methods), chlorination, ozonation (chemical meth-
ods) are mostly incompetent in removing hazardous pollutants
[202]. On the other hand, chemical oxidation processes which
are capable of completely mineralizing the contaminants to
carbon dioxide, water and inorganic ions. [203]. However, they
often require harmful chemicals such as chlorine, hypochlorite,
H,0,, chloramines, chlorine dioxide, which possibly lead to
the formation of several carcinogenic by-products [204]. On
the contrary, heterogeneous photocatalysis is a suitable alter-
native to the conventional treatment processes for the
advancement of wastewater treatment technology due to its
capability of utilizing sustainable resources like sunlight for
water treatment [205]. Photocatalysis require efficient hetero-
geneous catalysts which are effective in accelerating the rate
of reaction by decreasing the activation energy [206]. Ideally,
for this purpose, a photocatalyst with high crystallinity, large
surface area, low-cost, non-toxic, and should be easy to handle
[207] is preferable. In this regard, graphene based photocata-
lysts have received tremendous recognition in the field of pho-
tocatalysis due to high specific surface area, high mechanical
strength, good thermal and electrical properties.

These photocatalyst have been extensively used in advance
oxidation processes (AOPs), which are highly effective in min-
eralizing persistent organic contaminants including pesticides,
surfactants, phenolic wastes, and hazardous organic dyes
[208,209]. These methods are capable of utilizing sunlight for
direct disinfection and detoxification of contaminated water.
During this process, UV-visible or sunlight generate
electron-hole pairs facilitating the formation of reactive oxy-
gen species (ROSs) which are highly reactive and effectively
destroy organic and inorganic pollutants. [210]. Particularly,
in the heterogeneous AOPs, which are typically performed in
aqueous phase, the oxidation of H,O molecule occurs on the
surface of photocatalyst to release OH® at the expense of the
reduction of O, which ultimately generate superoxide radical
(03 [211,212]. A wvariety of graphene/inorganic

nanoparticles-based nanocomposites have been applied as
photocatalysts for the photocatalytic decontamination of
wastewater [213]. Since, in most cases, bare nanomaterials-
based photocatalyst demonstrate low absorption of light,
high-recombination rate, deactivation and agglomeration,
which can be effectively prevented by the inclusion of graphene
in the nanomaterials-based hybrids [214].

Graphene has been utilized in various capacities to enhance
the photocatalytic behavior of active photocatalysts such as,
attachment of graphene with the inorganic semiconductors,
graphene doping, surface functionalization and fabricating
multi-junction nanohybrids. [215,216]. In graphene-based
inorganic semiconductors based photocatalysts, the large-
surface area of graphene and smaller size of nanoparticles
effectively facilitate charge carrier and charge transportation
due to the close contact between the components [217]. These
constituents also extend the absorption capacity which ulti-
mately enhance the sunlight harvesting. In this type of
nanocomposites, size of the nanoparticles, number of graphene
layers have significant effect on the resultant photocatalytic
properties of materials. This is suggested by the finding of a
study by Zhang et al. who have fabricated HRG/ZnO with
varied particles size of ZnO using a facile solvothermal method
[218]. ZnO with smaller particles size (20-100 nm) exhibited
superior photocatalytic properties in the degradation of dyes
and reduction of Cr (VI) when compared with the larger size
ZnO nanoparticles (50-500 nm) in the hybrid. This was attrib-
uted to the small size of nanoparticles which enhanced the
interfacial contact between the two precursors. Similarly,
shape of nanoparticles in the composites also influence the
photo-activity of the catalysts. This is confirmed by Beura
et al. when they prepared different morphologies of ZnO
nanoparticles in HRG-ZnO nanocomposites [219]. This was
achieved by varying the concentration of the precursor in
chemical method in which the shape of ZnO was changed from
sphere to rod upon increasing ZnO concentration. Spherical
shaped ZnO nanoparticles demonstrated high surface area
and superior catalytic activity (98.6 %) than the rod-shaped
particles (97.1 %) in the degradation of methyl orange. Simi-
larly, ZnO with different shapes and concentration were depos-
ited onto HRG (HRG-ZnO) in a low-temperature chemical
etching route to enhance the photocatalytic properties of the
resulting hybrids [220]. Several other studies have also pointed
towards the importance of the surface exposed facets of the
nanoparticles in delivering efficient photocatalytic properties.
As an example, in the case of TiO,, the formation of dominant
[221] facets are technologically and scientifically important for
photocatalytic applications due to their high surface energy
[222]. The tuning of the photocatalytic selectivity of TiO,
can also be achieve by varying its crystallographic properties
such as the percentage of exposed facet [221]. Especially in
the presence of graphene, facets controlled TiO, based photo-
catalysts have exhibited enhanced performance or efficient uti-
lization of visible light in photocatalytic applications. For
instance, Liu et al. reported considerable enhancement in the
photocatalytic degradation of methylene blue (MB) and
methyl orange (MO) under both UV and visible light irradia-
tion in the case of chemically bonded HRG-TiO, hybrid pho-
tocatalysts which consist of exposed {001} facets of TiO,
nanoparticles over bare P25 [223]. Very recently, the combina-
tion of faceted crystal engineering and 3D-printing technology
was used for the preparation of the organic-inorganic 3D-
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printed visible-light photocatalyst prototypes [224]. For this
purpose, two facet crystal nano-architectonics were fabricated
by the in-situ synthesis of AgzPO,4 nanoarchitectures with
tuneable-amorphous and faceted-shapes upon 3D-printed gra-
phene/polylactic acid (G/PLA) nanocomposite scaffolds
through a green wet-chemistry approach. The as-prepared
nanocomposite demonstrated enhanced photocatalytic proper-
ties towards the photodegradation of Rhodamine B.

Apart from prominently applied TiO, and ZnO, graphene
has been combined with various other semiconducting inor-
ganic nanomaterials to obtain efficient binary graphene-
based photocatalyst for the degradation of pollutants [226].
These materials include Cu,O, WO3, Mn,0, Mn3;04, AgzPOy,,
ZI’IF6204, ZIIWO4, W18049, SI’IOZ, CUF6204, BaCrO4, SIIWO4,
and many more [227]. In a recent study, Cu,O nanoparticles
were doped with varying contents of graphene (14 wt%)
using a precipitation method. The characterization of samples
revealed the formation of cabbage like morphology of gra-
phene based Cu,O nanocomposite [225]. In this case, 2 wt%
graphene incorporated Cu,O sample exhibited superior
photo-activity towards the degradation of organic pollutants
(979 % and 96.1 %) for MB and MO after 160 and
220 min, respectively (cf. Fig. 15). In addition, its catalytic per-
formance over visible region (red shift) was also enhanced to
an appreciable extent, when compared with that of other sam-
ples. The HRG-WO;nanocomposites obtained using
hydrothermal route demonstrated high photo-catalytic activity
towards the degradation of MB which is ~6.5 times compared

% TOC Removal
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Fig. 15
mechanism of Cu,O-HRG composites.[225].

to pristine WO; [228]. The 1D-2D hybrid prepared by loading
MnO, nanorods over HRG nanosheets (HRG-MnO,) by hy-
drothermal process demonstrated enhanced photoactivity
towards the removal of coloured dye (neutral red) and a
colourless pollutant (ciprofloxacin) from water [229]. The
enhanced activity is attributed to the large surface area, close
contact of 1D-2D components with abundant reaction sites.
Similarly, hausmannite Mn304-HRG nanocomposite obtained
by solvothermal process showed decent photocatalytic activity
in the degradation of MB dye under sunlight [230]. Solvother-
mal method was also used to prepare a series of octahedral
ZnFe,04/HRG nanocomposites which demonstrated both
high adsorption and good visible-light-responsive photocata-
lyst activities [231]. The hybrid material showed enhanced pho-
tocatalytic degradation properties for cationic dyes (MB and
RhB) compared to those for the anionic dye (MO). Besides,
The hybrid photocatalyst successfully degraded H,O, in the
visible-light photocatalytic process to form hydroxyl radicals
(eOH), which are mainly responsible for the photodegradation
of the organic contaminants. ZnWO, nanoparticles were
deposited onto the surface of HRG to obtained ZnWO,-
HRG hybrids which degraded hazardous MB in a neutral
medium and showed superior photoactivity than its pristine
counterpart [232].

In addition to the aforementioned graphene-based photo-
catalytic binary nanocomposites, multi-component hybrid
materials have also found considerable attention of scientists.
The multi-junction nanocomposites offer improved charge car-

Ic and d, are the SEM images Cu,O-HRG composites, 2) TOC removal profile for MB and MO dyes, and 3) photocatalytic
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rier separation and a fast electron transfer system compared to
the pristine semiconductor materials. For instance, a
ternary nanocomposites consisting of TiO,, silver and gra-
phene has confirmed the benefits of multi-junction nanocom-
posites [233]. The hybrid was used as photocatalysts for
amaranth azo dye degradation, under UV and natural light
exposure. The best result for amaranth dye degradation was
obtained with the HRG/TiO,-Ag catalyst reached upto
99.9 %. In another study, Dutta et al. have fabricated HRG-
based ternary nanocomposites, using glutathione (GSH) as
both reducing agent for GO and sulfur donor for CdS synthe-
sis under modified hydrothermal conditions [234]. Among two
different colour CdS, the yellow coloured ternary CdS-TiO»-
HRG has showed maximum efficiency compared to the corre-
sponding red ternary CdS-TiO,-HRG or binary photocatalysts
for dye degradation under visible light irradiation. The high
activity of the composite was attributed to the presence of
TiO; at the interface of HRG and CdS forming a barrier which
prevent the direct contact between HRG and CdS. Due to this,
the CdS bandgap is slightly extended (2.15 eV vs 2.04 eV for
CdS-HRG), unexpectedly, this has delivered better photocat-
alytic property simply by diminishing the possibility of the
charge-recombination process. Jilani et al. have demonstrated
the fabrication of ternary hybrid of Ag nanoparticles with
HRG and ZnO nanorods (Ag-HRG@ZnOng) using an in-
situ homogeneous coating of Ag nanoparticles onto pre-
fabricated thermally reduced HRG encapsulated ZnO nanor-
ods [235]. The hybrid degraded 2-chlorophenol under sunlight
irradiation with high yield. The light harvesting ability of the
composite was enhanced due to the customized reduction of
bandgap, and the presence of Schottky barrier at the metal—
semiconductor interface which possibly promoted charge sep-
aration. More recently, ZnSnO;/HRG/MoS, hybrid was syn-
thesized and its photocatalytic activity was explored for the
mixed dyes degradation under UV-visible light irradiation
[236]. The hybrid demonstrated a maximum removal rate of
0.0131 min~' for Rh B degradation, and 0.0153 min~! for
MB dye degradation and efficiency was 78 % (Rh B) and
86 % (MB), respectively in 100 min, which is relatively higher
than other samples. Apart from ternary, graphene-based qua-
ternary photocatalysts have also demonstrated enhanced pho-
tocatalytic activity [237]. Indeed, in some cases, these four-
component hybrids have shown better performance than their
binary and ternary counterparts. This was confirmed in a study
by Divya et al. in which they have prepared TiO,/ZnO/HRG/
Ag hybrid which showed improved catalytic activity compared
to TiO,/ZnO/HRG and TiO,/ZnO for the degradation of rho-
damine B under visible light [238].

The photocatalytic efficiency of a graphene based photocat-
alysts is mainly dependent on the band structure, which is tai-
lored by various strategies to enhance the stability of the
material and to achieve maximum light absorption [239].
One of the strategies for this is the doping of the surface of
the graphene with a either a metallic ion or a non-metallic
atom such as nitrogen (N), sulfur (S), phosphorous (P). This
introduces new bands between the VB and CB and also
enhance the surface interactions [240,241]. Chandel et al.
reported the preparation of visible-light-driven nitrogen-
doped graphene (N-HRG) supported magnetic ZnO/ZnFe,-
04 (ZnO/ZF/N-HRG) and ZnO/CoFe,04 (ZnO/CF/N-HRG)
nanocomposites [242]. The doped hybrid material has shown
enhanced photocatalytic activity for the degradation of MO

and malachite green (MG) dyes in aqueous solution. The high
surface area of the composite enhanced the adsorptive removal
of MO and MG dyes. The photodegradation performance of
heterojunction photocatalysts was superior to bare photocata-
lyst after 140 min under visible-light irradiation. In another
study, sulfur doped graphene was used to fabricate S-HRG-
AgzPO,4 composite which showed high photoactivity for a
variety of textile dyes and fungicide under solar irradiation
[243]. Rawal et al. have used both N and S for co-doping of
graphene quantum dots which was further utilized for the for-
mation of heterojunction with TiO, [244]. Customized type-II
band gap (E,) alignment was formed with narrowed E, value
that enhanced the photogenerated electron transfer due to m-
conjugation. The hybrid showed superior MB degradation
up to 99.78 % with 2 to —3 times elevated rate constants as
compared to pristine TiO, based photocatalyst. Boron (B)
was also used for the purpose of preparing doped graphene
based photocatalysts, such as the preparation of B-
doped HRG (B-HRG) supported by bismuth ferrite (BiFeOs)
hybrid which enhanced the photophysical properties of the
resulting materials including the charge carrier separation
due to the density state value near to the Fermi energy level
in the system[245]. The superior performance of the developed
nanocomposite was explored for the degradation tetracycline
(TC), and Rhodamine B (RhB) which showed TC (86.7 %)
and RhB (99.4 %) degradation efficiency.

All these studies clearly evince towards the enhancement of
desirable properties of photocatalytic materials by the inclu-
sion of graphene. The graphene based photocatalysts have
demonstrated enhanced absorptivity of pollutants, maximized
light harvesting properties, accelerated charge carrier migra-
tion, reduced the rate of recombination, and increased
photo-efficiency of the resulting materials. As an effective sup-
port material graphene inhibited the aggregation of nanomate-
rials on the surface, thereby enhanced the surface area,
inhibited leaching and offered excellent electron scavenging
and photosensitizing properties which proved to be crucial
for the resulting photocatalysts. Particularly, the combination
of graphene with semiconducting metal oxides to obtain multi-
components hybrids have demonstrated great success in the
enhancement of the photocatalytic properties towards the
degradation of pollutants. Therefore, besides other environ-
mental remediation processes, graphene-based nanocompos-
ites have also clearly emerged as promising materials as
photocatalysts for water purification. Still, several factors are
needed to be addressed to exploit the full potential of the
graphene-based materials in photocatalytic applications. Par-
ticularly, cost-effectiveness, large-scale preparation of high-
quality nanocomposite, complex graphene-based materials
with high photostability and efficiency.

3.3. Photocatalytic applications in organic synthesis

The use of visible light to perform organic reactions has pro-
gressed vastly for last two decades [246]. This has become pos-
sible due to several reasons, including an urge to maximize
energy efficiency using visible light of solar spectrum as
reagent, technological advancement in the field of light-
emitting diodes which are capable of offering high intensity
visible light in narrow wavelength, and availability of cost
effective light sources for photocatalysis [247]. Moreover, the
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development of flow chemistry, and the widescale applications
of transparent flow reactors which helped to resolve several
challenges in photochemical reactions including large-scale
synthesis and reproducibility [248,249]. Conventional photo-
chemical reactions typically apply UV light to directly excite
the organic substances and the technique has been in use for
more than 100 years [250]. However, this was not popular in
the mainstream chemical reactions and always considered as
an advance technique which is difficult to perform on regular
basis [251]. With the advent of effective photo-redox catalysts,
sensitizers, efficient visible light equipments, the photochemi-
cal field started to develop rapidly [252,253]. The photochem-
ical reactions are mostly performed in a similar manner in
which convention thermal reactions are carried out but with
an exception of light source [254].

Due to the lower energy of visible light which is used as a
primary source of light, the photochemical reactions demon-
strate enhanced selectivity, more predictability and efficient
controllability [255,256]. In the presence of light, these reac-
tions typically involve the formation of radicals or highly-
reactive radical ion intermediates, which has offered new
dimension to the organic synthesis. Hitherto, diverse chemical
reactions have been carried out using visible light-based photo-
redox catalysis including oxidations, reductions, C—C bond
formations, carbon and hetero atom bond formation, and
cycloaddition reactions. [257-259]. Usually, a variety of
photo-redox catalysts are applied as photochemical reaction
including redox-active metal complexes like ruthenium—tris(bi
pyridine) or iridium-tris(phenylpyridine) salts, organic dyes
such as, eosin or rhodamine-6G, (homogeneous catalysts)
and different types of semiconducting heterogeneous catalyst
like inorganic metal oxides, carbonaceous compounds like gra-
phene and carbon nitride. [260-262].

Among various photo-redox catalysts, graphene/inorganic
nanoparticles based nanocomposites have demonstrated great
potential in the field of photocatalysis with improved photo-
catalytic activity [263]. However, a large focus of scientific
community was on the graphene-based non-selective photocat-
alytic reactions such as pollutant degradation, water splitting,
and relatively less attention has been given to the selective pho-
tocatalytic processes such as organic transformations.[264].
But with the advent of advance organocatalysts and semicon-
ductors based photocatalysts including graphene/inorganic
nanoparticles based nanocomposites, selective heterogeneous
photocatalysis has progressed rapidly [265]. Particularly, gra-
phene based photocatalyst have been prominently selective
photocatalytic reduction of CO, and nitroaromatic com-
pounds, oxidation of alcohols, epoxidation of alkenes, hydrox-
ylation of phenol, and selective oxidation of tertiary amines.
[83]. The selective reduction of CO, will be dealt separately
in the following section, however, in the current section recent
literature about the selective organic transformations will be
highlighted.

The photocatalytic reduction of nitroaromatic compounds
produces industrially important amino compounds which are
extensively used in the preparation of pharmaceuticals and
dyes[266]. Graphene/inorganic nanoparticles based nanocom-
posites have proven to be effective in the photo-catalytical
transformation of these compounds [267]|. For example, Liu
et al. demonstrated the preparation of HRG-CdS nanocom-
posites using electrostatic self-assembly method, and subse-
quent hydrothermal reduction process [268]. In the presence

of ammonium formate as holes scavenger, the nanocomposite
showed enhanced photocatalytic activity under visible light
irradiation as compared to the pristine CdS. The hybrid system
was used as photocatalysts for the selective reduction of a vari-
ety of nitroaromatic substances in water. Nickel oxide
nanoparticles were deposited onto HRG through simultaneous
reduction of GO and nickel precursor to obtain HRG-NiO
hybrid [269]. The hybrid showed efficient visible light active
photocatalytic activity for the reduction of nitroaromatic
derivatives to their corresponding amino compounds. Hydra-
zine monohydrate provided necessary protons and electrons
for the targeted reaction. HRG/copper oxide with variable oxi-
dation number based ternary photocatalyst (HRG/Cu,O-
CuO) was developed for the reduction of nitrobenzene in the
presence of hydrazine monohydrate under visible light irradia-
tion [270]. Another multi-component graphene-based hybrid
photocatalyst of copper oxide/HRG/titanium dioxide (CuO/
HRG/TiO,) was synthesized and used for the carbon—nitrogen
bond formation under visible light irradiation [271]. The effi-
ciency of hybrid photocatalysts was investigated in a pseudo
4-component reaction of salicylaldehyde, malononitrile and
secondary amines for the preparation of benzopyranopyrim-
idines in high yields (75-95 %) under visible light irradiation
(60—120 min) in ethanol as the solvent at room temperature.
Selective oxidation of alcohols to carbonyls belongs to an
important class of reactions due to the significance of carbonyl
compounds like ketones and aldehydes in several industries
[272,273]. These types of selective oxidations are convention-
ally performed under harsh reaction conditions involving
strong oxidants, high temperature and pressure [274]. On the
other hand, heterogeneous photocatalysts based selective oxi-
dations require mild reaction conditions and benign oxidants
like O, and H,0O, and thus are considered eco-friendly and
suitable alternatives to the classical oxidation reactions [275].
For instance, Zhang et al. prepared ternary CdS-HRG-TiO, -
nanocomposites using an in-situ strategy on the flatland of GO
[276]. In this composite, the presence of TiO, helped to main-
tain the morphology and porosity of the samples, and also
facilitated in the tuning of energy band and electron transfer
properties, which ultimately prolonged the lifetime of photo-
generated charge carriers (cf. Fig. 16a). These nanocomposites
were used as photocatalyst for the selective oxidation of alco-
hols to their corresponding aldehydes. The hybrid nano-
photocatalyst demonstrated enhanced photocatalytic activity
when compared to its parent binary HRG-CdS composite.
The electron transfer in this hybrid occurred through two dif-
ferent routes simultaneously to HRG and TiO,. This ulti-
mately led to the promotion of interfacial charge transfer
and prolonging the lifetime of photo-generated electron hole-
pairs (cf. Fig. 16b). In another study, the same group (Zhang
and coworkers) have reported the assembly of nanosized
ZnS particles onto the 2D platform of GO in two-step wet
chemistry process, during which the preparation of HRG
and the intimate interfacial contact between ZnS nanoparticles
and the HRG sheet were achieved simultaneously [277]. The
nanocomposite exhibited visible light photoactivity toward
aerobic selective oxidation of alcohols and epoxidation of alke-
nes under ambient conditions. A novel photoactive porous
material of HRG/FeMIL-101 based on FeMIL-101 MOFs
was prepared using a hydrothermal method and applied as
photocatalyst for the selective oxidation of benzyl alcohol
under visible light irradiation [278]. The Fe and MIL-101
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caused valence fluctuations of Fe’* /Fe** which enhanced the
visible-light absorption and maximized the separation effi-
ciency of photogenerated charges.

Apart from the oxidation of alcohols and epoxidation of
alkenes, the graphene based photocatalysts were also applied
for the selective oxidation of aromatic compounds (photo-
hydroxylation). For instance, the photocatalytic benzene
hydroxylation to phenol in the presence of H,O, was per-
formed by applying a variety of graphene-Cu,O based photo-
catalysts [279]. The selectivity of phenol was enhanced by
tailoring the surface of the Cu,O nanoparticles on defective
graphene using long-chain alkanethiols. In another study,
Borah et al. developed VPO@GO hybrid photocatalyst by
exploiting the strong interactions between GO and exfoliated
VOPO,2H,0. V**-rich VPO@GO selectively oxidized ben-
zene to phenol at low temperature (60 °C) using H,O, as the
oxidant [280]. The reaction afforded 100 % selectivity with a
benzene conversion of ~33 % up to 5 catalytic cycles. Cai
et al. has carried out selective single-step benzene hydroxyla-
tion to obtain phenol in an eco-friendly process. The reaction
was performed in water using graphene as catalysts under vis-
ible light [281]. The photocatalytic efficiency for benzene
hydroxylation was considerably enhanced (greater than3
times), through engineering the surface wettability of HRG
from hydrophilic (with a contact angle of 52°) to hydrophobic
(with a contact angle of 127°). Further, HRG-Ag3zVO, hybrids
were used as photocatalysts for the transformation of phenol
to catechol and hydroquinone under visible light irradiation,
without using any hydroxylating agents like H,O, [282]. Par-
ticularly, the composite photocatalyst demonstrated enhanced
selectivity towards catechol under visible light irradiation.

Thus, the combination of graphene with other semicon-
ducting materials have demonstrated enhanced photocatalytic
efficiency and selective redox properties due to the extraordi-
nary physicochemical properties of the hybrid materials
including, high light absorption capacity, prolonged light
absorption range, enhanced charge carrier separation and
transport efficiency. Additionally, as a photoelectron reservoir,
graphene functioned as an organic dye-like macromolecular
photosensitizer. GO can also act as a co-catalyst and a photo-
catalyst for selective organic transformations. The highlighted

literature clearly demonstrates the availability of wide scope of
opportunity in the graphene based selective photocatalytic
organic transformations. However, so far, only few semicon-
ducting materials were combined with graphene to obtain pho-
tocatalysts for organic transformations, which can be further
extended to explore materials to enhance the scope of
graphene-based heterogeneous photocatalysts in organic trans-
formations. Moreover, the list of organic reactions being
explored using graphene based photocatalysts is not very long,
and still there is lot of opportunity to investigate more conven-
tional and complex organic reactions.

3.4. Photocatalytic reduction of CO,

The environmental remediation process that involves the con-
version of CO, to solar fuels or useful chemicals is another
very important area of research [283]. CO, is an abundant
green house gas, which accounts for almost three-quarters of
global greenhouse gas emissions, thus reduction of CO, has
great potential in alleviating the issues of global warming
and environmental pollution [284]. In this regard, the effective
transformation of CO, to valuable fuels or chemicals by the
efficient utilization of sunlight through photocatalytic process,
is one of the attractive approaches which has received tremen-
dous recognition among scientific community [285,286]. Pho-
tocatalytic reduction of CO, belongs to a process of
“artificial photosynthesis”, which employs semiconductors
based photocatalysts and reducing agents like HO, H, and
sunlight to convert CO, into renewable fuels or chemicals such
as CO, CHy, CH30H, and HCOOH|[287]. Photocatalytic CO,
reduction offers several benefits including renewable energy
generation and minimizing the anthropogenic CO, level. But
the performances of these processes are often affected by low
range of light absorption, fast recombination of photogener-
ated charges, poor selectivity, slow rate of reactions and inef-
ficient reactors [288]. Several approaches have been adopted
to overcome these issues such as, the development of highly
efficient photocatalyst by tailoring the band gap through mor-
phological controls or doping of non-metals and utilization of
co-catalysts [289,290]. Among these strategies, the application
of graphene-based materials has received a considerable



Graphene/inorganic nanocomposites: Evolving photocatalysts for solar energy conversion for environmental remediation 21

recognition in minimizing the inherent flaws of traditional
photocatalysts, due to the exceptional photocatalytic proper-
ties of graphene including high surface area conductivity and
good mechanical strength [291].

At present, the widely accepted mechanism of the photocat-
alytic reduction of CO, is “proton assisted multi-electron reduc-
tion process”. In this process, possibly the CO, adsorb a single
electron and transformed into an unstable anion radical (CO;
), which reacts further with electron (¢)) and proton (H™,
released through the oxidation of H,O) to yield C1 chemical
such as CO, CH;3;0H etc. [292]. Indeed, the photoreduction
of CO, is most efficient during multi-electrons transfer reac-
tions in the presence of excess of protons, and efficient adsorp-
tion of CO, on the surface of the photocatalysts [293]. In
addition, well-aligned band gap edges, controlled surface mor-
phology and conductivity of the photocatalysts also play vital
role in accelerating the photocatalytic reduction of CO, [294].
Notably, when graphene is combined with semiconductor
materials the work function/Fermi level of resulting hybrids
usually remained below the edge of the conduction band
(CB) of the involved semiconductor. Due to this, when the
light is irradiated, the photogenerated electrons can efficiently
flow to the graphene-based hybrids and reacts with CO, at the
active sites of the photocatalysts to generate possible products.
Whereas, the leftover holes in the VB of the semiconducting
material facilitate the oxidation of water [295].

Typically, the photocatalytic properties of semiconducting
materials such as metal oxides are enhanced by combining
them with noble metals like Ag, Au, Pt., which are considered
as efficient electron sink and possess strong extracting proper-
ties of photogenerated electrons. However, the large-scale
applications of noble-metals as co-catalysts are often hindered
due to their high-cost. After the advancement of the low-cost,
high-quality synthesis of graphene, the graphene derivatives
and their composite materials have successfully replaced the
noble metals in many cases. Particularly, the combination of
graphene and widely used metal oxides semiconductors have
gained immense attention. Shehzad et al. have developed a
simple two-steps method to prepare HRG-TiO, involving par-
tial reduction of GO and subsequent vacuum thermal treat-
ment to reduce it to HRG [296]. The hybrid photocatalyst
was tested for the reduction of CO, with H,O, which has
yielded high amounts (4 times) of CH, (12.75 pmol g~'h™")
and CO (11.93 pmol g~'h™"). In this case the photocatalyst
has shown high adsorption of CO, which is possibly due to
the hydrophilic nature of HRG by virtue of the presence of
oxygenated groups on the surface [297]. Several studies have
suggested that excess of graphene in composites negatively
influence the photocatalytic properties of the resulting hybrid
photocatalysts, due to the possible hinderance in the absorp-
tion of light [298]. While the less amount of graphene in not
capable of separating the excited charges, therefore, optimiza-
tion of graphene content is necessary for efficient photocat-
alytic properties [299]. In this regards, HRG-TiO, based
ternary composite was developed by the incorporation of
WSe, to obtain HRG-TiO,-WSe, hybrid by an ultrasonic
method [300]. The hybrid demonstrated a suitable band-gap
of 1.62 eV for the photodegradation under ultraviolet UV/Vis-
ible light irradiation. In this case, the loading of graphene is
optimized and 8 % of graphene content in the hybrid has
shown high photocatalytic activity towards the CO, reduction
to CH;OH and yielded a total CH;0H of 6.3262 pmol g ' h™! -

after 48 h. Very recently, new-modelled ternary nanocompos-
ites AgFeNi,S;-HRG-TiO, were prepared using a Pechini
method [301]. The photocatalytic properties of the hybrids
were directly evaluated by the output of CH4 production.
The highest methanol yields were found after 48 h of irradia-
tion under the UV light, and the yields were 8.679 %,
6.349 %, while the CHy yield was reduced when visible light
was used as irradiation source.

Apart from TiO,, graphene based ZnO nanocomposites
have also been prepared. The preparation of few-layer gra-
phene was in-situ deposited on the surface of ZnO, which
was used as photocatalysts for CO, reduction. The hybrid
demonstrated the enhanced performance than the pristine
ZnO. This was due to the intimate interfacial contact and
Schottky junction between ZnO and graphene. In another
study, a ternary nanocomposite (Bi,O3-HRG-ZnO) was pre-
pared using ultrasonic techniques. This was evaluated for the
photocatalytic reduction of CO, in a reactor, for the produc-
tion of CH;OH [302]. 8 % loading of graphene demonstrated
the highest photoactivity, achieving a total CH30OH yield of
7.250 umol g~'h™'after 48 h. Moreover, cuprous oxide
(Cu,0) and cupric oxide (CuO) which are p-type semiconduc-
tors with narrow band gaps (ca. 2.2 and 1.2 eV, respectively)
were also extensively investigated for visible-light-active pho-
tocatalysis for the reduction of CO, [303] Various studies have
suggested that the exposed facets of active sites have outstand-
ing influence on the photocatalytic performance of the semi-
conducting materials. Cu,O nanoparticles with varied
morphologies (different facets) and oxidation states were
deposited onto HRG to obtained a series of Cu,O-HRG
nanocomposites which were evaluated for the photocatalytic
reduction of CO; [304]. Among them, the rhombic dodecahe-
dra Cu,O-HRG demonstrated the maximum CH,4 yield
(355.3 pmol g~ 'cat) which is ca. 4.1-80.8 times superior to
cubic, octahedral hybrids after 20 h under visible light irradia-
tion. Similarly, in another study, octahedron Cu,O
nanocrystals-based ternary photocatalyst (HRG-Ag-Cu,0)
(Ag/Cu,O@rGO) was successfully prepared by the combina-
tion of water bathing with gas-bubbling-assisted membrane
reduction process [305]. In this case, Ag nanoparticles which
consists of low fermi energy enriched the photogenerated elec-
trons Cu,O octahedral nanocrystals. While the conjugation of
HRG nanosheets with Ag-Cu,O nanoparticles, further
enhanced the capturing of photoelectrons and also improved
the adsorption-activation capacities for reactants. The hybrid
exhibited enhanced performance during the selective photocat-
alytic reduction of CO, with H,O into CHy, and yielded high-
est amount of CH, (82.6 ymol g~' h™") with a high selectivity
of the desired product (95.4 %).

Occasionally, other semiconducting oxides have also been
used, such as, BiVO, quantum dots (QDs) supported onto
the HRG to form BiVO,; QDs-HRG hybrid nanocomposites
employing hydrothermal process by Chen and his group
[307]. The hybrid was used as a photocatalyst for the reduction
of CO, to CO or CHy. It was found that upon inclusion of
0.2 % HRG (0.2 is the mass ratio of HRG to BiVO4 QD),
the photocatalytic activity was improved up to 3.5 times when
compared with bare BiVO4; QDs. The improved activity is
ascribed to the effective photoelectron transfer and transport
in the HRG. Mateo and co-workers[308] utilized NiO/Ni
nanoparticles (NPs) deposited on graphene (NiO/Ni-HRG)
nanocomposites for the reduction CO, to CHy. The
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graphene-based nanocomposite i.e. NiO/Ni-HRG exhibited
superior CH4 production rates, compared to the Ni or NiO
NPs supported on various other supports such as silica-
alumina. Additionally, perovskite quantum dots combined
with GO i.e. CH3NH;3PbBr;/GO nanocomposite was used
for the photo-electrochemical conversion of CO, into solar
fuels. The conversion was attempted in non-aqueous media
and it was found that the presence of GO in this nanocompos-
ite i.e. GO/CH;NH;PbBr;, enhanced the conversion and the
photo-electrochemical reduction of CO, much better than bare
MAPbBr; and the CO formed was 1.05 pmolem 2h~! and
0.268 pmolem™2h™!, respectively.

The application of doped graphene, which is obtain using a
variety of non-metals such as nitrogen, boron and phosphorus
for the preparation of nanocomposites have also received
decent recognition for the photocatalytic reduction of CO,
[309]. This is further confirmed by incorporating TiO,
nanoparticles onto boron doped graphene (B-HRG) to obtain
B-HRG-TiO, hybrid photocatalyst [306]. In this case, doped
HRG enhanced the electron locality with efficient directional
transfer of electrons under light irradiation. The photocatalyst
(B-HRG-TiO,) have shown high photocatalytic activity
towards the reduction of CO, to CH4 when compared with
the parent composites (TiO,-GO, TiO,-HRG) due to the elec-
tron transfer efficiency, suitable band gap alignment and
enhanced reaction sites on surface (Fig. 17). In another study,
nitrogen doped graphene (N-HRG) was used to prepared a
hybrid photocatalyst (N-HRG-TiO,) which was applied for
the photocatalytic reduction of CO, which exclusively yielded
CO [310]. Compared to bare TiO, and pristine N-HRG, the N-
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doped hybrid photocatalyst has demonstrated high conversion
and selectivity to solely produce CO, whereas, the former com-
pounds have yielded a mixture of CH,4 and CO. The highest
production rate of CO (8 pmol/gTiO,/h) was achieved when
the doped-photocatalyst was used.

Thus, the coupling of graphene with other semiconducting
materials have garnered extensive recognition in the field of
photocatalysis for the reduction of CO, for environmental
remediation which is clearly represented by the publication
of large number of studies in recent years. The inclusion of gra-
phene in the semiconducting composites effectively reduced the
hole recombination, facilitated CO, adsorption due to the n-n
conjugation between graphene and CO,, facilitated the activa-
tion of CO, molecule, enhanced surface area and light absorp-
tion. In addition, graphene has also helped to enhance the
selectivity towards production of solar fuels like methane
and ethane, which are highly demanded energy sources.
Despite of this, the rates of production of the photocatalytic
reduction of CO, on graphene-based hybrid semiconductors
still remain very low (umol/gh™"), due to some fundamental
and essential problems which required specific attention of sci-
entific community [311]. The efforts are required to fabricate
multi-component graphene-based hybrids in which each of
the component should be separately optimized to enhance
the photocatalytic properties. So far, only few studies have
been published on the theoretical calculations of charge carrier
dynamics within the photoactive ingredients and at their inter-
faces with graphene, which require special attention. Further-
more, the photostability of the graphene-based composited are
needed to be enhanced. This can be achieved by the inclusion

S
o
1

S
»

=
N

Current‘density (pAIcmz)

100 150 200
Irradiation time (s)

(a) Schematic illustration of photo-excited electrons and holes transfer among TiO, and B-HRG, (b) electrons transfer between

TiO, and HRG, (c) TEM images for TiO,-HRG, (d) transient photocurrent responses of TiO,-GO, TiO,-HRG and TiO,-B-HRG in

0.5 M Na,SO,4 aqueous solution under solar irradiation [306].
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of water oxidation co-catalyst into the hybrids, which will
accelerate the consumption of photogenerated holes leading
to the enhancement in photoactivity and stability of the
graphene-based hybrid photocatalysts. Apart from these, the
underlying photocatalytic mechanism for the reduction of
CO, over graphene-based photocatalysts is still less under-
stood. There is still less control on the tuning of product selec-
tivity in the conversion of CO, due to the lack of proper
understanding.

4. Summary and perspectives

Graphene/inorganic nanoparticles based semiconductor pho-
tocatalysts have been extensively investigated over the last dec-
ade. The number of studies exploring the potential of these
materials for various photocatalytic environmental remedia-
tion processes have been increasing steadily. In addition to
the discussion of selected studies in the text, some other exam-
ples of the application of graphene-based nanocomposites in
H, production, pollutants degradation, organic transforma-
tion and CO, reduction are provided in the Table-1. Till date,
several crucial factors related to the enhancement of the pho-
tocatalytic properties of these materials have been explored,
which has further offered an array of opportunities for design-
ing next-generation, advanced graphene-based photo-catalysts
towards the enhancement of the performance of artificial pho-
tosynthetic processes. The tailoring of the band-gap of gra-
phene would provide tremendous scope in photocatalysis, to
some extent, success has been achieved in this regard by adopt-
ing few effective strategies including the application of doped-
graphene, graphene-nanoribbons and graphene-nanomeshes in
the preparation of photocatalytic composites. Particularly, the
doping of graphene with non-metals, such as nitrogen has
delivered great success in preparing highly active engineered
graphene-based photocatalysts. Moreover, graphene offers
improved and extended absorption range of solar light, how-
ever, the synergistic effect between graphene and the semicon-
ducting components involved in the hybrids is still poorly
understood, which may offer valuable information and may
further enhance the application of graphene for photocatalytic
applications.

Additionally, there is still lack of control over the morphol-
ogy of graphene-based nanoarchitectures, which may further
enhance the photocatalytic role of graphene-based hybrids.
Nanostructures should be engineered to improve the light
absorption, mass transportation and for increasing the active
sites. For instance, the creation of hollow structured, high sur-
face area materials, such as, the utilization of graphene aero-
gels, preparation of graphene wrapped materials may offer
additional sites for photon entrapment which will further
enhance the light absorption capacity of the resulting hybrid.
In this regard, the combination of graphene derivative such
as 3D graphene with semiconducting materials has signifi-
cantly improved the specific surface area, optical properties,
stability, active sites, and charge transportation ability of
hybrids which increased the photocatalytic activity of the
graphene-based composites for environmental remediation
processes. However, the mechanisms on how to increase the
charge separation rate among these materials and suppressing
of charge recombination have not been clearly understood yet.

Particularly, the advancement in the designing of robust
graphene-based materials has surely offered great progress
on the graphene-semiconductor composite photocatalysts for
solar energy utilization for environmental remediation. How-
ever, the ability to accurately optimize the structural and elec-
tronic properties of each component is still at the level of
infancy. This type of control over the structural properties of
composites will further enhance the interfacial electron trans-
fer at the nano-level, which is very crucial for over all photo-
catalytic  properties of the graphene-based hybrid
photocatalysts. In this regard, so far, the most commonly
applied method in the literature for the preparation of
graphene-based composites is based on the random dispersion
of solid semiconducting materials on the surface of graphene,
which is often referred as “hard” integration. However, using
this approach the graphene is just randomly introduced in the
hybrid, and thus unable to display its full potential due to
aggregation and wrapping of sheets. This leads to poor inter-
facial contact between the components, which seriously ham-
pers the effective transfer of photogenerated electrons,
leading to the diminished photocatalytic properties of the
resulting materials. Therefore, the advancement in the prepa-
ration approaches is highly desirable to exploit the full poten-
tial of the structural and electronic properties of graphene in
the composites for superior photocatalytic performance.

The researchers are mainly focused on binary or ternary
systems for the preparation of graphene-based hybrids. How-
ever, the combination of graphene with multi-component
materials is most promising which will offer great opportunity
to generate advanced 3D nanoarchitectures with diverse pho-
tocatalytic properties. Nevertheless, graphene-based hybrid
photocatalysts have so far demonstrated great talent as robust
materials for addressing a variety of environmental and
energy-related problems. But, still its comprehensive ability is
yet to be exploited, and the research in this field requires great
enthusiasm of researchers from both academia and industry to
overcome the challenges for the development of multifunc-
tional graphene-based photocatalysts for the effective transfor-
mation of solar energy to chemical energy. We hope that we
were able to shed some light on this vast topic, but a large area
of this research still remains in the dark.

Declaration of Competing Interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

References

[1] N. Wood, K. Roelich, Tensions, capabilities, and justice in
climate change mitigation of fossil fuels, Energy Res. Social Sci.
52 (2019) 114-122.

[2] B.A. Gyamfi, F.F. Adedoyin, M.A. Bein, et al, The
anthropogenic consequences of energy consumption in E7
economies: juxtaposing roles of renewable, coal, nuclear, oil
and gas energy: evidence from panel quantile method, J.
Cleaner Prod. 295 (2021) 126373.

[3] C. Losacco, A. Perillo, Particulate matter air pollution and
respiratory impact on humans and animals, Environ. Sci.
Pollut. Res. 25 (2018) 33901-33910.


http://refhub.elsevier.com/S1319-6103(22)00126-0/h0005
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0005
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0005
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0010
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0010
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0010
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0010
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0010
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0015
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0015
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0015

24

M. Khan et al.

[4] S. Chantara, D. Thepnuan, W. Wiriya, et al, Emissions of
pollutant gases, fine particulate matters and their significant
tracers from biomass burning in an open-system combustion
chamber, Chemosphere 224 (2019) 407-416.

[5] L. Edwards, P. Wilkinson, G. Rutter, et al, Health effects in
people relocating between environments of differing ambient
air pollution concentrations: A literature review, Environ.
Pollut. 292 (2022) 118314.

[6] K. Handayani, Y. Krozer, T. Filatova, From fossil fuels to
renewables: An analysis of long-term scenarios considering
technological learning, Energy policy. 127 (2019) 134-146.

[7]1 Z. M1, J. Zheng, J. Meng, et al, Carbon emissions of cities from
a consumption-based perspective, Appl. Energy 235 (2019)
509-518.

[8] G. Luderer, Z. Vrontisi, C. Bertram, et al, Residual fossil CO2
emissions in 1.5-2 C pathways, Nat. Clim. Change 8 (2018)
626-633.

[9] L. Al-Ghussain, Global warming: Review on driving forces and
mitigation, Environ. Prog. Sustainable Energy 38 (2019) 13-21.

[10] S.S. Bhattacharyya, F.F.G.D. Leite, M.A. Adeyemi, et al, A
paradigm shift to CO2 sequestration to manage global
warming—With the emphasis on developing countries, Sci.
Total Environ. 790 (2021) 148169.

[11] P. Karka, F. Johnsson, S. Papadokonstantakis, Perspectives
for greening European fossil-fuel infrastructures through use of
biomass: the case of liquid biofuels based on lignocellulosic
resources, Front. Energy Res. 9 (2021) 636782.

[12] B.M. Opeyemi, Path to sustainable energy consumption: The
possibility of substituting renewable energy for non-renewable
energy, Energy. 228 (2021) 120519.

[13] S. Berdysheva, S. Ikonnikova, The Energy Transition and
Shifts in Fossil Fuel Use: The Study of International Energy
Trade and Energy Security Dynamics, Energies. 14 (2021)
5396.

[14] D. Welsby, J. Price, S. Pye, et al, Unextractable fossil fuels in a
1.5 C world, Nature 597 (2021) 230-234.

[15] A. Joshi, V. Shah, P. Mohapatra, et al, Chemical looping-a
perspective on the next-gen technology for efficient fossil fuel
utilization, Adv. Appl. Energy. 3 (2021) 100044.

[16] A. Gani, Fossil fuel energy and environmental performance in
an extended STIRPAT model, J. Cleaner Prod. 297 (2021)
126526.

[17] I. Mosly, A.A. Makki, Current status and willingness to adopt
renewable energy technologies in Saudi Arabia, Sustainability.
10 (2018) 4269.

[18] I. Khan, A. Zakari, V. Dagar, et al, World energy trilemma and
transformative energy developments as determinants of
economic growth amid environmental sustainability, Energy
Econ. 108 (2022) 105884.

[19]1 Y. Liu, B. Lin, B. Xu, Modeling the impact of energy
abundance on economic growth and CO2 emissions by
quantile regression: Evidence from China, Energy. 227 (2021)
120416.

[20] K. Baz, J. Cheng, D. Xu, et al, Asymmetric impact of fossil fuel
and renewable energy consumption on economic growth: A
nonlinear technique, Energy. 226 (2021) 120357.

[21] F. Sher, O. Curnick, M.T. Azizan, Sustainable conversion of
renewable energy sources, MDPI. 13 (2021) 2940.

[22] F. Dawood, M. Anda, G. Shafiullah, Hydrogen production for
energy: An overview, Int. J. Hydrogen Energy 45 (2020) 3847—
3869.

[23] C. Tarhan, M.A. Cil, A study on hydrogen, the clean energy of
the future: Hydrogen storage methods, J. Storage Mater. 40
(2021) 102676.

[24] M.S. Dresselhaus, I. Thomas, Alternative energy technologies,
Nature 414 (2001) 332-337.

[25] J. Yang, A. Sudik, C. Wolverton, et al, High capacity hydrogen
storage materials: attributes for automotive applications and

techniques for materials discovery, Chem. Soc. Rev. 39 (2010)
656-675.

[26] L. Schlapbach, A. Zittel, Hydrogen-storage materials for
mobile applications Materials for sustainable energy: a
collection of peer-reviewed research and review articles
from nature publishing group, World Scientific, 2011, pp.
265 270.

[27] M. Steinberg, H.C. Cheng, Modern and prospective
technologies for hydrogen production from fossil fuels, Int. J.
Hydrogen Energy 14 (1989) 797-820.

[28] A.M. Abdalla, S. Hossain, O.B. Nisfindy, et al, Hydrogen
production, storage, transportation and key challenges with
applications: A review, Energy Convers. Manage. 165 (2018)
602-627.

[29] A. Olabi, A.A. Abdelghafar, A. Baroutaji, et al, Large-vscale
hydrogen production and storage technologies: Current status
and future directions, Int. J. Hydrogen Energy 46 (2021)
23498-23528.

[30] Z. Li, X. Xu, X. Sheng, et al, Solar-powered sustainable water
production: state-of-the-art technologies for sunlight-energy—
water nexus, ACS Nano 15 (2021) 12535-12566.

[31] D. Spetter, M.N. Tahir, J. Hilgert, et al, Solvothermal
Synthesis of Molybdenum-Tungsten Oxides and Their
Application for Photoelectrochemical Water Splitting, ACS
Sustainable Chem. Eng. 6 (2018) 12641-12649.

[32] A. Kudo, Y. Miseki, Heterogeneous photocatalyst materials
for water splitting, Chem. Soc. Rev. 38 (2009) 253-278.

[33] D.R. Whang, D.H. Apaydin, Artificial photosynthesis:
Learning from nature. ChemPhotoChem. 2, 2018, pp. 148-160.

[34] G. Ciamician, The photochemistry of the future, Science 36
(1912) 385-394.

[351 Y. Xu, M. Kraft, R. Xu, Metal-free carbonaceous
electrocatalysts and photocatalysts for water splitting, Chem.
Soc. Rev. 45 (2016) 3039-3052.

[36] M. Sarif, J. Hilgert, I. Khan, et al, Selective synthesis of
monodisperse  CoO nanooctahedra as catalysts for
electrochemical water oxidation, Langmuir 36 (2020) 13804—
13816.

[37] A. Fujishima, K. Honda, Electrochemical photolysis of water
at a semiconductor electrode, Nature 238 (1972) 37-38.

[38]J. Low, J. Yu, M. Jaroniec, et al, Heterojunction
photocatalysts, Adv. Mater. 29 (2017) 1601694.

[39] B.A. Pinaud, J.D. Benck, L.C. Seitz, et al, Technical and
economic feasibility of centralized facilities for solar hydrogen
production via photocatalysis and photoelectrochemistry,
Energy Environ. Sci. 6 (2013) 1983-2002.

[40] Y. Goto, T. Hisatomi, Q. Wang, et al, A particulate
photocatalyst water-splitting panel for large-scale solar
hydrogen generation, Joule. 2 (2018) 509-520.

[41] J. Kosco, M. Bidwell, H. Cha, et al, Enhanced photocatalytic
hydrogen evolution from organic semiconductor
heterojunction nanoparticles, Nat. Mater. 19 (2020) 559-565.

[42] K. Maeda, K. Domen, Photocatalytic water splitting: recent
progress and future challenges, J. Phys. Chem. Lett. 1 (2010)
2655-2661.

[43] Y.-J. Yuan, D. Chen, Z.-T. Yu, et al, Cadmium sulfide-based
nanomaterials for photocatalytic hydrogen production, J.
Mater. Chem. A 6 (2018) 11606—11630.

[44] C.-C. Wang, J.-R. Li, X.-L. Lv, et al, Photocatalytic organic
pollutants degradation in metal-organic frameworks, Energy
Environ. Sci. 7 (2014) 2831-2867.

[45] A. Hassani, S. Krishnan, J. Scaria, et al, Z-scheme
photocatalysts for visible-light-driven pollutants degradation:
a review on recent advancements, Curr. Opin. Solid State
Mater. Sci. 25 (2021) 100941.

[46] D.E. Alexakis, Water quality indices: Current and future trends
in evaluating contamination of groundwater resources, Water.
13 (2021) 401.


http://refhub.elsevier.com/S1319-6103(22)00126-0/h0020
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0020
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0020
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0020
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0025
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0025
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0025
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0025
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0030
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0030
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0030
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0035
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0035
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0035
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0040
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0040
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0040
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0045
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0045
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0050
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0050
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0050
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0050
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0055
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0055
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0055
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0055
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0060
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0060
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0060
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0065
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0065
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0065
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0065
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0070
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0070
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0075
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0075
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0075
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0080
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0080
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0080
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0085
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0085
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0085
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0090
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0090
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0090
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0090
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0095
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0095
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0095
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0095
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0100
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0100
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0100
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0105
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0105
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0110
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0110
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0110
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0115
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0115
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0115
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0120
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0120
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0125
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0125
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0125
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0125
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0135
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0135
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0135
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0140
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0140
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0140
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0140
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0145
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0145
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0145
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0145
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0150
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0150
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0150
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0155
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0155
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0155
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0155
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0160
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0160
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0170
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0170
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0175
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0175
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0175
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0180
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0180
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0180
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0180
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0185
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0185
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0190
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0190
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0195
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0195
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0195
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0195
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0200
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0200
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0200
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0205
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0205
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0205
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0210
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0210
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0210
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0215
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0215
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0215
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0220
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0220
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0220
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0225
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0225
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0225
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0225
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0230
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0230
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0230

Graphene/inorganic nanocomposites: Evolving photocatalysts for solar energy conversion for environmental remediation 25

[47] B.T.B. Alencar, V.H.V. Ribeiro, C.M. Cabral, et al, Use of
macrophytes to reduce the contamination of water resources by
pesticides, Ecol. Ind. 109 (2020) 105785.

[48] Mahlambi, M. M., C. J. Ngila and B. B. Mamba, 2015. Recent
developments in environmental photocatalytic degradation of
organic pollutants: the case of titanium dioxide nanoparticles—
a review. J. Nanomater. 2015,

[49] T.C. Ekundayo, B.E. Igere, Y.D. Oluwafemi, et al, Human
norovirus contamination in water sources: A systematic review
and meta-analysis, Environ. Pollut. 291 (2021) 118164.

[50] R. Kishor, D. Purchase, G.D. Saratale, et al, Ecotoxicological
and health concerns of persistent coloring pollutants of textile
industry  wastewater and treatment approaches for
environmental safety, J. Environ. Chem. Eng. 9 (2021) 105012.

[51] S. Madhav, A. Ahamad, P. Singh, et al, A review of textile
industry: Wet processing, environmental impacts, and effluent
treatment methods, Environ. Qual. Manage. 27 (2018) 31-41.

[52] K.-H. Kim, S.-K. Thm, Heterogeneous catalytic wet air
oxidation of refractory organic pollutants in industrial
wastewaters: a review, J. Hazard. Mater. 186 (2011) 16-34.

[53] P. Loganathan, M. Gradzielski, H. Bustamante, et al, Progress,
challenges, and opportunities in enhancing NOM flocculation
using chemically modified chitosan: A review towards future
development, Environ. Sci. Water Res. Technol. 6 (2020) 45-61.

[54] Y. Vasseghian, A. Khataee, E.-N. Dragoi, et al, Pollutants
degradation and power generation by photocatalytic fuel cells:
a comprehensive review, Arabian J. Chem. 13 (2020) 8458—
8480.

[55] B.S. Richards, D. Hudry, D. Busko, et al, Photon
upconversion for photovoltaics and photocatalysis: a critical
review: focus review, Chem. Rev. 121 (2021) 9165-9195.

[56] K. Shaheen, Z. Shah, B. Khan, et al, Electrical, photocatalytic,
and humidity sensing applications of mixed metal oxide
nanocomposites, ACS Omega 5 (2020) 7271-7279.

[57] V. Dutta, S. Sharma, P. Raizada, et al, Recent advances and
emerging trends in (BiO) 2CO3 based photocatalysts for
environmental remediation: A review, Surf. Interfaces 25
(2021) 101273.

[58] Y. Qian, F. Zhang, H. Pang, A review of MOFs and their
composites-based photocatalysts: synthesis and applications,
Adv. Funct. Mater. 31 (2021) 2104231.

[59] J. Lin, W. Tian, H. Zhang, et al, Carbon nitride-based Z-
scheme heterojunctions for solar-driven advanced oxidation
processes, J. Hazard. Mater. 128866 (2022).

[60] H. Wang, X. Li, X. Zhao, et al, A review on heterogeneous
photocatalysis  for environmental remediation: From
semiconductors to modification strategies, Chin. J. Catal. 43
(2022) 178-214.

[61] A. Di Paola, E. Garcia-Lopez, G. Marci, et al, A survey of
photocatalytic materials for environmental remediation, J.
Hazard. Mater. 211 (2012) 3-29.

[62] M.M. Mian, G. Liu, Recent progress in biochar-supported
photocatalysts: synthesis, role of biochar, and applications,
RSC Adv. 8 (2018) 14237-14248.

[63] L. Wang, J. Zhang, Y. Zhang, et al, Inorganic Metal-Oxide
Photocatalyst for H202 Production, Small. 18 (2022) 2104561.

[64] Y. Wu, Q. Wu, Q. Zhang, et al, An organometal halide
perovskite supported Pt single-atom photocatalyst for H 2
evolution, Energy Environ. Sci. 15 (2022) 1271-1281.

[65] R. Kavitha, P. Nithya, S.G. Kumar, Noble metal deposited
graphitic carbon nitride based heterojunction photocatalysts,
Appl. Surf. Sci. 508 (2020) 145142.

[66] S. Kundu, A. Patra, Nanoscale strategies for light harvesting,
Chem. Rev. 117 (2017) 712-757.

[67] K.Y. Tang, J.X. Chen, E.D.R. Legaspi, et al, Gold-decorated
TiO2 nanofibrous hybrid for improved solar-driven
photocatalytic pollutant degradation, Chemosphere 265
(2021) 129114.

[68] C. Imparato, A. Bifulco, B. Silvestri, et al, Recent advances in
endocrine disrupting compounds degradation through metal
oxide-Based nanomaterials, Catalysts. 12 (2022) 289.

[69] K.-Q. Lu, X. Xin, N. Zhang, et al, Photoredox catalysis over
graphene aerogel-supported composites, J. Mater. Chem. A 6
(2018) 4590-4604.

[70] C. Prasad, Q. Liu, H. Tang, et al, An overview of graphene
oxide supported semiconductors based photocatalysts:
Properties, synthesis and photocatalytic applications, J. Mol.
Lig. 297 (2020) 111826.

[71] X. Wang, X. Zhang, Y. Zhang, et al, Nanostructured
semiconductor supported iron catalysts for heterogeneous
photo-Fenton oxidation: a review, J. Mater. Chem. A 8
(2020) 15513-15546.

[72] V. Melinte, L. Stroea, A.L. Chibac-Scutaru, Polymer
nanocomposites for photocatalytic applications. Catalysts. 9
(2019) 986.

[73] A. Kumar, G. Sharma, M. Naushad, et al, Bio-inspired
and  biomaterials-based  hybrid  photocatalysts  for
environmental detoxification: a review, Chem. Eng. J.
382 (2020) 122937.

[74] 1. Krivtsov, D. Mitoraj, C. Adler, et al, Water-soluble
polymeric carbon nitride colloidal nanoparticles for highly
selective quasi-homogeneous photocatalysis, Angew. Chem.
Int. Ed. 59 (2020) 487-495.

[75] X. Xie, K. Kretschmer, G. Wang, Advances in graphene-based
semiconductor photocatalysts for solar energy conversion:
fundamentals and materials engineering, Nanoscale. 7 (2015)
13278-13292.

[76] P. Singh, P. Shandilya, P. Raizada, et al, Review on various
strategies for enhancing photocatalytic activity of graphene
based nanocomposites for water purification, Arabian J. Chem.
13 (2020) 3498-3520.

[77] N. Zhang, Y. Zhang, Y.-J. Xu, Recent progress on graphene-
based photocatalysts: current status and future perspectives,
Nanoscale. 4 (2012) 5792-5813.

[78] X. Li, J. Yu, S. Wageh, et al, Graphene in photocatalysis: a
review, Small. 12 (2016) 6640—6696.

[79] C. Bie, H. Yu, B. Cheng, et al, Design, fabrication, and
mechanism of nitrogen-doped graphene-based photocatalyst,
Adv. Mater. 33 (2021) 2003521.

[80] Q. Xiang, J. Yu, M. Jaroniec, Graphene-based semiconductor
photocatalysts, Chem. Soc. Rev. 41 (2012) 782-796.

[81] N.R.A.M. Shah, R.M. Yunus, N.N. Rosman, et al, Current
progress on 3D graphene-based photocatalysts: From synthesis
to photocatalytic hydrogen production, Int. J. Hydrogen
Energy 46 (2021) 9324-9340.

[82] K. Bramhaiah, S. Bhattacharyya, Challenges and future
prospects of graphene-based hybrids for solar fuel generation:
moving towards next generation photocatalysts, Materials
Advances. 3 (2022) 142-172.

[83] Y.-H. Li, Z.-R. Tang, Y.-J. Xu, Multifunctional graphene-
based composite photocatalysts oriented by multifaced roles
of graphene in photocatalysis, Chin. J. Catal. 43 (2022) 708—
730.

[84] M. Sajna, S.M. Simon, N. Unnikrishnan, et al, An Overview of
Graphene-Based 2D/3D Nanostructures for Photocatalytic
Applications, Top. Catal. (2022) 1-25.

[85] Y. Vasseghian, E.-N. Dragoi, F. Almomani, Graphene-based
materials for metronidazole degradation: A comprehensive
review, Chemosphere 286 (2022) 131727.

[86] K.S. Novoselov, A.K. Geim, S.V. Morozov, et al. Electric field
effect in atomically thin carbon films. Science. 306, 2004 pp.
666-669.

[87] D.-D. Ouyang, L.-B. Hu, G. Wang, et al, A review of biomass-
derived  graphene and  graphene-like  carbons  for
electrochemical energy storage and conversion, New Carbon
Mater. 36 (2021) 350-372.


http://refhub.elsevier.com/S1319-6103(22)00126-0/h0235
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0235
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0235
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0245
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0245
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0245
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0250
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0250
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0250
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0250
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0255
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0255
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0255
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0260
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0260
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0260
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0265
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0265
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0265
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0265
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0270
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0270
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0270
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0270
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0275
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0275
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0275
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0280
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0280
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0280
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0285
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0285
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0285
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0285
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0290
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0290
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0290
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0295
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0295
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0295
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0300
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0300
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0300
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0300
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0305
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0305
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0305
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0310
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0310
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0310
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0315
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0315
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0320
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0320
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0320
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0325
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0325
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0325
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0330
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0330
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0335
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0335
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0335
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0335
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0340
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0340
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0340
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0345
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0345
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0345
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0350
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0350
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0350
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0350
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0355
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0355
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0355
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0355
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0360
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0360
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0360
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0365
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0365
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0365
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0365
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0370
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0370
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0370
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0370
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0375
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0375
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0375
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0375
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0380
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0380
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0380
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0380
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0385
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0385
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0385
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0390
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0390
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0395
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0395
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0395
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0400
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0400
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0405
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0405
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0405
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0405
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0410
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0410
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0410
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0410
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0415
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0415
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0415
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0415
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0420
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0420
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0420
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0425
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0425
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0425
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0435
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0435
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0435
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0435

26

M. Khan et al.

[88] O.C. Compton, S.T. Nguyen, Graphene oxide, highly reduced
graphene oxide, and graphene: versatile building blocks for
carbon-based materials. Small. 6 2010 pp. 711-723.

[89] B.S. Dash, G. Jose, Y.-J. Lu, et al, Functionalized reduced
graphene oxide as a versatile tool for cancer therapy, Int. J.
Mol. Sci. 22 (2021) 2989.

[90] H. Kim, A.A. Abdala, C.W. Macosko, Graphene/polymer
nanocomposites, Macromolecules 43 (2010) 6515-6530.

[91] S. Song, J. Su, M. Telychko, et al, On-surface synthesis of
graphene nanostructures with m-magnetism, Chem. Soc. Rev.
50 (2021) 3238-3262.

[92] K.S. Kim, Y. Zhao, H. Jang, et al. Large-scale pattern growth
of graphene films for stretchable transparent electrodes.
Nature. 457, 2009 pp. 706-710.

[93] S. Pandit, M. De, One-pot bottom-up synthesis of a 2D
graphene derivative: application in biomolecular recognition
and nanozyme activity, Nanoscale Advances. 3 (2021) 5102—
5110.

[94] Z. Chen, C. Xie, W. Wang, et al, Direct growth of wafer-scale
highly oriented graphene on sapphire, Sci. Adv. 7 (2021)
eabkO0115.

[95] A. Koutsioukis, K. Spyrou, N. Chalmpes, et al, Hydrothermal
Unzipping of Multiwalled Carbon Nanotubes and Cutting of
Graphene by Potassium Superoxide, Nanomaterials. 12 (2022)
447.

[96] M. Khan, A.H. Al-Marri, M. Khan, et al, Pulicaria glutinosa
plant extract: a green and eco-friendly reducing agent for the
preparation of highly reduced graphene oxide, RSC Adv. 4
(2014) 24119-24125.

[97] V. Agarwal, P.B. Zetterlund, Strategies for reduction of
graphene oxide—A comprehensive review, Chem. Eng. J. 405
(2021) 127018.

[98] C.K. Chua, M. Pumera, Chemical reduction of graphene oxide:
a synthetic chemistry viewpoint, Chem. Soc. Rev. 43 (2014)
291-312.

[99] W. Yu, L. Sisi, Y. Haiyan, et al, Progress in the functional
modification of graphene/graphene oxide: A review, RSC Adv.
10 (2020) 15328-15345.

[100] D.R. Dreyer, S. Park, C.W. Bielawski, et al, The chemistry of
graphene oxide, Chem. Soc. Rev. 39 (2010) 228-240.

[101] A. Razaq, F. Bibi, X. Zheng, et al, Review on graphene-,
graphene oxide-, reduced graphene oxide-based flexible
composites: From fabrication to applications, Materials. 15
(2022) 1012.

[102] M. Khan, A.H. Al-Marri, M. Khan, et al, Green approach for
the effective reduction of graphene oxide using Salvadora
persica L. root (Miswak) extract, Nanoscale Res. Lett. 10
(2015) 1-9.

[103] X. Xie, Y. Zhou, K. Huang, Advances in microwave-assisted
production of reduced graphene oxide, Front. Chem. 7 (2019)
355.

[104] R. Tarcan, O. Todor-Boer, I. Petrovai, et al, Reduced graphene
oxide today, J. Mater. Chem. C 8 (2020) 1198-1224.

[105] W.-S. Jiang, C. Yang, G.-X. Chen, et al, Preparation of high-
quality graphene using triggered microwave reduction under an
air atmosphere, J. Mater. Chem. C 6 (2018) 1829-1835.

[106] K. Kacem, S. Ameur, J. Casanova-Chafer, et al, Bio-reduction
of graphene oxide using pomegranate peels for NO2 sensing
and photocatalysis applications, J. Mater. Sci.. Mater.
Electron. 1-14 (2022).

[107] M. Khan, M.N. Tahir, S.F. Adil, et al, Graphene based metal
and metal oxide nanocomposites: synthesis, properties and
their applications, J. Mater. Chem. A 3 (2015) 18753-18808.

[108] N. Li, M. Cao, C. Hu, Review on the latest design of graphene-
based inorganic materials, Nanoscale. 4 (2012) 6205-6218.

[109] A. Madni, S. Noreen, I. Magbool, et al, Graphene-based
nanocomposites: synthesis and their theranostic applications, J.
Drug Target. 26 (2018) 858-883.

[110] R. Kumar, S. Sahoo, E. Joanni, et al, Recent progress in the
synthesis of graphene and derived materials for next generation
electrodes of high performance lithium ion batteries, Prog.
Energy Combust. Sci. 75 (2019) 100786.

[111] T.A. Saleh, G. Fadillah, Recent trends in the design of
chemical sensors based on  graphene—metal oxide
nanocomposites for the analysis of toxic species and
biomolecules, TrAC, Trends Anal. Chem. 120 (2019) 115660.

[112] V. Georgakilas, M. Otyepka, A.B. Bourlinos, et al,
Functionalization of graphene: covalent and non-covalent
approaches, derivatives and applications, Chem. Rev. 112
(2012) 6156-6214.

[113] J. Park, M. Yan, Covalent functionalization of graphene with
reactive intermediates, Acc. Chem. Res. 46 (2013) 181-189.

[114] M. Shabbir, Z.A. Raza, T.H. Shah, et al, Recent progress in
graphenes:  synthesis, covalent functionalization and
environmental applications, J. Nanostruct. Chem. (2022) 1-19.

[115] Z. Guo, S. Chakraborty, F.A. Monikh, et al, Surface
Functionalization of Graphene-Based Materials: Biological
Behavior, Toxicology, and Safe-By-Design  Aspects,
Advanced Biology. 5 (2021) 2100637.

[116] M. Khan, M.R. Shaik, S.F. Adil, et al, Facile synthesis of Pd@
graphene nanocomposites with enhanced catalytic activity
towards Suzuki coupling reaction, Sci. Rep. 10 (2020) 1-14.

[117] Z. Chen, N. Zhang, Y.-J. Xu, Synthesis of graphene-ZnO
nanorod nanocomposites with improved photoactivity and
anti-photocorrosion, CrystEngComm 15 (2013) 3022-3030.

[118] N.J. Bell, Y.H. Ng, A. Du, et al, Understanding the
enhancement in  photoelectrochemical  properties  of
photocatalytically prepared TiO2-reduced graphene oxide
composite, J. Phys. Chem. C. 115 (2011) 6004-6009.

[119] M. Ahmadi, M.S. Dorraji, M. Rasoulifard, et al, The effective
role of reduced-graphene oxide in visible light photocatalytic
activity of wide band gap SrTiO3 semiconductor, Sep. Purif.
Technol. 228 (2019) 115771.

[120] J. Meng, Q. Chen, J. Lu, et al, Z-scheme photocatalytic CO2
reduction on a heterostructure of oxygen-defective ZnO/
reduced graphene oxide/UiO-66-NH2 under visible light,
ACS Appl. Mater. Interfaces 11 (2018) 550-562.

[121] A. Ehsani, A.A. Heidari, H.M. Shiri, Electrochemical
pseudocapacitors based on ternary nanocomposite of
conductive polymer/graphene/metal oxide: an introduction
and review to it in recent studies, Chem. Record. 19 (2019)
908-926.

[122] M. Ashraf, S.S. Shah, I. Khan, et al, A High-Performance
Asymmetric Supercapacitor Based on Tungsten Oxide
Nanoplates and Highly Reduced Graphene Oxide Electrodes,
Chem.—A Europ. J. 27 (2021) 6973-6984.

[123] Y. Xia, R. Li, R. Chen, et al, 3D architectured graphene/metal
oxide hybrids for gas sensors: A review, Sensors. 18 (2018)
1456.

[124] J. Zhang, Z. Xiong, X. Zhao, Graphene-metal-oxide
composites for the degradation of dyes under visible light
irradiation, J. Mater. Chem. 21 (2011) 3634-3640.

[125] B. Li, H. Cao, ZnO@ graphene composite with enhanced
performance for the removal of dye from water, J. Mater.
Chem. 21 (2011) 3346-3349.

[126] T.N. Lambert, C.A. Chavez, B. Hernandez-Sanchez, et al,
Synthesis and characterization of titania— graphene
nanocomposites, J. Phys. Chem. C. 113 (2009) 19812-19823.

[127] S. Bera, N. Das, M. Pal, et al, Low-temperature surfactant-free
synthesis of tin oxide-reduced graphene oxide nanocomposites
and their textural property-dependent lithium storage
characteristics, J. Sol-Gel Sci. Technol. 76 (2015) 402-413.

[128] G. Demazeau, Solvothermal processes: a route to the
stabilization of new materials, J. Mater. Chem. 9 (1999) 15-18.

[129] Y. Wang, Y.-J. Hu, X. Hao, et al, Hydrothermal synthesis and
applications of advanced carbonaceous materials from


http://refhub.elsevier.com/S1319-6103(22)00126-0/h0445
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0445
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0445
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0450
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0450
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0455
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0455
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0455
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0465
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0465
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0465
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0465
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0470
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0470
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0470
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0475
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0475
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0475
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0475
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0480
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0480
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0480
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0480
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0485
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0485
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0485
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0490
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0490
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0490
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0495
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0495
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0495
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0500
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0500
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0505
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0505
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0505
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0505
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0510
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0510
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0510
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0510
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0515
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0515
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0515
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0520
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0520
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0525
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0525
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0525
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0530
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0530
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0530
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0530
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0535
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0535
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0535
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0540
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0540
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0545
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0545
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0545
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0550
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0550
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0550
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0550
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0555
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0555
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0555
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0555
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0560
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0560
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0560
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0560
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0565
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0565
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0570
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0570
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0570
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0575
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0575
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0575
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0575
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0580
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0580
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0580
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0585
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0585
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0585
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0590
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0590
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0590
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0590
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0595
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0595
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0595
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0595
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0600
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0600
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0600
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0600
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0605
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0605
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0605
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0605
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0605
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0610
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0610
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0610
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0610
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0615
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0615
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0615
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0620
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0620
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0620
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0625
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0625
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0625
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0630
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0630
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0630
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0630
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0635
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0635
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0635
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0635
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0640
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0640
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0645
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0645

Graphene/inorganic nanocomposites: Evolving photocatalysts for solar energy conversion for environmental remediation 27

biomass: a review, Adv. Compos. Hybrid Mater. 3 (2020) 267
284.

[130] X. Hu, P. Xu, H. Gong, et al, Synthesis and characterization of
WO3/Graphene nanocomposites for enhanced photocatalytic
activities by one-step in-situ hydrothermal reaction, Materials.
11 (2018) 147.

[131] H. Xiao, T. Wang, Graphene oxide (rGO)-metal oxide (TiO2/
Ag20) based nanocomposites for the removal of rhodamine B
at UV-visible light, J. Phys. Chem. Solids 154 (2021) 110100.

[132] Gan, Y. X., A. H. Jayatissa, Z. Yu, et al., 2020. Hydrothermal
synthesis of nanomaterials, Hindawi. 2020.

[133] Y. Zhou, G. Zhang, M. Yu, et al, Free-standing 3D porous N-
doped graphene aerogel supported platinum nanocluster for
efficient hydrogen production from ammonia electrolysis, ACS
Sustainable Chem. Eng. 6 (2018) 8437-8446.

[134] W. Li, X. Liu, H. Li, Hydrothermal synthesis of graphene/Fe 3
+-doped TiO 2 nanowire composites with highly enhanced
photocatalytic activity under visible light irradiation, J. Mater.
Chem. A 3 (2015) 15214-15224.

[135] J. Shi, G. Chen, G. Zeng, et al, Hydrothermal synthesis of
graphene wrapped Fe-doped TiO2 nanospheres with high
photocatalysis performance, Ceram. Int. 44 (2018) 7473-7480.

[136] F. Liu, X. Shao, J. Wang, et al, Solvothermal synthesis of
graphene—CdS nanocomposites for highly efficient visible-light
photocatalyst, J. Alloy. Compd. 551 (2013) 327-332.

[137] L. Hu, M. Li, L. Cheng, et al, Solvothermal synthesis of
octahedral and magnetic CoFe 2 O 4-reduced graphene oxide
hybrids and their photo-Fenton-like behavior under visible-
light irradiation, RSC Adv. 11 (2021) 22250-22263.

[138] F. Wang, Y. Zhou, X. Pan, et al, Enhanced photocatalytic
properties of ZnO nanorods by electrostatic self-assembly with
reduced graphene oxide, PCCP 20 (2018) 6959-6969.

[139] K. Thorkelsson, P. Bai, T. Xu, Self-assembly and applications
of anisotropic nanomaterials: A review, Nano Today 10 (2015)
48-66.

[140] F. Wang, X. Yu, M. Ge, et al, Facile self-assembly synthesis of
v-Fe203/graphene oxide for enhanced photo-Fenton reaction,
Environ. Pollut. 248 (2019) 229-237.

[141] T. Lv, M. Wu, M. Guo, et al, Self-assembly photocatalytic
reduction synthesis of graphene-encapusulated LaNiO3
nanoreactor with high efficiency and stability for
photocatalytic water splitting to hydrogen, Chem. Eng. J. 356
(2019) 580-591.

[142] F. Li, L. Zhang, J. Tong, et al, Photocatalytic CO2 conversion
to methanol by Cu20/graphene/TNA heterostructure catalyst
in a visible-light-driven dual-chamber reactor, Nano Energy 27
(2016) 320-329.

[143] K. Chen, L. Chen, Y. Chen, et al, Three-dimensional porous
graphene-based composite materials: electrochemical synthesis
and application, J. Mater. Chem. 22 (2012) 20968-20976.

[144] L.L. Tan, S.P. Chai, A.R. Mohamed, Synthesis and
applications of  graphene-based TiO2 photocatalysts,
ChemSusChem 5 (2012) 1868-1882.

[145] J. Luo, S. Zhang, M. Sun, et al, A critical review on energy
conversion and environmental remediation of photocatalysts
with remodeling crystal lattice, surface, and interface, ACS
Nano 13 (2019) 9811-9840.

[146] S.A. Younis, K.-H. Kim, Heterogeneous photocatalysis
scalability for environmental remediation: opportunities and
challenges, Catalysts. 10 (2020) 1109.

[147] M.G. Alalm, R. Djellabi, D. Meroni, et al, Toward scaling-up
photocatalytic ~ process for multiphase environmental
applications, Catalysts. 11 (2021) 562.

[148] J. Theerthagiri, S.J. Lee, K. Karuppasamy, et al, Application
of advanced materials in sonophotocatalytic processes for the
remediation of environmental pollutants, J. Hazard. Mater.
412 (2021) 125245.

[149] M.A. Fox, M.T. Dulay, Heterogeneous photocatalysis, Chem.
Rev. 93 (1993) 341-357.

[150] A.O. Ibhadon, P. Fitzpatrick, Heterogeneous photocatalysis:
recent advances and applications, Catalysts. 3 (2013) 189-218.

[151] W. Tu, Y. Zhou, Z. Zou, Versatile graphene-promoting
photocatalytic  performance of semiconductors: basic
principles, synthesis, solar energy conversion, and
environmental applications, Adv. Funct. Mater. 23 (2013)
4996-5008.

[152] X. Zong, H. Yan, G. Wu, et al, Enhancement of photocatalytic
H2 evolution on CdS by loading MoS2 as cocatalyst under
visible light irradiation, J. Am. Chem. Soc. 130 (2008) 7176—
7177.

[153] B. Bakbolat, C. Daulbayev, F. Sultanov, et al, Recent
developments of TiO2-based photocatalysis in the hydrogen
evolution and photodegradation: a review, Nanomaterials. 10
(2020) 1790.

[154] L. Cheng, Q. Xiang, Y. Liao, et al, CdS-based photocatalysts,
Energy Environ. Sci. 11 (2018) 1362-1391.

[155] Z. Huang, J. Wang, S. Lu, et al, Insight into the Real Efficacy
of Graphene for Enhancing Photocatalytic Efficiency: A Case
Study on CVD Graphene-TiO2 Composites, ACS Appl.
Energy Mater. 4 (2021) 8755-8764.

[156] Y. Liao, J. Song, Y. Si, et al, Superelastic and Photothermal
RGO/Zr-Doped TiO2 Nanofibrous Aerogels Enable the Rapid
Decomposition of Chemical Warfare Agents, Nano Lett.
(2022).

[157] Van Dao, D., H. Choi, T. T. Nguyen, et al., 2022. Light-to-
Hydrogen Improvement Based on Three-Factored Au@
CeO2/Gr Hierarchical Photocatalysts. ACS nano.

[158] Y.T. Liang, B.K. Vijayan, K.A. Gray, et al, Minimizing
graphene defects enhances titania nanocomposite-based
photocatalytic reduction of CO2 for improved solar fuel
production, Nano Lett. 11 (2011) 2865-2870.

[159] N.E. Safie, M.A. Azam, M.F. Aziz, et al, Recent progress of
graphene-based materials for efficient charge transfer and
device performance stability in perovskite solar cells, Int. J.
Energy Res. 45 (2021) 1347-1374.

[160] Y. Qin, H. Li, J. Lu, et al, Nitrogen-doped hydrogenated TiO2
modified with CdS nanorods with enhanced optical absorption,
charge separation and photocatalytic hydrogen evolution,
Chem. Eng. J. 384 (2020) 123275.

[161] E. Kusiak-Nejman, A.W. Morawski, TiO2/graphene-based
nanocomposites for water treatment: A brief overview of
charge carrier transfer, antimicrobial and photocatalytic
performance, Appl. Catal. B 253 (2019) 179-186.

[162] Q. Xiang, J. Yu, M. Jaroniec, Preparation and enhanced
visible-light  photocatalytic =~ H2-production activity of
graphene/C3N4 composites, J. Phys. Chem. C. 115 (2011)
7355-7363.

[163] W. Zhang, F. Dong, W. Zhang, Capture of atmospheric CO2
into (BiO) 2CO3/graphene or graphene oxide nanocomposites
with enhanced photocatalytic performance, Appl. Surf. Sci. 358
(2015) 75-83.

[164] K.K. Manga, Y. Zhou, Y. Yan, et al, Multilayer hybrid films
consisting of alternating graphene and titania nanosheets with
ultrafast electron transfer and photoconversion properties,
Adv. Funct. Mater. 19 (2009) 3638-3643.

[165] N. Li, G. Liu, C. Zhen, et al, Battery performance and
photocatalytic ~ activity of mesoporous anatase TiO2
nanospheres/graphene composites by template-free self-
assembly, Adv. Funct. Mater. 21 (2011) 1717-1722.

[166] Y. Zhang, Z.-R. Tang, X. Fu, et al, TiO2— graphene
nanocomposites for gas-phase photocatalytic degradation of
volatile aromatic pollutant: is TiO2— graphene truly different
from other TiO2— carbon composite materials?, ACS Nano 4
(2010) 7303-7314


http://refhub.elsevier.com/S1319-6103(22)00126-0/h0645
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0645
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0650
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0650
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0650
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0650
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0655
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0655
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0655
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0665
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0665
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0665
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0665
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0670
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0670
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0670
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0670
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0675
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0675
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0675
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0680
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0680
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0680
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0685
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0685
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0685
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0685
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0690
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0690
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0690
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0695
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0695
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0695
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0700
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0700
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0700
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0705
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0705
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0705
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0705
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0705
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0710
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0710
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0710
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0710
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0715
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0715
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0715
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0720
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0720
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0720
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0725
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0725
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0725
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0725
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0730
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0730
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0730
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0735
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0735
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0735
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0740
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0740
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0740
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0740
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0745
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0745
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0750
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0750
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0755
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0755
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0755
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0755
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0755
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0760
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0760
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0760
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0760
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0765
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0765
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0765
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0765
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0770
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0770
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0775
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0775
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0775
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0775
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0780
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0780
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0780
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0780
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0790
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0790
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0790
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0790
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0795
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0795
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0795
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0795
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0800
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0800
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0800
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0800
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0805
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0805
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0805
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0805
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0810
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0810
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0810
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0810
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0815
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0815
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0815
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0815
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0820
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0820
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0820
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0820
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0825
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0825
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0825
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0825
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0830
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0830
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0830
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0830
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0830
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0830
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0830
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0830

28

M. Khan et al.

[167] G. Hu, B. Tang, Photocatalytic mechanism of graphene/
titanate  nanotubes  photocatalyst under  visible-light
irradiation, Mater. Chem. Phys. 138 (2013) 608-614.

[168] S.D. Tilley, Recent advances and emerging trends in photo-
electrochemical solar energy conversion, Adv. Energy Mater. 9
(2019) 1802877.

[169] T. Bak, J. Nowotny, M. Rekas, et al, Photo-electrochemical
hydrogen generation from water using solar energy. Materials-
related aspects, Int. J. Hydrogen Energy 27 (2002) 991-1022.

[170] R. Ifraemov, S. Mukhopadhyay, I. Rozenberg, et al, Metal—
Organic-Framework-Based Photo-electrochemical Cells for
Solar Fuel Generation, J. Phys. Chem. C. 126 (2022) 5079—
5091.

[171] J. Luo, J.-H. Im, M.T. Mayer, et al, Water photolysis at 12.3%
efficiency via perovskite photovoltaics and Earth-abundant
catalysts, Science 345 (2014) 1593-1596.

[172] T. Hisatomi, J. Kubota, K. Domen, Recent advances in
semiconductors for photocatalytic and photoelectrochemical
water splitting, Chem. Soc. Rev. 43 (2014) 7520-7535.

[173] N.N. Rosman, R.M. Yunus, L.J. Minggu, et al, Photocatalytic
properties of two-dimensional graphene and layered transition-
metal dichalcogenides based photocatalyst for
photoelectrochemical hydrogen generation: an overview, Int.
J. Hydrogen Energy 43 (2018) 18925-18945.

[174] T.F. Yeh, J.M. Syu, C. Cheng, et al, Graphite oxide as a
photocatalyst for hydrogen production from water, Adv.
Funct. Mater. 20 (2010) 2255-2262.

[175] X.-Y. Zhang, H.-P. Li, X.-L. Cui, et al, Graphene/TiO 2
nanocomposites: synthesis, characterization and application in
hydrogen evolution from water photocatalytic splitting, J.
Mater. Chem. 20 (2010) 2801-2806.

[176] H. Deng, C. Qin, K. Pei, et al, TiO2/reduced hydroxylated
graphene nanocomposite photocatalysts: Improved electron—
hole separation and migration, Mater. Chem. Phys. 270 (2021)
124796.

[177] L. Kuang, W. Zhang, Enhanced hydrogen production by
carbon-doped TiO 2 decorated with reduced graphene oxide
(rGO) under visible light irradiation, RSC Adv. 6 (2016) 2479—
2488.

[178] P. Wang, S. Zhan, Y. Xia, et al, The fundamental role and
mechanism of reduced graphene oxide in rGO/Pt-TiO2
nanocomposite for high-performance photocatalytic water
splitting, Appl. Catal. B 207 (2017) 335-346.

[179] Y. Yang, S. Niu, D. Han, et al, Progress in developing metal
oxide nanomaterials for photoelectrochemical water splitting,
Adv. Energy Mater. 7 (2017) 1700555.

[180] Z. Kang, H. Si, S. Zhang, et al, Interface engineering for
modulation  of charge carrier behavior in ZnO
photoelectrochemical water splitting, Adv. Funct. Mater. 29
(2019) 1808032.

[181] M. Ghorbani, H. Abdizadeh, M. Taheri, et al, Enhanced
photoelectrochemical water splitting in hierarchical porous
ZnO/Reduced graphene oxide nanocomposite synthesized by
sol-gel method, Int. J. Hydrogen Energy 43 (2018) 7754-7763.

[182] I.V. Bagal, N.R. Chodankar, M.A. Hassan, et al, Cu20 as an
emerging photocathode for solar water splitting-A status
review, Int. J. Hydrogen Energy 44 (2019) 21351-21378.

[183] S. Karthikeyan, K. Ahmed, A. Osatiashtiani, et al, Pompon
Dahlia-like Cu20/rGO nanostructures for visible light
photocatalytic =~ H2  production and  4-chlorophenol
degradation, ChemCatChem 12 (2020) 1699-1709.

[184] M.B. Tahir, G. Nabi, N. Khalid, Enhanced photocatalytic
performance  of  visible-light active  graphene-WO3
nanostructures for hydrogen production, Mater. Sci.
Semicond. Process. 84 (2018) 36-41.

[185] D. Sharma, M. Faraz, D. Kumar, et al, Visible light activated
V205/rGO nanocomposite for enhanced photodegradation of

methylene blue dye and photoelectrochemical water splitting,
Inorg. Chem. Commun. 109657 (2022).

[186] T. Soltani, A. Tayyebi, B.-K. Lee, Efficient promotion of
charge separation with reduced graphene oxide (rGO) in
BiVO4/rGO photoanode for greatly enhanced
photoelectrochemical water splitting, Sol. Energy Mater. Sol.
Cells 185 (2018) 325-332.

[187] A.K. Vishwakarma, M. Hussain, S.K. Verma, et al, Synthesis
and characterizations of graphene/Sm doped BiFeO3
composites photoanode for efficient photo-electrochemical
water splitting, Int. J. Hydrogen Energy 46 (2021) 15550—
15560.

[188] M. Ruan, D. Guo, Q. Jia, A uniformly decorated and
photostable polydopamine-organic semiconductor to boost
the photoelectrochemical water splitting performance of CdS
photoanodes, Dalton Trans. 50 (2021) 1913-1922.

[189] Q. Li, B. Guo, J. Yu, et al, Highly efficient visible-light-driven
photocatalytic hydrogen production of CdS-cluster-decorated
graphene nanosheets, J. Am. Chem. Soc. 133 (2011) 10878—
10884.

[190] P. Gao, J. Liu, S. Lee, et al, High quality graphene oxide—CdS—
Pt nanocomposites for efficient photocatalytic hydrogen
evolution, J. Mater. Chem. 22 (2012) 2292-2298.

[191] S. Alhammadi, V.R. Minnam Reddy, S. Gedi, et al,
Performance of graphene—cds hybrid nanocomposite thin film
for applications in Cu (In, Ga) Se2 solar cell and h2
production, Nanomaterials. 10 (2020) 245.

[192] C. Sumesh, S.C. Peter, Two-dimensional semiconductor
transition metal based chalcogenide based heterostructures
for water splitting applications, Dalton Trans. 48 (2019)
12772-12802.

[193] Y. Chen, M. Sun, Two-dimensional WS 2/MoS 2
heterostructures: Properties and applications, Nanoscale. 13
(2021) 5594-5619.

[194] M. Nasr, L. Benhamou, A. Kotbi, et al, Photoelectrochemical
Enhancement of Graphene@ WS2 Nanosheets for Water
Splitting Reaction, Nanomaterials. 12 (2022) 1914.

[195] F. He, A. Meng, B. Cheng, et al, Enhanced photocatalytic H2-
production activity of WO3/TiO2 step-scheme heterojunction
by graphene modification, Chin. J. Catal. 41 (2020) 9-20.

[196] A.Jilani, S.Z. Hussain, A.A. Melaibari, et al, Development and
Mechanistic Studies of Ternary Nanocomposites for Hydrogen
Production from Water Splitting to Yield Sustainable/Green
Energy and Environmental Remediation, Polymers. 14 (2022)
1290.

[197] S. Bai, J. Han, K. Zhang, et al, rGO decorated semiconductor
heterojunction of BiVO4/NiO to enhance PEC water splitting
efficiency, Int. J. Hydrogen Energy 47 (2022) 4375-4385.

[198] S. Tiwari, N. Jhamb, S. Kumar, et al, Synthesis of
Photocorrosion-Resistant VS4-MoS2-rGO Based
Nanocomposite with Efficient Photoelectrochemical Water-
Splitting Activity, ChemNanoMat 8 (2022) ¢202100429.

[199] J. Sun, Q. Mu, H. Kimura, et al, Oxidative degradation of
phenols and substituted phenols in the water and atmosphere: a
review, Adv. Compos. Hybrid Mater. (2022) 1-14.

[200] E. Obotey Ezugbe, S. Rathilal, Membrane technologies in
wastewater treatment: a review, Membranes. 10 (2020) 89.

[201] C. Mahugo Santana, Z. Sosa Ferrera, M. Esther Torres
Padron, et al, Methodologies for the extraction of phenolic
compounds from environmental samples: new approaches,
Molecules 14 (2009) 298-320.

[202] G. Crini, E. Lichtfouse, Advantages and disadvantages of
techniques used for wastewater treatment, Environ. Chem.
Lett. 17 (2019) 145-155.

[203] M. Coca, M. Pena, G. Gonzalez, Chemical oxidation processes
for decolorization of brown-colored molasses wastewater,
Ozone Sci. Eng. 27 (2005) 365-369.


http://refhub.elsevier.com/S1319-6103(22)00126-0/h0835
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0835
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0835
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0840
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0840
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0840
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0845
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0845
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0845
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0850
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0850
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0850
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0850
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0855
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0855
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0855
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0860
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0860
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0860
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0865
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0865
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0865
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0865
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0865
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0870
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0870
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0870
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0875
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0875
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0875
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0875
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0880
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0880
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0880
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0880
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0885
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0885
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0885
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0885
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0890
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0890
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0890
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0890
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0895
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0895
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0895
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0900
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0900
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0900
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0900
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0905
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0905
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0905
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0905
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0910
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0910
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0910
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0915
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0915
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0915
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0915
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0920
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0920
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0920
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0920
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0925
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0925
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0925
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0925
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0930
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0930
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0930
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0930
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0930
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0935
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0935
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0935
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0935
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0935
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0940
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0940
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0940
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0940
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0945
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0945
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0945
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0945
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0950
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0950
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0950
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0955
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0955
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0955
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0955
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0960
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0960
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0960
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0960
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0965
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0965
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0965
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0970
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0970
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0970
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0975
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0975
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0975
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0980
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0980
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0980
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0980
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0980
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0985
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0985
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0985
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0990
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0990
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0990
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0990
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0995
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0995
http://refhub.elsevier.com/S1319-6103(22)00126-0/h0995
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1000
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1000
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1005
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1005
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1005
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1005
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1010
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1010
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1010
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1015
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1015
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1015

Graphene/inorganic nanocomposites: Evolving photocatalysts for solar energy conversion for environmental remediation 29

[204] D.B. Miklos, C. Remy, M. Jekel, et al, Evaluation of advanced
oxidation processes for water and wastewater treatment-A
critical review, Water Res. 139 (2018) 118-131.

[205] G. Iervolino, I. Zammit, V. Vaiano, et al, Limitations and
prospects for wastewater treatment by UV and visible-light-
active heterogeneous photocatalysis: a critical review,
Heterogeneous Photocatal. (2020) 225-264.

[206] S. Ahmed, M. Rasul, W.N. Martens, et al, Heterogeneous
photocatalytic degradation of phenols in wastewater: a review
on current status and developments, Desalination 261 (2010) 3—
18.

[207] S. Ahmed, M. Rasul, R. Brown, et al, Influence of parameters
on the heterogeneous photocatalytic degradation of pesticides
and phenolic contaminants in wastewater: a short review, J.
Environ. Manage. 92 (2011) 311-330.

[208] M.N. Tahir, F. Natalio, M.A. Cambaz, et al, Controlled
synthesis of linear and branched Au@ ZnO hybrid
nanocrystals and their photocatalytic properties, Nanoscale. 5
(2013) 9944-9949.

[209] 1. Oller, S. Malato, J. Sanchez-Pérez, Combination of advanced
oxidation processes and biological treatments for wastewater
decontamination—a review, Sci. Total Environ. 409 (2011)
4141-4166.

[210] Y. Deng, R. Zhao, Advanced oxidation processes (AOPs) in
wastewater treatment, Current Pollution Reports. 1 (2015)
167-176.

[211] M.P. Rayaroth, C.T. Aravindakumar, N.S. Shah, et al,
Advanced oxidation processes (AOPs) based wastewater
treatment-unexpected nitration side reactions-a serious
environmental issue: A review, Chem. Eng. J. 430 (2022)
133002.

[212] P.K. Pandis, C. Kalogirou, E. Kanellou, et al, Key points of
advanced oxidation processes (AOPs) for wastewater, organic
pollutants and pharmaceutical waste treatment: A mini review,
ChemEngineering. 6 (2022) 8.

[213] R. Giovannetti, E. Rommozzi, M. Zannotti, et al, Recent
advances in graphene based TiO2 nanocomposites (GTiO2Ns)
for photocatalytic degradation of synthetic dyes, Catalysts. 7
(2017) 305.

[214] S. Prabhu, S. Megala, S. Harish, et al, Enhanced photocatalytic
activities of ZnO  dumbbell/reduced graphene oxide
nanocomposites for degradation of organic pollutants via
efficient charge separation pathway, Appl. Surf. Sci. 487 (2019)
1279-1288.

[215] L.K. Putri, W.-J. Ong, W.S. Chang, et al, Heteroatom doped
graphene in photocatalysis: a review, Appl. Surf. Sci. 358
(2015) 2—-14.

[216] Q. Zhang, N. Bao, X. Wang, et al, Advanced fabrication of
chemically bonded graphene/TiO2 continuous fibers with
enhanced broadband photocatalytic properties and involved
mechanisms exploration, Sci. Rep. 6 (2016) 1-15.

[2171 Y. Li, Y. Sun, F. Dong, et al, Enhancing the photocatalytic
activity of bulk g-C3N4 by introducing mesoporous structure
and hybridizing with graphene, J. Colloid Interface Sci. 436
(2014) 29-36.

[218] Y. Zhang, Z. Chen, S. Liu, et al, Size effect induced activity
enhancement and anti-photocorrosion of reduced graphene
oxide/ZnO composites for degradation of organic dyes and
reduction of Cr (VI) in water, Appl. Catal. B 140 (2013) 598—
607.

[219] R. Beura, P. Thangadurai, Structural, optical and photocatalytic
properties of graphene-ZnO nanocomposites for varied
compositions, J. Phys. Chem. Solids 102 (2017) 168-177.

[220] Y. Zhao, L. Liu, T. Cui, et al, Enhanced photocatalytic
properties of ZnO/reduced graphene oxide sheets (rGO)
composites with controllable morphology and composition,
Appl. Surf. Sci. 412 (2017) 58-68.

[221] L.-S. Li, J. Hu, W. Yang, et al, Band gap variation of size-and
shape-controlled colloidal CdSe quantum rods, Nano Lett. 1
(2001) 349-351.

[222] W.J. Ong, L.L. Tan, S.P. Chai, et al, Facet-dependent
photocatalytic properties of TiO2-based composites for
energy conversion and  environmental remediation,
ChemSusChem 7 (2014) 690-719.

[223] B. Liu, Y. Huang, Y. Wen, et al, Highly dispersive 001 facets-
exposed nanocrystalline TiO 2 on high quality graphene as a
high performance photocatalyst, J. Mater. Chem. 22 (2012)
7484-7491.

[224] J. Muiioz, D. Rojas, M. Pumera, Faceted Crystal
Nanoarchitectonics of Organic-Inorganic 3D-Printed Visible-
Light Photocatalysts, ACS Appl. Energy Mater. 5 (2022) 3252—
3258.

[225] A. Muthukrishnaraj, S.A. Al-Zahrani, A. Al Otaibi, et al,
Enhanced photocatalytic activity of Cu20O Cabbage/RGO
nanocomposites under visible light irradiation, Polymers. 13
(2021) 1712.

[226] G. Ramalingam, P. Nagapandiselvi, A. Priya, et al, A review of
graphene-based semiconductors for photocatalytic degradation
of pollutants in wastewater, Chemosphere 134391 (2022).

[227] F. Khan, M.S. Khan, S. Kamal, et al, Recent advances in
graphene oxide and reduced graphene oxide based
nanocomposites for the photodegradation of dyes, J. Mater.
Chem. C 8 (2020) 15940-15955.

[228] V. Ramar, K. Balasubramanian, Reduced Graphene Oxide/
WO3 Nanorod Composites for Photocatalytic Degradation of
Methylene Blue under Sunlight Irradiation, ACS Applied
Nano Materials. 4 (2021) 5512-5521.

[229] T. Chhabra, A. Kumar, A. Bahuguna, et al, Reduced graphene
oxide supported MnO2 nanorods as recyclable and efficient
adsorptive photocatalysts for pollutants removal, Vacuum 160
(2019) 333-346.

[230] M. Jarvin, S.A. Kumar, G. Vinodhkumar, et al, Enhanced
photocatalytic performance of Hausmannite Mn304-rGO
nanocomposite in degrading methylene blue, Mater. Lett. 305
(2021) 130750.

[231] J. Ai, L. Hu, Z. Zhou, et al, Surfactant-free synthesis of a novel
octahedral ZnFe204/graphene composite with high adsorption
and good photocatalytic activity for efficient treatment of dye
wastewater, Ceram. Int. 46 (2020) 11786—11798.

[232] N.  Alhokbany, S.M. Alshehri, J. Ahmed, Synthesis,
characterization and enhanced visible light photocatalytic
performance of ZnWO4-NPs@ rGO nanocomposites,
Catalysts. 11 (2021) 1536.

[233] M.-C. Rosu, C. Socaci, V. Floare-Avram, et al, Photocatalytic
performance of graphene/TiO2-Ag composites on amaranth
dye degradation, Mater. Chem. Phys. 179 (2016) 232-241.

[234] S. Dutta, R. Sahoo, C. Ray, et al, Biomolecule-mediated CdS-
TiO 2-reduced graphene oxide ternary nanocomposites for
efficient visible light-driven photocatalysis, Dalton Trans. 44
(2015) 193-201.

[235] A. Jilani, S.Z. Hussain, M.O. Ansari, et al, Facile synthesis of
silver decorated reduced graphene oxide(@ zinc oxide as ternary
nanocomposite: an efficient photocatalyst for the enhanced
degradation of organic dye under UV-visible light, J. Mater.
Sci. 56 (2021) 7434-7450.

[236] G. Venkatesh, N. Elavarasan, M. Srinivasan, et al, Z-scheme
heterojunction  ZnSnO3/rGO/MoS2 nanocomposite for
excellent photocatalytic —activity towards mixed dye
degradation, Int. J. Hydrogen Energy 47 (2022) 11863-11876.

[237] F. Chen, F. Yan, Q. Chen, et al, Fabrication of Fe 3 O 4@ SiO
2@ TiO 2 nanoparticles supported by graphene oxide sheets
for the repeated adsorption and photocatalytic degradation of
rhodamine B under UV irradiation, Dalton Trans. 43 (2014)
13537-13544.


http://refhub.elsevier.com/S1319-6103(22)00126-0/h1020
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1020
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1020
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1025
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1025
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1025
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1025
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1030
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1030
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1030
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1030
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1035
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1035
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1035
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1035
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1040
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1040
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1040
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1040
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1045
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1045
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1045
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1045
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1050
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1050
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1050
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1055
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1055
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1055
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1055
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1055
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1060
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1060
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1060
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1060
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1065
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1065
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1065
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1065
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1070
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1070
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1070
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1070
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1070
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1075
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1075
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1075
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1080
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1080
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1080
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1080
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1085
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1085
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1085
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1085
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1090
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1090
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1090
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1090
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1090
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1095
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1095
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1095
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1100
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1100
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1100
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1100
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1105
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1105
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1105
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1110
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1110
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1110
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1110
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1115
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1115
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1115
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1115
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1120
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1120
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1120
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1120
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1125
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1125
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1125
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1125
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1130
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1130
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1130
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1135
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1135
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1135
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1135
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1140
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1140
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1140
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1140
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1145
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1145
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1145
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1145
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1150
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1150
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1150
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1150
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1155
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1155
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1155
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1155
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1160
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1160
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1160
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1160
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1165
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1165
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1165
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1165
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1170
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1170
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1170
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1170
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1175
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1175
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1175
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1175
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1175
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1180
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1180
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1180
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1180
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1185
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1185
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1185
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1185
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1185

30

M. Khan et al.

[238] K. Divya, M.M. Xavier, P. Vandana, et al, A quaternary TiO
2/ZnO/RGO/Ag nanocomposite with enhanced visible light
photocatalytic performance, New J. Chem. 41 (2017) 6445—
6454.

[239] P. Li, L. Li, M. Xu, et al, Enhanced photocatalytic property of
BiFeO3/N-doped graphene composites and mechanism insight,
Appl. Surf. Sci. 396 (2017) 879-887.

[240] D. Shao, J. Gao, G. Xin, et al. Cl-Doped ZnO Nanowire
Arrays on 3D Graphene Foam with Highly Efficient Field
Emission and Photocatalytic Properties. Small. 11, 2015, pp.
4785-4792.

[241] B. Bhanvase, T. Shende, S. Sonawane, A review on graphene—
TiO2 and doped graphene-TiO2 nanocomposite photocatalyst
for water and wastewater treatment, Environ. Technol. Rev. 6
(2017) 1-14.

[242] N. Chandel, K. Sharma, A. Sudhaik, et al, Magnetically
separable ZnO/ZnFe204 and ZnO/CoFe204 photocatalysts
supported onto nitrogen doped graphene for photocatalytic
degradation of toxic dyes, Arabian J. Chem. 13 (2020) 4324~
4340.

[243] R.N. Priyanka, T. Abraham, S. Joseph, et al, Fast and efficient
degradation of water pollutant dyes and fungicide by novel
sulfur-doped graphene oxide-modified Ag3P0O4
nanocomposite, Environ. Sci. Pollut. Res. 28 (2021) 20247—
20260.

[244] J. Rawal, U. Kamran, M. Park, et al, Nitrogen and Sulfur Co-
Doped Graphene Quantum Dots Anchored TiO2
Nanocomposites for Enhanced Photocatalytic Activity,
Catalysts. 12 (2022) 548.

[245] R. Preetha, E. Vijayakumar, M.G. Narendran, et al,
Promoting photocatalytic interaction of boron doped reduced
graphene oxide supported BiFeO3 nanocomposite for visible-
light-induced organic pollutant degradation, J. Alloy. Compd.
904 (2022) 164038.

[246] W.-M. Cheng, R. Shang, Transition metal-catalyzed organic
reactions under visible light: recent developments and future
perspectives, ACS Catal. 10 (2020) 9170-9196.

[247] B. Konig, Photocatalysis in organic synthesis—past, present,
and future, Eur. J. Org. Chem. 2017 (2017) 1979-1981.

[248] J.M. Narayanam, C.R. Stephenson, Visible light photoredox
catalysis: applications in organic synthesis, Chem. Soc. Rev. 40
(2011) 102-113.

[249] J.C. Pastre, D.L. Browne, S.V. Ley, Flow chemistry
syntheses of natural products, Chem. Soc. Rev. 42 (2013)
8849-8869.

[250] J.-C. André, M.-L. Viriot, J. Villermaux, New developments in
photochemical technology, Pure Appl. Chem. 58 (1986) 907—
916.

[251] L.W. Ciszewski, K. Rybicka-Jasinska, D. Gryko, Recent
developments in  photochemical reactions of diazo
compounds, Org. Biomol. Chem. 17 (2019) 432-448.

[252] R.M. Myers, D.E. Fitzpatrick, R.M. Turner, et al, Flow
chemistry meets advanced functional materials, Chem.—A
Europ. J. 20 (2014) 12348-12366.

[253] K.L. Skubi, T.R. Blum, T.P. Yoon, Dual catalysis strategies in
photochemical synthesis, Chem. Rev. 116 (2016) 10035-10074.

[254] N. Hoffmann, Photochemical reactions as key steps in organic
synthesis, Chem. Rev. 108 (2008) 1052—1103.

[255] J. Svoboda, B. Koenig, Templated photochemistry: Toward
catalysts enhancing the efficiency and selectivity of
photoreactions in homogeneous solutions, Chem. Rev. 106
(2006) 5413-5430.

[256] E. Cortés, Efficiency and Bond Selectivity in Plasmon-Induced
Photochemistry, Adv. Opt. Mater. 5 (2017) 1700191.

[257] M. Khan, G. Brunklaus, V. Enkelmann, et al, Transient states
in [2+ 2] photodimerization of cinnamic acid: Correlation of
solid-state NMR and X-ray analysis, J. Am. Chem. Soc. 130
(2008) 1741-1748.

[258] D. Liu, M.-J. Jiao, Z.-T. Feng, et al, Design, synthesis, and
application of highly reducing organic visible-light
photocatalysts, Org. Lett. 20 (2018) 5700-5704.

[259] F. Strieth-Kalthoff, M.J. James, M. Teders, et al, Energy
transfer catalysis mediated by visible light: principles,
applications, directions, Chem. Soc. Rev. 47 (2018) 7190-7202.

[260] J.Z. Bloh, R. Marschall, Heterogeneous photoredox catalysis:
reactions, materials, and reaction engineering, Eur. J. Org.
Chem. 2017 (2017) 2085-2094.

[261] F. Glaser, O.S. Wenger, Recent progress in the development of
transition-metal based photoredox catalysts, Coord. Chem.
Rev. 405 (2020) 213129.

[262] F. El-Hage, C. Scholl, J. Pospech, Photo-Mediated
Decarboxylative  Giese-Type Reaction Using Organic
Pyrimidopteridine Photoredox Catalysts, J. Organ. Chem. 85
(2020) 13853-13867.

[263] M.-Q. Yang, Y.-J. Xu, Selective photoredox using graphene-
based composite photocatalysts, PCCP 15 (2013) 19102-19118.

[264] M. Minale, Z. Gu, A. Guadie, et al, Application of graphene-
based materials for removal of tetracyclines using adsorption
and photocatalytic-degradation: A review, J. Environ. Manage.
276 (2020) 111310.

[265] L. Zhang, J. Ran, S.-Z. Qiao, et al, Characterization of
semiconductor photocatalysts, Chem. Soc. Rev. 48 (2019)
5184-5206.

[266] H. Zhu, X. Ke, X. Yang, et al, Reduction of nitroaromatic
compounds on supported gold nanoparticles by visible and
ultraviolet light, Angew. Chem. Int. Ed. 49 (2010) 9657-9661.

[267] Z. Yang, X. Xu, X. Liang, et al, Fabrication of Ce doped UiO-
66/graphene nanocomposites with enhanced visible light driven
photoactivity for reduction of nitroaromatic compounds, Appl.
Surf. Sci. 420 (2017) 276-285.

[268] S. Liu, Z. Chen, N. Zhang, et al, An efficient self-assembly of
CdS nanowires-reduced graphene oxide nanocomposites for
selective reduction of nitro organics under visible light
irradiation, The Journal of Physical Chemistry C. 117 (2013)
8251-8261.

[269] A. Al-Nafiey, A. Kumar, M. Kumar, et al, Nickel oxide
nanoparticles grafted on reduced graphene oxide (rGO/NiO) as
efficient photocatalyst for reduction of nitroaromatics under
visible light irradiation, J. Photochem. Photobiol., A 336 (2017)
198-207.

[270] A.O. Moghanlou, M.H. Sadr, A. Bezaatpour, et al, RGO/
Cu20-CuO nanocomposite as a visible-light assisted
photocatalyst for reduction of organic nitro groups to
amines, Molecular Catalysis. 516 (2021) 111997.

[271] M. Mirza-Aghayan, M. Saeedi, R. Boukherroub, An efficient
CuO/rGO/TiO 2 photocatalyst for the synthesis of
benzopyranopyrimidine compounds under visible light
irradiation, New J. Chem. 46 (2022) 3817-3830.

[272] S.F. Adil, M.E. Assal, M.R. Shaik, et al, A Facile Synthesis of
ZrOx-MnCO3/Graphene Oxide (GRO) Nanocomposites for
the Oxidation of Alcohols using Molecular Oxygen under Base
Free Conditions, Catalysts. 9 (2019) 759.

[273] S.F. Adil, M.E. Assal, M. Khan, et al, Eco-friendly
mechanochemical preparation of Ag20-MnO2/graphene
oxide nanocomposite: an efficient and reusable catalyst for
the base-free, aerial oxidation of alcohols, Catalysts. 10 (2020)
281.

[274] C. Liu, S. Tang, A. Lei, Oxidant controlled Pd-catalysed
selective oxidation of primary alcohols, Chem. Commun. 49
(2013) 1324-1326.

[275] L. Chen, J. Tang, L.-N. Song, et al, Heterogeneous
photocatalysis for selective oxidation of alcohols and
hydrocarbons, Appl. Catal. B 242 (2019) 379-388.

[276] N. Zhang, Y. Zhang, X. Pan, et al, Constructing ternary CdS—
graphene-TiO2 hybrids on the flatland of graphene oxide with
enhanced visible-light photoactivity for selective


http://refhub.elsevier.com/S1319-6103(22)00126-0/h1190
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1190
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1190
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1190
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1195
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1195
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1195
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1205
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1205
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1205
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1205
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1210
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1210
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1210
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1210
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1210
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1215
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1215
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1215
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1215
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1215
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1220
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1220
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1220
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1220
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1225
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1225
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1225
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1225
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1225
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1230
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1230
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1230
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1235
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1235
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1240
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1240
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1240
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1245
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1245
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1245
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1250
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1250
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1250
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1255
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1255
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1255
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1260
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1260
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1260
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1265
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1265
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1270
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1270
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1275
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1275
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1275
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1275
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1280
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1280
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1285
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1285
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1285
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1285
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1290
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1290
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1290
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1295
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1295
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1295
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1300
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1300
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1300
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1305
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1305
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1305
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1310
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1310
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1310
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1310
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1315
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1315
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1320
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1320
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1320
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1320
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1325
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1325
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1325
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1330
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1330
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1330
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1335
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1335
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1335
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1335
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1340
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1340
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1340
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1340
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1340
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1345
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1345
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1345
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1345
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1345
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1350
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1350
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1350
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1350
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1355
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1355
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1355
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1355
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1360
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1360
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1360
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1360
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1365
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1365
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1365
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1365
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1365
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1370
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1370
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1370
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1375
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1375
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1375
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1380
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1380
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1380

Graphene/inorganic nanocomposites: Evolving photocatalysts for solar energy conversion for environmental remediation 31

transformation, The Journal of Physical Chemistry C. 116
(2012) 18023-18031.

[277] Y. Zhang, N. Zhang, Z.-R. Tang, et al, Graphene transforms
wide band gap ZnS to a visible light photocatalyst. The new
role of graphene as a macromolecular photosensitizer, ACS
Nano 6 (2012) 9777-9789.

[278] M. Wang, Y. Ma, B. Lv, et al, Fe Doped MIL-101/Graphene
Nanohybrid for Photocatalytic Oxidation of Alcohols Under
Visible-Light Irradiation, Catal. Lett. 151 (2021) 2384-2395.

[279] J. He, M. Zhang, A. Primo, et al, Selective photocatalytic
benzene hydroxylation to phenol using surface-modified Cu 2
O supported on graphene, J. Mater. Chem. A 6 (2018) 19782—
19787.

[280] P. Borah, A. Datta, K.T. Nguyen, et al, VOPO42H,O
encapsulated in graphene oxide as a heterogeneous catalyst
for selective hydroxylation of benzene to phenol, Green Chem.
18 (2016) 397-401.

[281] J. Cai, M. Zhang, D. Wang, et al, Engineering surface
wettability of reduced graphene oxide to realize efficient
interfacial photocatalytic benzene hydroxylation in water,
ACS Sustainable Chem. Eng. 6 (2018) 15682-15687.

[282] D. Das, R. Barik, J. Das, et al, Visible light induced photo-
hydroxylation of phenol to catechol over RGO-Ag 3 VO 4
nanocomposites without the use of H2 O 2, RSC Adv. 2 (2012)
7377-7379.

[283] A. Rafiee, K.R. Khalilpour, D. Milani, et al, Trends in CO2
conversion and utilization: A review from process systems
perspective, J. Environ. Chem. Eng. 6 (2018) 5771-5794.

[284] E. Alper, O.Y. Orhan, CO2 utilization: Developments in
conversion processes, Petroleum. 3 (2017) 109-126.

[285] A. Corma, H. Garcia, Photocatalytic reduction of CO?2 for fuel
production: Possibilities and challenges, J. Catal. 308 (2013)
168-175.

[286] Z.-X. Bi, R.-T. Guo, X. Hu, et al, Research progress on
photocatalytic reduction of CO 2 based on LDH materials,
Nanoscale. 14 (2022) 3367-3386.

[287] M.M. Kandy, M. Sankaralingam, Development of proficient
photocatalytic systems for enhanced photocatalytic reduction
of carbon dioxide, Sustainable Energy Fuels 5 (2021) 12-33.

[288] Y.Z. Cheng, X. Ding, B.H. Han, Porous organic polymers for
photocatalytic carbon dioxide reduction, ChemPhotoChem. 5
(2021) 406-417.

[289] G.Q. Zhao, J. Hu, X. Long, et al, A Critical Review on Black
Phosphorus-Based Photocatalytic CO2 Reduction Application,
Small. 17 (2021) 2102155.

[290] L. Yuan, M.Y. Qi, Z.R. Tang, et al, Coupling strategy for CO2
valorization integrated with organic synthesis by heterogeneous
photocatalysis, Angew. Chem. 133 (2021) 21320-21342.

[291] S. Ali, A. Razzaq, S.-I. In, Development of graphene based
photocatalysts for CO2 reduction to Cl chemicals: A brief
overview, Catal. Today 335 (2019) 39-54.

[292] S.N. Habisreutinger, L. Schmidt-Mende, J.K. Stolarczyk,
Photocatalytic reduction of CO2 on TiO2 and other
semiconductors, Angew. Chem. Int. Ed. 52 (2013) 7372-7408.

[293] S. Yu, A.J. Wilson, J. Heo, et al, Plasmonic control of multi-
electron transfer and C-C coupling in visible-light-driven CO2
reduction on Au nanoparticles, Nano Lett. 18 (2018) 2189-
2194.

[294] Y. Su, Z. Song, W. Zhu, et al, Visible-light photocatalytic CO2
reduction using metal-organic framework derived Ni (OH) 2
nanocages: a synergy from multiple light reflection, static
charge transfer, and oxygen vacancies, ACS Catal. 11 (2020)
345-354.

[295] A. Razzaq, C.A. Grimes, S.-1. In, Facile fabrication of a noble
metal-free photocatalyst: TiO2 nanotube arrays covered with
reduced graphene oxide, Carbon 98 (2016) 537-544.

[296] N. Shehzad, M. Tahir, K. Johari, et al, Improved interfacial
bonding of graphene-TiO2 with enhanced photocatalytic

reduction of CO2 into solar fuel, J. Environ. Chem. Eng. 6
(2018) 6947-6957.

[297] L.-L. Tan, W.-J. Ong, S.-P. Chai, et al, Photocatalytic
reduction of CO2 with H20 over graphene oxide-supported
oxygen-rich TiO2 hybrid photocatalyst under visible light
irradiation: process and kinetic studies, Chem. Eng. J. 308
(2017) 248-255.

[298] S. Sorcar, J. Thompson, Y. Hwang, et al, High-rate solar-light
photoconversion of CO 2 to fuel: controllable transformation
from C 1 to C 2 products, Energy Environ. Sci. 11 (2018) 3183—
3193.

[299] X. An, K. Li, J. Tang, Cu2O/reduced graphene oxide
composites for the photocatalytic conversion of CO2,
ChemSusChem 7 (2014) 1086-1093.

[300] M.R.U.D. Biswas, A. Ali, K.Y. Cho, et al, Novel synthesis of
WSe2-Graphene-TiO2 ternary nanocomposite via ultrasonic
technics for high photocatalytic reduction of CO2 into
CH3O0H, Ultrason. Sonochem. 42 (2018) 738-746.

[301] Z. Otgonbayar, W.-C. Oh, Photo-electrochemical reduction of
CO2 to Methanol on Quaternary chalcogenide loaded
Graphene-TiO2 ternary nanocomposite fabricated via Pechini
method, J. Inorg. Organomet. Polym Mater. (2022) 1-18.

[302] A. Ali, M.R.U.D. Biswas, W.-C. Oh, Novel and simple process
for the photocatalytic reduction of CO2 with ternary Bi2O3-
graphene—ZnO nanocomposite, J. Mater. Sci.: Mater. Electron.
29 (2018) 10222-10233.

[303] T. Baran, A. Visibile, M. Busch, et al, Copper oxide-based
photocatalysts and photocathodes: Fundamentals and recent
advances, Molecules 26 (2021) 7271.

[304] S.-H. Liu, J.-S. Lu, Y.-C. Pu, et al, Enhanced photoreduction
of CO2 into methanol by facet-dependent Cu2O/reduce
graphene oxide, J. CO2 Util. 33 (2019) 171-178.

[305] Z. Tang, W. He, Y. Wang, et al, Ternary heterojunction in
rGO-coated Ag/Cu20 catalysts for boosting selective
photocatalytic CO2 reduction into CH4, Appl. Catal. B 311
(2022) 121371.

[306] M. Xing, F. Shen, B. Qiu, et al, Highly-dispersed boron-doped
graphene nanosheets loaded with TiO2 nanoparticles for
enhancing CO2 photoreduction, Sci. Rep. 4 (2014) 1-7.

[307] L. Chen, M. Zhang, J. Yang, et al, Synthesis of BiVO4
quantum dots/reduced graphene oxide composites for CO2
reduction, Mater. Sci. Semicond. Process. 102 (2019)
104578.

[308] D. Mateo, J. Albero, H. Garcia, Graphene supported NiO/Ni
nanoparticles as efficient photocatalyst for gas phase CO2
reduction with hydrogen, Appl. Catal. B 224 (2018) 563-571.

[309] J. Low, J. Yu, W. Ho, Graphene-based photocatalysts for CO2
reduction to solar fuel, The journal of physical chemistry
letters. 6 (2015) 4244-4251.

[310] O.R. Andrade, V. Rodriguez, R. Camarillo, et al,
Photocatalytic Reduction of CO2 with N-Doped TiO2-Based
Photocatalysts Obtained in One-Pot Supercritical Synthesis,
Nanomaterials. 12 (2022) 1793.

[311] M.-Q. Yang, Y.-J. Xu, Photocatalytic conversion of CO 2 over
graphene-based composites: current status and future
perspective, Nanoscale Horiz. 1 (2016) 185-200.

[312] C.H. Nguyen, R.-S. Juang, Efficient removal of methylene blue
dye by a hybrid adsorption—photocatalysis process using
reduced graphene oxide/titanate nanotube composites for
water reuse, J. Ind. Eng. Chem. 76 (2019) 296-309.

[313] N.N.T. Ton, A.T.N. Dao, K. Kato, et al, One-pot synthesis of
TiO2/graphene nanocomposites for excellent visible light
photocatalysis based on chemical exfoliation method, Carbon
133 (2018) 109-117.

[314] F. Chen, S. Li, Q. Chen, et al, 3D graphene aerogels-supported
Ag and Ag@ Ag3PO4 heterostructure for the efficient
adsorption-photocatalysis capture of different dye pollutants
in water, Mater. Res. Bull. 105 (2018) 334-341.


http://refhub.elsevier.com/S1319-6103(22)00126-0/h1380
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1380
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1385
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1385
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1385
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1385
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1390
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1390
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1390
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1395
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1395
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1395
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1395
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1400
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1400
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1400
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1400
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1400
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1400
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1405
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1405
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1405
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1405
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1410
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1410
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1410
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1410
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1415
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1415
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1415
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1420
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1420
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1425
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1425
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1425
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1430
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1430
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1430
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1435
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1435
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1435
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1440
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1440
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1440
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1445
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1445
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1445
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1450
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1450
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1450
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1455
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1455
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1455
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1460
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1460
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1460
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1465
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1465
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1465
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1465
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1470
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1470
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1470
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1470
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1470
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1475
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1475
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1475
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1480
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1480
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1480
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1480
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1485
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1485
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1485
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1485
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1485
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1490
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1490
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1490
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1490
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1495
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1495
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1495
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1500
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1500
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1500
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1500
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1505
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1505
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1505
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1505
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1510
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1510
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1510
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1510
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1515
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1515
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1515
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1520
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1520
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1520
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1525
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1525
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1525
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1525
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1530
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1530
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1530
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1535
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1535
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1535
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1535
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1540
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1540
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1540
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1545
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1545
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1545
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1550
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1550
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1550
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1550
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1555
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1555
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1555
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1560
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1560
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1560
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1560
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1565
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1565
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1565
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1565
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1570
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1570
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1570
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1570

32

M. Khan et al.

[315] J.-X. Jiang, Q.-Q. Zhang, Y.-H. Li, et al, Three-dimensional
network graphene aerogel for enhancing adsorption and visible
light photocatalysis of nitrogen-doped TiO2, Mater. Lett. 234
(2019) 298-301.

[316] G. Rajender, J. Kumar, P. Giri, Interfacial charge transfer in
oxygen deficient TiO2-graphene quantum dot hybrid and its
influence on the enhanced visible light photocatalysis, Appl.
Catal. B 224 (2018) 960-972.

[317] R. Shahbazi, A. Payan, M. Fattahi, Preparation, evaluations
and operating conditions optimization of nano TiO2 over
graphene based materials as the photocatalyst for degradation
of phenol, J. Photochem. Photobiol., A 364 (2018) 564-576.

[318] T. Shende, B. Bhanvase, A. Rathod, et al, Sonochemical
synthesis of Graphene-Ce-TiO2 and Graphene-Fe-TiO2
ternary hybrid photocatalyst nanocomposite and its
application in degradation of Crystal Violet Dye, Ultrason.
Sonochem. 41 (2018) 582-589.

[319] D. Chen, D. Wang, Q. Ge, et al, Graphene-wrapped ZnO
nanospheres as a photocatalyst for high performance
photocatalysis, Thin Solid Films 574 (2015) 1-9.

[320] S.P. Lonkar, V. Pillai, A. Abdala, Solvent-free synthesis of
ZnO-graphene nanocomposite with superior photocatalytic
activity, Appl. Surf. Sci. 465 (2019) 1107-1113.

[321] A. Iftikhar, S. Yousaf, F.A.A. Ali, et al, Erbium-substituted
Ni0. 4Co0. 6Fe204 ferrite nanoparticles and their hybrids with
reduced graphene oxide as magnetically separable powder
photocatalyst, Ceram. Int. (2019).

[322] M.A. Kanjwal, W.-W.-F. Leung, Titanium based composite-
graphene nanofibers as high-performance photocatalyst for
formaldehyde gas purification, Ceram. Int. 45 (2019) 5617—
5626.

[323] C. Mu, Y. Zhang, W. Cui, et al, Removal of bisphenol A over a
separation free 3D Ag3PO4-graphene hydrogel via an
adsorption-photocatalysis synergy, Appl. Catal. B 212 (2017)
41-49.

[324] C.-]J. Chang, Y.-G. Lin, P.-Y. Chao, et al, Agl-BiOI-graphene
composite photocatalysts with enhanced interfacial charge
transfer and photocatalytic H2 production activity, Appl.
Surf. Sci. 469 (2019) 703-712.

[325] C.-J. Chang, C.-W. Wang, Y.-H. Wei, et al, Enhanced
photocatalytic H2 production activity of Ag-doped Bi2WO6-
graphene based photocatalysts, Int. J. Hydrogen Energy 43
(2018) 11345-11354.

[326] W. Zhang, W. Li, Y. Li, et al, One-step synthesis of nickel
oxide/nickel carbide/graphene composite for efficient dye-
sensitized photocatalytic H2 evolution, Catal. Today 335
(2019) 326-332.

[327] M.J. Rivero, O. Iglesias, P. Ribao, et al, Kinetic performance
of TiO2/Pt/reduced graphene oxide composites in the

photocatalytic hydrogen production, Int. J. Hydrogen Energy
44 (2019) 101-109.

[328] N. Khalid, E. Ahmed, M. Ahmad, et al, Microwave-assisted
synthesis of Ag-TiO2/graphene composite for hydrogen
production under visible light irradiation, Ceram. Int. 42
(2016) 18257-18263.

[329] N. Shehzad, M. Tahir, K. Johari, et al, Fabrication of highly
efficient and stable indirect Z-scheme assembly of AgBr/TiO2
via graphene as a solid-state electron mediator for visible light
induced enhanced photocatalytic H2 production, Appl. Surf.
Sci. 463 (2019) 445-455.

[330] Y. Liu, H. Yu, H. Wang, et al, Efficient H2 production over
Au/graphene/TiO2 induced by surface plasmon resonance of
Au and band-gap excitation of TiO2, Mater. Res. Bull. 59
(2014) 111-116.

[331] N. Subha, M. Mahalakshmi, M. Myilsamy, et al, Effective
excitons separation on graphene supported ZrO2TiO2
heterojunction for enhanced H2 production under solar light,
Int. J. Hydrogen Energy 43 (2018) 3905-3919.

[332] Y. Xia, Q. Li, K. Lv, et al, Superiority of graphene over carbon
analogs for enhanced photocatalytic H2-production activity of
ZnIn2S4, Appl. Catal. B 206 (2017) 344-352.

[333] C.-J. Chang, Y.-H. Wei, K.-P. Huang, Photocatalytic
hydrogen production by flower-like graphene supported ZnS
composite photocatalysts, Int. J. Hydrogen Energy 42 (2017)
23578-23586.

[334] C.-J. Chang, Y.-G. Lin, H.-T. Weng, et al, Photocatalytic
hydrogen production from glycerol solution at room
temperature by ZnO-ZnS/graphene photocatalysts, Appl.
Surf. Sci. 451 (2018) 198-206.

[335] S. Liu, X. Chen, Z.-J. Wu, et al, Chitosan-reduced graphene
oxide hybrids encapsulated Pd (0) nanocatalysts for H2
generation from ammonia borane, Int. J. Hydrogen Energy
44 (2019) 23610-23619.

[336] M.B. Ali, W.-K. Jo, H. Elhouichet, et al, Reduced graphene
oxide as an efficient support for CdS-MoS2 heterostructures
for enhanced photocatalytic H2 evolution, Int. J. Hydrogen
Energy 42 (2017) 16449—-16458.

[337] Q. Wang, L. Tao, X. Jiang, et al, Graphene oxide wrapped
CH3NH3PbBr 3 perovskite quantum dots hybrid for
photoelectrochemical CO2 reduction in organic solvents,
Appl. Surf. Sci. 465 (2019) 607-613.

[338] Y. Rambabu, U. Kumar, N. Singhal, et al, Photocatalytic
reduction of carbon dioxide using graphene oxide wrapped
TiO2 nanotubes, Appl. Surf. Sci. 485 (2019) 48-55.

[339] L. Zhang, N. Li, H. Jiu, et al, ZnO-reduced graphene
oxide nanocomposites as efficient photocatalysts for
photocatalytic reduction of CO2, Ceram. Int. 41 (2015)
6256-6262.


http://refhub.elsevier.com/S1319-6103(22)00126-0/h1575
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1575
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1575
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1575
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1580
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1580
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1580
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1580
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1585
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1585
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1585
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1585
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1590
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1590
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1590
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1590
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1590
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1595
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1595
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1595
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1600
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1600
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1600
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1605
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1605
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1605
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1605
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1610
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1610
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1610
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1610
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1615
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1615
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1615
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1615
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1620
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1620
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1620
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1620
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1625
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1625
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1625
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1625
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1630
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1630
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1630
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1630
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1635
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1635
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1635
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1635
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1640
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1640
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1640
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1640
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1645
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1645
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1645
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1645
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1645
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1650
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1650
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1650
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1650
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1655
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1655
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1655
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1655
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1660
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1660
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1660
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1665
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1665
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1665
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1665
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1670
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1670
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1670
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1670
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1675
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1675
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1675
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1675
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1680
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1680
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1680
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1680
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1685
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1685
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1685
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1685
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1690
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1690
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1690
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1695
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1695
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1695
http://refhub.elsevier.com/S1319-6103(22)00126-0/h1695

	Graphene/inorganic nanocomposites: Evolving photocatalysts for solar energy conversion for environmental remediation
	1 Introduction:
	2 Synthesis
	2.1 Preparation of graphene
	2.2 Preparation of Graphene-Based inorganic Photocatalysts:
	2.2.1 Post deposition methods
	2.2.2 In-situ binding methods
	2.2.3 Hydrothermal/-Solvothermal methods
	2.2.4 Self-Assembly method
	2.2.5 Electrochemical methods


	3 Environmental applications of graphene based photocatalysts
	3.1 Photoelectrochemical H2 evolution reaction (HER) for green H2 fuel
	3.2 Photocatalytic degradation of pollutants for environmental remediation
	3.3 Photocatalytic applications in organic synthesis
	3.4 Photocatalytic reduction of CO2

	4 Summary and perspectives
	Declaration of Competing Interest
	References


