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Abstract
Photoactive nanomaterials constitute an emerging field in nanotechnology, finding an extensive array of applications spanning 
diverse areas, including electronics and photovoltaic devices, solar fuel cells, wastewater treatment, etc. Titanium dioxide 
 (TiO2), in its thin-film form, has been exhaustively surveyed as potential photocatalysts for environmental remediation owing 
to its innocuousness, stability, and photocatalytic characteristics when subjected to ultraviolet (UV) irradiation. However, 
 TiO2 has some shortcomings associated with a large bandgap value of around 3.2 eV, making it less efficient in the visible 
spectral range.  TiO2 is often consolidated with various carbon nanomaterials to overcome this limitation and enhance its 
efficiency. Graphene, a 2-dimensional allotrope of carbon with a bandgap tuned between 0 and 0.25 eV, exhibits unique 
properties, making it an attractive candidate to augment the photoactivity of semiconductor (SC) oxides. Encapsulating gra-
phene oxide onto  TiO2 nanospheres demonstrates intensified photocatalytic properties and exceptional recyclability for the 
degeneration of certain dyes, including Rhodamine B. This review encompasses various techniques to synthesize graphene-
based  TiO2 photoactive composites, emphasizing graphene capsulized hollow titania nanospheres, nanofibers, core/shell, and 
reduced graphene oxide-TiO2-based nanocomposites. It also consolidates the application of the aforestated nanocomposites 
for the disintegration of various synthetic dyes, proving efficacious for water decontamination and degradation of chemicals 
and pharmaceuticals. Furthermore, graphene-based  TiO2 nanocomposites used as lithium (Li)-ion batteries manifesting 
substantial electrochemical performance and solar fuel cells for energy production are discussed here.

Keywords Titanium dioxide · Graphene nanomaterials · Photocatalysis · Synthetic dyes · Wastewater treatment · Li-ion 
batteries

Introduction

Titanium dioxide (titania), an oxide of titanium, is a widely 
available and cost-efficient photocatalytic material that has 
acquired tremendous interest over the years owing to its 
remarkable properties such as innocuousness, eco-compat-
ibility, and greater chemical stability (Václav et al. 2013; 
Pawar et al. 2018; Moma and Baloyi 2019).  TiO2 finds 

diverse applications, spanning from paint to food coloring, 
sunscreen, other cosmetics, tattoo pigments, etc. Because 
of its stable and distinctive photo-physical and photochemi-
cal properties,  TiO2 serves as an essential material utilized 
under various areas of solar energy cells, solar fuels, and 
wastewater purification (Liu et al. 2013; Berberidou et al. 
2019). In 1967, Akira Fujishima, a Japanese chemist, dis-
covered the photocatalytic properties of nanosized titanium 
dioxide under UV irradiation. Following the discovery of 
photocatalytic properties,  TiO2 was employed as a pho-
tocatalyst in energy production by dissociating water into 
hydrogen and oxygen, and the hydrogen thus obtained was 
utilized as a fuel (Fujishima and Honda 1972). In 1995, 
 TiO2 coated glass exposed to the sunlight led to the pro-
gress of glasses that had the capability of keeping them-
selves free of grime and coatings that eliminate any possibil-
ity of surfaces fogging (Hashimoto et al. 2005; Gore et al. 
2016a, b, 2019a, 2020, 2021; Bangar et al. 2018; Gore and 
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Kandasubramanian 2018; Pawar et al. 2020; Mayilswamy 
et al. 2022). By the end of 2008, nanosized  TiO2 materials 
were also incorporated in exterior construction materials 
(Haider et al. 2017), like paints, to reduce airborne pollutants 
such as nitrogen oxide. Photo-catalytic attempts have been 
made to mineralize contaminants in wastewater by convert-
ing them into  CO2 and  H2O (Jochen Winkler 2013; George 
and Kandasubramanian 2020; Hemanth and Kandasubra-
manian 2020; Jimmy and Kandasubramanian 2020; Jaya 
Prakash and Kandasubramanian 2021; Dixit et al. 2022). 
However,  TiO2 suffers from a large bandgap of about 3.2 eV, 
which allows it to absorb only the UV-photons, i.e., it can 
utilize a very minimal amount of the total energy in the solar 
spectrum, which accounts for 3–5% of the total energy thus 
limiting its application in wastewater purification (Liu et al. 
2013; Saxena et al. 2022). It also exhibits rapid recombin-
ing of charge carriers resulting in the annihilation of each 
other, thus affecting titanium dioxide's photocatalytic activ-
ity (Nam et al. 2019). Figure 1 illustrates diverse applica-
tions of photocatalytic  TiO2.

Various properties of distinct crystalline forms of  TiO2 
(Anatase, rutile, and brookite) are enumerated in Table 1

In order to enhance the efficacy of  TiO2 various tech-
niques, including metal/non-metal incorporation, combined 
with semiconductors having smaller bandgaps, noble met-
als incorporation, and integration of graphene and graphene 
oxide are employed. The implementation of such methodolo-
gies has improved the overall efficiency of  TiO2 nanocom-
posites. To specify, the production of energy, as discussed 
earlier, can be increased when  TiO2 is doped with carbon.

Graphene is a notable candidate known for its 2-dimen-
sional structure and magnificent properties, including 

outstanding thermal conductivity, superior mechanical 
strength, and electron mobility, promoting its versatility to 
modify the photocatalytic activity of semiconductor oxide. 
Moreover, graphene's zero bandgap and high electron mobil-
ity (which act as a reservoir containing electrons depresses 
electron–hole pair recombination) serve as a pre-condition 
for a perfect photosensitizer (Jain and Kandasubramanian 
2020). Also, graphene offers a large Brumauer-Emmett-
Teller (BET) surface area, providing a favorable scaffold to 
anchor  TiO2 nanoparticles and enhanced adsorption ability 
for pollutants (Tang et al. 2018; Sun et al. 2020).

Graphene-based oxides and other materials, like 
drugs, nanocrystals, metal nanoparticles, polymers, and 

Fig. 1  Photocatalytic  TiO2 and its applications

Table 1  Various properties of distinct crystalline forms  TiO2 (Yu 
et al. 2018)

Properties Crystalline Forms

Rutile Brookite Anatase

Bravais lattice Simple, BCC Simple Simple, BCC
Bandgap (eV) 3.0 3.3 3.2
Crystalline struc-

ture
Tetragonal Rhombohedral Tetragonal

Density (g  cm−3) 4.24 4.17 3.83
Dielectric con-

stant
110–117 78 55

Solubility in 
water

Insoluble Insoluble Insoluble

Melting point 1870 Turns into rutile Turns into rutile
Specific gravity 4.23 4.08–4.18 3.79–3.97
Refractive index 2.94 2.8 2.57
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pathogens, find many environmental, energy, and biologi-
cal applications (Morales-narváez et al. 2017). Graphene 
and graphene oxides have an optical transmittance of 
approximately 97.7%, the electrical conductivity of  104 s/
cm, and mechanical strength of 1 TPa.

Graphene encapsulated materials are synthesized using 
several techniques, including chemical vapor deposition, 
layer-by-layer self-assembly, electrostatic self-assembly, 
emulsification method, etc. (Morales-narváez et al. 2017).

This review comprehends the fundamental principle 
involved in photocatalysis, various techniques involved in 
the synthesis of graphene-based titania nanocomposites, 
with the implementation of these nanomaterials in saline 
water treatment, degradation of various chemicals, includ-
ing synthetic dyes and organic pollutants. The synthesized 
photoactive nanomaterials discussed here include encap-
sulated  TiO2 core/shell by graphene prepared through 
self-assembled layer-by-layer stable graphene oxide (GO) 
nanosheets where the oxygen-containing functional groups 
are incorporated onto  TiO2 nanospheres, wrapped anatase 
 TiO2 by graphene oxide, which is accompanied by one-
step graphene oxide reduction and crystallization of  TiO2 
through hydrothermal treatment, mesoporous hollow 
 TiO2 encapsulated by graphene through unique graphene 
protected calcination process, reduced-graphene oxide 
 TiO2 nanocomposites through hydrothermal route, and 
one-dimensional graphene-encapsulated  TiO2 nanofibers. 
Moreover, the application of the aforestated nanocompos-
ites in solar fuel cells and lithium-ion batteries is also 
explained here.

Fundamentals and preparation methods for graphene-
based  TiO2 photocatalyst

Basic principle of photocatalysis mechanism.
The photocatalysis mechanism involves photon irradia-

tion of a semiconductor material (having energy greater than 
or equal to its bandgap) on exposure to sunlight or varied 
artificial light sources. (Mills and Le Hunte 1997). Titania is 
contemplated to be one of the quintessential semiconductors 
used as photocatalytic materials, possessing properties that 
are efficient for photocatalysis, apart from inactivity when 
exposed to visible spectrum (Giovannetti et al. 2017). Con-
cisely, the semiconductor photocatalysis mechanism is based 
on the oxidation and reduction process. When the incident 
light has bandgap energy equivalent to or higher than that 
of the semiconductor, agitation of electrons present in the 
valence band occurs followed by the movement of electrons 
to the conduction band, thus resulting in the generation of 
holes in the valence band. The holes oxidize the donor mol-
ecule and react with a water molecule  (H2O), generating 
hydroxyl radical (OHˉ). Electrons inside the conduction 
band further react with oxygen  (O2), giving rise to super-
oxide ions and inducing a redox reaction (Saravanan et al. 
2017) given below:-

The crystal structure (Gnanasekaran et al. 2015), mor-
phology (SARAVANAN et al. 2011), and catalyst surface 
area (Cernuto et al. 2011) are essential factors that determine 
the photo-mineralization rate of organic compounds through 
photocatalysis. In addition to this, reaction temperature 
(Reza et al. 2017), pH (Neppolian et al. 2002), the intensity 
of the light (Reza et al. 2017), as well as the amount of 
catalyst (Konstantinou and Albanis 2004) also affects the 
photocatalytic activity. The interaction of electrons with the 
surface  (TiO2) and electron–hole recombination also affects 
the photocatalytic process (Giovannetti et al. 2017). Con-
sidering these factors for efficient photocatalytic activity, 
photocatalysis posses' certain advantages and limitations 
(Saravanan et al. 2017) which are as follows:

Advantages

• The photocatalysis process involving pollution-free and 
renewable solar energy provides a better alternative for 
energy-intensive conventional methods.

• Conventional techniques generally comprise the transport 
of pollutants from one stage to another stage, which lim-
its their use. However, harmless products are formed via 
photocatalysis, making it an effective treatment process.

• Photocatalysis is preferred due to its mild reaction con-
ditions, less reaction time, required chemical input, and 
minimum secondary waste production.

Limitations

• The factors that limit the efficiency of the photocatalysis 
process include inhibition of interfacial charge transfer, 
charge-carrier recombination, charge separation, and 
degradation efficiency when subjected to visible spec-
trum (Saravanan et al. 2017).

Synthesis of graphene‑based titania  (GTiO2) 
nanocomposites

GTiO2 nanocomposites are usually synthesized via two 
techniques: in-situ crystallization and ex situ hybridization 
(Giovannetti et al. 2017).

Ex Situ Hybridization.
In this process, pre-synthesized titania NPs are mixed 

with graphene dispersion (Pastrana-Martínez et al. 2012; 
Giovannetti et al. 2017). However,  TiO2 NPs, graphene 

(1)
TiO

2
+ hγ → TiO

2
(electron + hole) Electron − hole generation

(2)
TiO

2
(hole) + H

2
O → TiO

2
+ OH + H+ Hydroxyl radical formation

(3)
TiO

2
(electron) + O

2
→ TiO

2
+ O−

2
Superoxide anion formation
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sheets are pre-functionalized by carbon–carbon coupling 
(covalent) or π-π stacking reaction (non-covalent), thereby 
improving the quality of  GTiO2 nanocomposites [17,26]. 
(He et al. 2010; Giovannetti et al. 2017).

In Situ Crystallization

In this technique, reduced-graphene oxide (rGO) or GO 
is used as an initial material owing to the presence of  O2 
contained functional moieties on its surface. Successive 
reduction of graphene oxide promotes the direct interac-
tion between graphene and SC nanocrystals (Giovannetti 
et al. 2017). Due to this reason, various methods could be 
applied to fabricate  GTiO2 nanocrystals, including mixing, 
sol–gel, electrochemical deposition, hydrothermal and sol-
vothermal methods, microwave, photo-assisted reduction, 
combustion, and self-assembly approach. These methods 
are briefly discussed below.

Mixing Method

Mechanical mixing is a process that is widely used due 
to its controllable reaction conditions and simplicity. To 
produce enough contact between the original materials, 
the method necessitates mixing  TiO2 and G/GO by further 
sonication and agitation. Further, the prepared material 
is centrifuged, washed, and dried to achieve the required 
 TiO2/GO NCs (nanocomposites). The method improves 
light adsorption ability and electron–hole charge separa-
tion, which improves photocatalytic activity (Gao et al. 
2014; Thakur and Kandasubramanian 2019; Sharma et al. 
2021).

Sol–gel method

The sol–gel technique can be incorporated to obtain the best 
chemical interaction and a vigorous mixing between GO 
and  TiO2. It is a process that transforms the liquid precursor 
into a sol which moderately forms a gel-like network struc-
ture. This method involves hydrolysis of a  TiO2 precursor 
(commonly titanium-alkoxide), followed by condensation in 
the presence of graphene and graphene oxide. The overall 
process does not require an elevated temperature or pressure 
and is preferred owing to its controllability, reliability, and 
economic cost (Hamadanian et al. 2017). The dispersion 
between  TiO2 and GO provides relatively stable oxo- and 
hydroxo-bonds between the two materials, eventually lead-
ing towards the formation of sol and then in gel-like net-
works on further adding GO. The prepared gel is dried and 
calcinated (Tayel et al. 2018).

Hydrothermal and solvothermal method

In the hydrothermal method,  TiO2 NPs (titania nanopar-
ticles) are loaded onto the GO sheet in an aqueous solu-
tion form, ultrasonicated, and autoclaved at 120–200℃ for 
6–24 h using a Teflon-lined stainless autoclave (Gu et al. 
2014). The overall reaction is conducted under controlled 
pressure and temperature. Researches on photocatalytic 
nanomaterials revealing high absorptivity of dyes and light 
absorption range are investigated, obtained by one-step 
hydrothermal reactions (Zhang et al. 2010a; Giovannetti 
et al. 2017; Nguyen et al. 2019). The solvothermal method 
is relatively the same in comparison with the hydrothermal 
process; besides, a non-aqueous solvent is considered (Tayel 
et al. 2018). Due to the nanocomposites' better shape, size, 
and crystallinity control, the solvothermal method is pre-
ferred over the hydrothermal method (Tayel et al. 2018).

Electrodeposition

TiO2 NPs can be electrolytically deposited on the graphene 
surface at a lower temperature through the aqueous solution 
containing  TiO2 (Giovannetti et al. 2017).

Microwave‑assisted strategy

TiO2 NPs of controlled size and shape can be uniformly 
distributed on the graphene sheet due to their binding nature 
via in situ microwave or microwave-assisted strategy (Gio-
vannetti et al. 2017). Microwave-assisted synthesis of rutile/
anatase titania NPs capsulized within N- doped modified 
graphene sheets for future applications in sodium-ion bat-
teries was reported (Wang et al. 2021).

Photoreduction

Several other methods are investigated, such as fabrication 
of  TiO2-rGO (titania reduced graphene oxide nanocompos-
ites) carried out through the photoreduction of graphene 
oxide nanosheets (GONSs) in a simple titanium dioxide 
and graphene oxide, ethanol system, which demonstrates 
an eco-friendly strategy for  TiO2-rGO hybrid preparation 
(Giovannetti et al. 2017; Pu et al. 2017).

Table 2 offers a glimpse of different synthesis techniques 
employed in the fabrication of various graphene-based tita-
nium dioxide nanocomposites.

Graphene encapsulated hollow  TiO2 nanospheres

Recently, several initiatives have been taken to fabricate and 
examine the photoactivity of various graphene encapsulated 
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 TiO2 nanospheres. The activity of graphene-wrapped  TiO2 
nanospheres by photocatalytic degradation of methylene 
blue (MB) under visible light exposure was examined by 
Park et al. (Zhang et al. 2013). Apart from this, researchers 

fabricated a robust hollow nanosphere comprising alternat-
ing graphene and negatively charged titania nanosheets that 
displayed high photocatalytic activity for carbon-dioxide 
conversion to fuels that could be renewed (Zhang et al. 

Table 2  Different synthesis methods used to fabricate graphene-based  TiO2 nanocomposites

rGO: reduced graphene oxide; Reduced-GO/TiO2 or rGO/TiO2 or rGOT nanocomposite: Reduced–graphene oxide/ titanium dioxide nanocom-
posite;  TiO2 NPs: titanium dioxide nanoparticles; G/TiO2 : graphene-titanium dioxide composite; G in PVP/H2O: graphene in Polyvinylpyrro-
lidone and deionized water; GO/TiO2 : graphene oxide/ titanium dioxide nanocomposite; GO: graphene oxide; Dispersed G: dispersed graphene; 
 TiO2 : titanium dioxide;  C2H5OH: ethanol;  SiO2 : silica; GTNSs: graphene capsulized hollow titanium dioxide nanospheres; r-GO (20%)/TiO2-
P25: reduced graphene oxide/ commercial titanium dioxide;  (TiO2/rGO-10–500): titanium dioxide/ reduced graphene oxide 10 wt% calcinated 
at 700℃;  TiO2/GO (10%) nanocomposite: titanium dioxide/ graphene oxide 10 wt% nanocomposite; TNTs: titanate nanotubes; LT-G-1: leaf-
shaped titanium dioxide nanofibers/reduced graphene oxide composites (1 wt%);  TiCl3: titanium tetrachloride.
†denotes the largest specific surface area, according to graphene/graphene-oxide wt%

Photocatalyst SBET  (m2/g) † Initial graphite Initial semiconductor Fabrication method References

Ex situ hybridization
reduced-GO/TiO2 nano-

composite
220–230 rGO TiO2 NPs in 1-butyl 

alcohol
Mechanical mixing (Morawski et al. 2017)

G/TiO2 - G in PVP/H2O TiO2 (anatase) NPs in 
 H2O

Mechanical mixing (Liu et al. 2015)

GO/TiO2 - GO Titanium isopropoxide Mechanical mixing (Giovannetti et al. 2017)
In situ crystallisation
G/TiO2 - rGO Titanium isopropoxide Sol–gel (Li et al. 2014)
G/TiO2 310 GO P25 Hydrothermal (Pastrana-Martínez et al. 

2012)
G/TiO2 37 Dispersed G Titanium isopropoxide Sol–gel (Zhang et al. 2010b)
G/TiO2 - Suspended GO TiO2 sol Hydrothermal (Long et al. 2013)
G/TiO2 51.034 GO in  H2O/C2H5OH TiO2 One-step hydrothermal (Zhang et al. 2010a)
reduced-GO/TiO2 37 GO Tetrabutyl titanate Sol–gel (Zhang et al. 2010b)
reduced-GO/TiO2 - GO sheets TiO2 sol Solvothermal sol–gel (Gopalakrishnan et al. 

2016)
reduced-GO/TiO2 - GO Titanium isopropoxide Sol–gel (Shao et al. 2013)
reduced-GO/TiO2 79.135 GO TiO2 NPs Photoreduction (Pu et al. 2017)
reduced-GO/TiO2 - GO Colloidal  TiO2 Photoreduction (Williams et al. 2008)
reduced-GO/TiO2 sand-

wich like
- rGO Butyl titanate Hydrothermal/solvo-

thermal
(Li et al. 2017b)

GTNSs 133 GO SiO2 Mechanical mixing and 
calcination

(Zhang et al. 2013)

GO-encapsulated  TiO2 
core/shell

- GO TiO2 Layer-by-layer assembly (Liu et al. 2013)

r-GO (20%)/TiO2-P25 94.4 GO TiO2-P25 Hydrothermal treatment (Andreozzi et al. 2018)
G/TiO2 nanofibers 41.01 GO Anatase-TiO2 Electrospinning-electro-

static attraction
(Li et al. 2017a)

rGOT nanocomposites - rGO TiO2-P25 Hydrothermal (Shoyiga et al. 2021)
rGO/TiO2 nanocom-

posites
- GO in  H2O/C2H5OH TiO2-P25 Hydrothermal (Lin et al. 2020b)

TiO2/rGO – 10%  (TiO2/
rGO-10–700) nano-
composites

91 rGO in isopropanaol TiO2 Hydrothermal (Serafin et al. 2021)

TiO2/GO (10%) nano-
composite

338 GO TNTs and  TiO2 
(anatase)

Microwave hydrother-
mal method

(Martínez-Sánchez et al. 
2019)

TiO2 /rGO composites 
(LT-G-1)

49 GO in deionized  H2O Leaf shaped-TiO2 Electrospinning and 
hydrothermal method

(Seong et al. 2018)

GO/TiO2 nanocompos-
ites

152.5 GO in  H2O TiCl3 Ultrasonic mixing and 
hydrothermal method

(Lin et al. 2020a)
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2013). However, these works suffer from low surface area 
and the large size of  TiO2 nanospheres.

This fabrication method forms graphene encapsulated 
hollow  TiO2 core/shell with a large surface area. The first 
step of this synthesis process includes the deposition of the 
 TiO2 layer onto the  SiO2 nanosphere, which is achieved by 
mixing prepared silica nanosphere with titanium tert-butox-
ide (TBOT) in ethanol with temperature raised to 85℃ and 
stirred at 900 rpm for 100 min under refluxing condition. 
The dried TSNSs were collected, and finally, 3-aminopro-
pyl-trimethoxy-silane (APTMS) was added to obtain amine-
modified TSNSs  (TiO2-SiO2 nanospheres). In the second 
step, GO is prepared using the modified hummers method 
and dispersed in water. Meanwhile, amine-modified TSNPs 
were also dispersed in water. Subsequently, the prepared gra-
phene oxide is mixed with amine-modified TSNP suspen-
sion via vigorous stirring, and the so prepared material is 
labeled as GOTS NSs (GO-coated  TiO2-SiO2 nanospheres) 
(see Fig. 4). The final step includes the calcination of the 
prepared GOTS NSs at 800℃ for 3 h. Eventually, chemical 
etching of  SiO2 in a 2 M NaOH solution at 70℃ for 12 h 
is accomplished, GTNSs are obtained via centrifugation, 
washed, and dried overnight (see Fig. 2).

Figure 3 represents the physical characterization of GOTS 
NSs.

The Rhodamine-B (Rh-B) degeneration determines the 
as-prepared sample's photoactivity under ultraviolet light 
irradiation in an aqueous solution. In contrast, the bandgap 
of GTNSs is determined to be 3.2 eV (Zhang et al. 2013).

Graphene encapsulated  TiO2 core/shell

Recently, there have been limited works known for the func-
tioning of graphene-TiO2 nanoparticle composites. Anchor-
ing is one of the known methods used to fabricate these 
hybrid materials. However, it limits its application because 
small  TiO2 particles agglomerate, leading to a surface area 
reduction of both graphene and  TiO2, whereas separation of 
phases occurs during cyclic utilization, thus affecting pho-
tocatalytic disintegration of organic pollutants in water (Liu 
et al. 2013). Park and his co-workers fabricated graphene-
coated anatase  TiO2 nanoparticles using the one-step hydro-
thermal reduction of GO followed by crystallization of  TiO2. 
The prepared sample exhibits substantial photoactivity due 
to effective contact between graphene oxide and titanium 
dioxide. Figure 4 represents various steps involved in fab-
ricating G-coated  TiO2 core/shell hybrid nanostructures. 
The preparation method is usually a 3-step process in which 
 TiO2 nanoparticles are first treated using 3-aminopropyl-
trimethoxysilane (APTMs). This pre-treatment is necessary 
to obtain an amine-modified  TiO2 nanoparticle surface. In 
the initial step, GO is obtained through the modified hum-
mers method. In the second step, spherical monodispersed 
titania particles are prepared by controlled hydrolysis of 
tetrabutyl-titanate (TBOT) in  C2H5OH. Eventually,  TiO2 
core/shell spheres are encapsulated with GO via uncompli-
cated and pure chemical bonding reactions involving dehy-
dration condensation mechanisms devoid of any modifying 
agents (Liu et al. 2013).

Fig. 2  Fabrication process for graphene-encapsulated hollow-TiO2 via etching inner  SiO2 templates

32310 Environmental Science and Pollution Research (2022) 29:32305–32325
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The physical characterization of the prepared photoactive 
nanomaterial is done using SEM, which depicts the sample’s 
morphology. SEM analysis revealed a rough surface mor-
phology for the pure  TiO2 microsphere possessing a diam-
eter of 850 nm. In contrast, the surface of GO encapsulated 
 TiO2 core/shell structure had wrinkled morphology con-
firming that GO-sheet had successfully combined to  TiO2 
microsphere via pure chemical bond reactions (Liu et al. 
2013). Further, to obtain more information about the struc-
ture, products are probed using TEM, which depicts that the 

core diameter of  TiO2 is around 800 nm and the thickness 
of GO- sheet coated onto the core is around 5–10 nm. The 
bandgap of the prepared material is analyzed to be around 
2.54 eV which is lesser compared to pure titania (3.18 eV), 
signifying that the prepared material could be excited on 
exposure to visible light.

Furthermore, the photocatalytic property was examined 
for the photoactive degeneration of Rh-B in an aqueous 
medium at room temperature. A change in the absorption 
spectra on ultraviolet and visible light exposure for different 

Fig. 3  Physical characteriza-
tion—SEM and TEM images of 
GOTS NSs (above) and GT NSs 
(below). Reprinted with permis-
sion from (Zhang et al. 2013). 
Copyright 2013, Royal Society 
of Chemistry

Fig. 4  Fabrication process for 
G-coated  TiO2 core/shell

32311Environmental Science and Pollution Research (2022) 29:32305–32325
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time intervals was ascertained (Liu et al., 2013). The sample 
exhibited excellent photocatalytic activity, indicated by the 
photodegradation time corresponding to 25 min and 130 min 
when exposed under ultraviolet and visible light, respec-
tively. The prepared sample also displayed a red-shift in the 
bandgap by about 425 nm (Liu et al. 2013).

The aforestated composite microspheres also demon-
strated excellent recyclability as they were easy to sepa-
rate from the solution owing to their weight and size. They 
could effectively degrade Rh-B under UV-light without any 
remarkable deviation even after 5 recycling cycles, thus 
serving as an effective and recyclable photocatalyst (Liu 
et al. 2013).

Reduced graphene oxide-titanium dioxide (RGO-TIO2)-
based nanocomposites.

Recent advances in wastewater treatment (Siong et al. 
2018; Kusiak-Nejman and Morawski 2019) and reuse 
require a highly chemically stable material, typically tita-
nium dioxide, with a low environmental impact (Andreozzi 
et al. 2018). Heterogenous  TiO2-based photocatalysis has 
higher potential in degrading persistent organic pollutants 
(POPs) (Ayalew et al. 2012; Gonte and Balasubramanian 
2012, 2016; Bhalara et al. 2014, 2015a, b; Rule et al. 2014; 
Gonte et al. 2014; Sharma and Balasubramanian 2015; 
Sharma et al. 2016; Gupta et al. 2016; Raj et al. 2017; 
Gore et al. 2017, 2018, 2019c, b; Palaniappan et al. 2018; 
Thakur and Kandasubramanian 2019; Rajhans et al. 2019; 
Sharma and Kandasubramanian 2020; Rastogi et al. 2020; 
Gautam et al. 2020) and compounds that have the endur-
ance towards biological treatment (Schneider et al. 2014; 
Andreozzi et al. 2018). However, due to its low absorption 
capability for aquaphobic contaminants and reduced effi-
ciency resulting from photogenerated electron–hole pair 
recombination,  TiO2 lags in water treatment applications. 

The addition of graphitic materials to  TiO2 is being inves-
tigated to alleviate the shortcomings associated with uti-
lizing titanium dioxide in wastewater treatment. These 
methods have improved the photocatalytic effectiveness 
of pristine titanium dioxide due to charge carrier mobility 
and the resultant increase in the surface area (Andreozzi 
et al. 2018).

The preparation method for rGO/TiO2-P25 involves the 
synthesis of GO from graphite using the modified hummers 
method. The prepared GO is dispersed in MilliQ water and 
formamide and stirred. The mixture is ultrasonicated using 
the ultrasonic processor at 180 W, 24,000 Hz for 60 min, 
and  TiO2-P25 is further added. After mixing, the sample 
is incorporated in the Teflon-lined autoclave reactor, which 
is hydrothermally treated. The solids thus achieved are fil-
tered, washed, and finally dried (Andreozzi et al. 2018). 
Figure 5 represents the preparation method for rGO-TiO2 
nanocomposite.

For the removal of high aqua-phobic contaminants (i.e., 
aromatics) due to the hydrophobic behavior of the carbonic 
phase, the rGO-TiO2 nanocomposite is found to be more 
efficacious. However, on the other end, acetic acid is barely 
degraded.

Table 3 represents the total pore volume (TPV) and the 
specific surface area (SSA) along with total organic carbon 
(TOC) removal for different compositions of rGO-TiO2-P25, 
respectively.

Graphene encapsulated  TiO2 nanofibers

Recent graphene encapsulated materials focus on 
improved electrical conductivity and high-rate perfor-
mance. In this fabrication process, anatase  TiO2 nanofib-
ers are fabricated initially via electrospinning (Li et al. 

Fig. 5  Fabrication process for 
reduced-graphene oxide-based 
 TiO2 nanomaterials
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2017a). Figure  6 depicts the schematic representa-
tion of various steps involved in preparing graphene-
encapsulated  TiO2 nanofibers. Generally, electrospin-
ning refers to a voltage-driven process where fibers of 
a few microns are formulated from a polymer solution 
(nanoScience Instruments) https:// www. nanos cience. 
com/ techn iques/ elect rospin/. Typically, for synthesiz-
ing anatase  TiO2 nanofiber process, a solution of poly-
vinylpyrrolidone dissolved in a mixture of ethanol and 
acetic acid is stirred. Tetrabutyl-titanate (Ti(OBu)4) is 
further included in the prepared mixture, and then the 
sample is transferred to a plastic syringe attached with 
a stainless-steel needle. The sample is ejected from the 
needle with 20 kV of the voltage applied. The electro-
spun materials are collected onto a piece of aluminum 
foil, dried, and calcinated. The next step involves the 
encapsulation of synthesized negatively-charged GO 
onto the prepared positively-charged  TiO2 nanofibers. 
The final product is formed after the reduction of GO 
and is incorporated as an electrode for rechargeable bat-
teries possessing outstanding regenerative stability and 
high-rate performance.

G/TiO2 nanocomposites: photocatalysts 
for water treatment application

Classification and disintegration of various dyes

Dyes are colored substances usually soluble in water and 
are chemically bonded to the substrate to which they are 
applied. The different color of dyes results from the selec-
tive absorption of different wavelengths of light (Giovannetti 
et al. 2017). They can be categorized into two types, namely 
natural dyes—obtained from plant-based sources (like barks, 
leaves, roots, lichen, and fungi) and synthetic dyes—usually 
human-made (from petrochemicals).

Typically, dyes are categorized based on their chemical 
properties and solubility. Their chemical structure comprises 
a chromophore, a covalent-unsaturated group responsible for 
color production. On the other hand, it also comprises an 
autochrome and the chromophore, influencing the solubility 
of water (Giovannetti et al. 2017).

Dyes can be mainly categorized as acidic, basic, direct 
or substantive, mordant, reactive, dispersive, azonic, and 
sulfur dyes based on their uses. Food dyes are another class 
describing the roles of dyes usually classified as food addi-
tives. Figure 7 illustrates some common forms of dyes along 
with their applications.

However, the production by textile, printing, and paper 
industries and the substantial use of these dyes result in 
wastewater which is considered a potential source of pol-
lution of water reservoirs (see Fig. 8). These dyes affect 
waterways and have a severe impact on the environment, 
and hence the degradation of these dyes becomes neces-
sary.  GTiO2 nanocomposite is considered a possible material 

Table 3  SSA and TPV of rGO-TiO2-P25 for different compositions 
(0%, 5%, 10%, and 20%) (Andreozzi et al. 2018)

Photocatalytic materials SSA  (m2/mg) TPV  (cm3/mg)

P25 0.0504 0.307 *  10–3

r-GO (1%)/P25 0.0535 0.405 *  10–3

r-GO (5%)/P25 0.0714 0.405 *  10–3

r-GO (10%)/P25 0.0784 0.405 *  10–3

r-GO (20%)/P25 0.0944 0.407 *  10–3

Fig. 6  Schematic diagram representing the fabrication process of graphene-encapsulated  TiO2 nanofibers
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used to adsorb harmful chemicals and is individually tested 
to degrade these eco-unfriendly dyes from aqueous envi-
ronments (Giovannetti et al. 2017). Table 4 enlists various 
photoactive materials used to degrade organic dyes (Methyl-
ene blue, Methyl orange, Rhodamine B) along with various 
specifications, including dye concentration (mg/L), catalyst 
quantity (mg/L), irradiation source, wavelength (nm), power 
(W), percent degradation, and irradiation time (hr).

a. Methylene blue  (C16H18ClN3S)

Methylthioninium chloride, commercially known as MB, 
is commonly used as a dye and medicament. As a medica-
ment, it was predominantly utilized for treating methemo-
globinemia, a state caused by an increased level of methemo-
globin in the blood, particularly for methemoglobin levels 
greater than 30%. It was previously used to treat urinary tract 

infection and cyanide poisoning; however, it is no longer 
endorsed due to its common side-effects, including red blood 
cell (RBC) breakdown, serotonin syndrome, vomiting, suf-
focation, and high blood pressure. Moreover, as a dye, it 
is actively used in textile industries and broadly employed 
as a cationic water-soluble dye for dyeing – paper, timber, 
silk, cotton, and plastics. However, the evacuation of dyes 
from these industries causes severe environmental damage, 
usually in aqueous environments. Therefore, treatment for 
removing methylene blue from the ecosystem is obligatory.

Researches on photocatalytic materials such as  GTiO2 
nanocomposites have been carried out, and these nano-
materials possess higher photocatalytic activity in the 
methylene blue degradation test. Recently, photo-assisted 
oxidation of methylene blue by anatase/rutile  TiO2 micro-
sphere-rGO nanocomposites have been reported. Also, 
experiments on graphene-supported mesoporous titania 

Fig. 7  Some other forms of 
dyes with their applications

Fig. 8  Treating industrial 
wastewater contaminated with 
dye content before discharging 
it into water bodies
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nanosheets have been carried out using the template as 
liquid-phase exfoliated graphene and intermediate as gra-
phene-silica. The formed  GTiO2 Ns exhibited increased 
photocatalytic activity of  TiO2, resulting in complete 
decolorization of the dye when irradiated under ultraviolet 
light (Zhang et al. 2017) (see Table 4).

Methylene blue degradation can be explained by con-
sidering a simple  TiO2/G porous nanocomposite system 
prepared through the sol–gel method. Light irradiation on 
the  TiO2/G surface results in the excitation of electrons 
from the valance band (VB) to the conduction band (CB), 
thereby resulting in the formation of holes ( h+ ) in the VB 
and a photoexcited electron ( e− ) in CB. The formed hole 
and electron pair tend to recombine; however, due to the 
conductive electronic behavior of graphene sheets, the 
photoexcited electron tends to transfer towards the gra-
phene sheet. The photoexcited electron in the CB reacts 
with an  O2 molecule (reduction reaction) and gives rise to 
a superoxide radical anion (•O2‾), which directly degrades 
MB, while photoinduced hole either reacts with water 
forming hydroxyl radicals or directly oxidizes MB (Yang 
et al. 2016) (see Fig. 9).

The adsorption ability of the catalyst exhibits a vital role 
in the photocatalytic activity of the sample. For instance, 

the given specimen exhibited an adsorption capacity higher 
than P25.

The photocatalytic performance of  TiO2/G porous nano-
composite for the degradation MB is studied using ion chro-
matography (separates ion and polar molecules based on 
their affinity). As a result, MB degraded to form partial Cl‾, 
 SO4

2‾, and NH+
4
 (Yang et al. 2016). Moreover, scrutinizing 

the kinetics of the sample follows the first-order Langmuir 
Hinshelwood model having a degradation rate constant 
value, k, 0.0208/min, which is approximately 6.5 times more 
than that of P25 (k = 0.0032/min). Further tests were carried 
out on the performance of the composite after three repeated 
cycles, and it was concluded that the catalytic performance 
of the composite remains invariable (Yang et al. 2016).

The fabrication and photocatalytic activity of 
 TiO2-exfoliated Graphite Oxide composite in MB deg-
radation under UV light irradiation was demonstrated by 
Vanessa and co-workers. Similar work has been reported 
by Suave and his co-workers using  TiO2-ozonated graphene 
nanocomposites (Suave et al. 2017). The results showed 
100% degradation of the dye under ambient conditions. In 
2016, Verma and co-workers fabricated rGO-TiO2 by uti-
lizing mixed-phase titania (with appropriate anatase/rutile 
ratio) via the ex situ hydrothermal method. They used a low 

Table 4  Some photoactive nanomaterials used for the degeneration of organic dyes (Methylene blue, Methyl orange, Rhodamine B) along with 
various specifications

Dye Photocatalyst Conc. of 
the dye 
(mg/L)

Catalyst 
quantity 
(mg/L)

Irradiation 
source

Power (W) Wavelength 
(nm)

Irradia-
tion time 
(hr)

Degra-
dation 
(%)

Ref

Methylene 
blue

TiO2/G 10 10 Visible 50 400–700 2.5 100 (Yang et al. 
2016)

G/TiO2 10 600 UV 250 365 2 100 (Zhang et al. 
2017)

TiO2-GO 10 500 UV 150 665 1 100 (Baldissarelli 
et al. 2015)

TiO2/G 10 500 UV 8 253.7 1.5 100 (Suave et al. 
2017)

rGO/TiO2 320 500 Visible -  > 400 1.5 95 (Verma et al. 
2017)

Methyl orange rGO/TiO2 (M) 10 400 UV 20 365 2 97 (Lavanya et al. 
2017)

G-pasted  TiO2 12 500 UV 16 365 1.25 95 (Xu et al. 2016)
rGO/TiO2 

nanofiber
15 400 UV 20 365 2 100 (Lavanya et al. 

2014)
Flocculent-

like  TiO2/G
20 800 UV 300 365 1 70 (Han et al. 

2015)
Rhodamine B Flowerlike 

 TiO2 sphere/
rGO

15 400 Stimulated 
solar

- - 2 400 (Kim et al. 
2016)

GTiO2 core/
shell

4.79 600 UV 15 365 4.5 100 (Biris et al. 
2016)

TiO2 nano-
tubes /r-GO

10 500 UV 500 365 0.33 100 (Liu et al. 2016)
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anatase/rutile ratio to make the nanocomposite photoactive 
under the visible region. The group studied its photocatalytic 
performance over mixed-phase  TiO2 in methylene blue deg-
radation (Verma et al. 2017).

Graphene-based  TiO2 nanocomposites as photocatalysts 
can be used for the photodegradation of MB (Khan et al. 
2019; Kurniawan et al. 2020) and have proven to be substan-
tial in wastewater treatment. In another study, photocatalytic 
degradation of MB through titanium dioxide nanocompos-
ites with (001) exposed facet constituting graphene oxide 
acquired from coconut shell was reported.  TiO2 was sub-
jected to amendments in order to augment its photocatalytic 
characteristics through the exposure of its (001) crystal facet 
face. The fabricated materials demonstrated good perfor-
mance when irradiated under the visual spectrum, resulting 
in degradation rates of around 51.30% for MB for a reaction 
time of one hour. This amelioration in photo degradability 
could be attributed to enhanced reactivity towards free radi-
cals produced and GO that facilitated separation of charges 
(Yunarti et al. 2022).

b. Methyl orange  (C14H14N3NaO3S)

Methyl orange is an anionic azo-dye that has a diverse 
spectrum of applications in pharmaceuticals, textiles, paper, 
printing, and research fields (Ai et al. 2011). Azo dyes do not 
readily degrade, leading to environmental pollution, espe-
cially in watercourses (Rumky 2013). Various wastewater 
treatment methods have been developed, amongst which 
adsorption techniques are more significant due to their pol-
lutant removal efficiency (Rumky 2013). Researches such as 
rGO- anatase/rutile mixed-phase  TiO2 nanofibers (MPTNFs) 
(Lavanya et al. 2017) synthesized by electrospinning tech-
nique were conducted to upgrade the photocatalytic activ-
ity for methyl orange (MO) degradation (Giovannetti et al. 

2017). G-pasted  TiO2 (Xu et al. 2016) spheres were also 
prepared, introducing better interfaces between G and  TiO2 
than  GTiO2Ns composites and demonstrating higher photo-
catalytic activity under ultraviolet light irradiation (Giovan-
netti et al. 2017). Electron transfer, reaction rate, electronic 
interaction, interfacial distance, surface area, and light irra-
diation time affect graphene-based titania's photoactivity in 
the disintegration of methyl orange in the aqueous solution.

Methyl orange degradation could be further analyzed by 
investigating the reaction mixture for different time inter-
vals by LC–MS (liquid chromatography-mass spectrom-
etry) (Sheikh et al. 2016). Degradation of MO is considered 
to take place in three different ways—azo and ring bond 
cleavage (leading to the formation of intermediate having 
a mass-to-charge ratio (m/z) value: 156), successive ring 
demethylation, and addition of hydroxy groups (leading to 
the generation of intermediates with m/z values: 290 and 
320) and demethylation and removal of sulfur dioxide  (SO2) 
from the ring (leading to the generation of intermediates 
having m/z values: 306, 276 and 240). The final intermedi-
ates so formed consist of m/z values: 319, 260, 258, 234, 
211, 100, 79, and 59, which are further fragmented to give 
high molecular weight intermediates with m/z values—322, 
292, and 225. The other low molecular weight intermediates 
mineralized into  CO2,  H2O, and  NO3‾ (Sheikh et al. 2016).

Based on Eqs. (1), (2), and (3), the degradation reactions 
associated with MO are as follows:

Lavanya and co-workers fabricated rGO wrapped with 
 TiO2 nanofibers via electrospinning technique (Lavanya 
et al. 2014). They fabricated a photocatalyst that exhibited 

(4)∙OH +Methyl orange = degraded products

(5)∙O−
2
+Methyl orange = degraded products

Fig. 9  Degradation of methyl-
ene blue through  TiO2/G porous 
nanocomposites in an aqueous 
solution
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efficient photodegradation of methyl orange (96%) when 
irradiated under ultraviolet light with 365 nm emission 
wavelength and 20 W power. The group compared the 
photocatalytic activity of the fabricated sample to bare 
titanium oxide nanofibers, which were only 46% efficient. 
In 2015, Han and co-workers fabricated a novel graphene/
titanate nanostructure via the hydrothermal method (Han 
et al. 2015). The developed flocculent-like  TiO2/graphene 
nanocomposite has proven an efficient candidate for pollu-
tion removal and hydrogen production. The group reported 
the decomposition of MO through these flocculent-like 
nanocomposites and compared the results with the floc-
culent-like  TiO2 and raw  TiO2 at different time intervals.

Lin et  al. fabricated GO/TiO2 photocatalytic com-
posites through the hydrothermal technique and further 
investigated the degradation and adsorption parameters 
of MO. When subjected to UV irradiation, the prepared 
composites exhibited degradation and adsorption rates 
of around 85.62% for 4 h. The photocatalyst degradation 
occurred through the following mechanism: (i) adsorption 
of methyl orange moieties by the as-prepared composite 
photocatalyst; (ii) photodegradation of methyl orange on 
the surface of graphene oxide through chemical means 
(Lin et al. 2020a).

 iii. Rhodamine-B  (C28H31ClN2O3):

Rhodamine-B is a soluble-basic-fluorescent dye that 
finds extensive application as a dyeing agent in textile 
industries. For instance, rhodamine-B is utilized for dye-
ing several products, including paper, straw, silk, cotton, 
leather, and bamboo (Giovannetti et al. 2017). It is also 
broadly used for photochemical, analytical, and biological 
staining purposes. However, these industries and scien-
tific laboratories emit wastewater contaminated with Rh-B. 
Dye imparts color to the water, which is undesirable to 
photosynthetic aquatic life and water consumers. There-
fore, contaminated effluent water becomes a severe issue 
in the environment (Shakir et al. 2010).

Researchers reported various studies on graphene-based 
 TiO2 nanomaterials for the photodegradation of Rh-B. For 
instance, rGO-TiO2 nanocomposite using electrospinning 
and hydrothermal reaction methods were fabricated whose 
photocatalytic properties associated with Rh-B photo-
degradation were analyzed when exposed to xenon-light 
irradiation. Furthermore, flowerlike  TiO2-rGO were also 
synthesized (FTS-G), in which  TiO2 was characterized as 
possessing a porous structure and a high specific area, and 
rGO was prepared devoid of a potent reducing agent. The 
resultant nanocomposite was evaluated under solar-light 
irradiation, reducing-GO quantity as an essential factor 
for photocatalytic activity. Precursors employed, surface 
area, and interfacial contact were other prominent factors 

associated with photocatalytic activities for the photodeg-
radation of Rh-B.

For further investigation of formed intermediates, ultra-
high-performance liquid chromatography-mass spectrom-
etry (UHPLC-MS) was performed on a heated electrospray 
ionization mode. As soon as Rh-B was mixed in an aque-
ous solution, Cl‾ dissociated and led to the formation of 
C
28
H

31
N

2
O+

3
 , having an m/z value 443.2329 (Ariyanti et al. 

2017). Further, according to previous studies, Rh-B degrada-
tion was carried out via two mechanisms: N-demethylation 
and conjugate structure destruction. The oxidized interme-
diates formed after these processes include Formyl benzo-
ate (m/z: 149), N-ethyl-N’-ethylrhodamine (m/z: 387), N, 
N-diethylrhodamine (m/z: 415), benzoic acid (m/z: 121) 
N-containing derivatives (m/z: 165–167). Further, pH analy-
sis resulted in reducing the solution's alkalinity level, indi-
cating that OH‾ assisted in demethylation and other mecha-
nisms (such as chromophore cleavage, ring-opening, and 
mineralization), leading to the formation of smaller molecu-
lar intermediates having m/z values between 100–200 (Nata-
rajan et al. 2011; Ariyanti et al. 2017). The further miner-
alization results in the generation of low molecular weight 
intermediates:  H2O,  CO2,  NO3‾, NH+

4
.

The catalytic chemical vapor deposition method was uti-
lized to synthesize graphene/TiO2 core–shell nanocompos-
ites (Biris et al. 2016).  The photocatalytic performance is 
calculated by measuring the rate of degradation of Rh-B on 
irradiation with ultraviolet light (15 W, 365 nm). Further-
more, Wang et al. (2015) fabricated  TiO2/rGO nanotubes 
using the hydrothermal method and demonstrated its pho-
tocatalytic activity in Rh-B degradation under ultraviolet 
light irradiation (Liu et al. 2016). The resultant photocatalyst 
(100 mg/L) exhibited 100% efficiency in the deterioration of 
the dye (10 mg/L) after irradiating it for 33 min.

 iv. Others dyes
 v. Rhodamine-6G  (C28H31N2O3Cl)

Rhodamine-6G is a reddish-purple dye that is highly 
soluble and non-volatile. It is actively employed as a tracer 
to determine the direction, flow rate, and liquid transpor-
tation. This is primarily used in biotechnological appli-
cations, including fluorescence correlation spectroscopy, 
flow cytometry, and fluorescence microscopy. However, 
these dyes are poisonous and carcinogenic (Rajoriya 
et al. 2017) to living organisms and are responsible for 
causing eye, skin, and respiratory system irritations (Gio-
vannetti et al. 2017). For photocatalytic degradation of 
Rh-6G, in-situ preparation of rGO-TiO2 “dyad hybrid” (Pu 
et al. 2017) is attained, and the resultant material shows 
enhanced photo-energy adsorption. The material, thus, 
leads to an effective degradation of Rh-6G and exhib-
its a photodegradation rate that is three folds the rate as 
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produced by commercial  TiO2 (P-25) nanoparticles (Gio-
vannetti et al. 2017).

To begin with the degradation mechanism of Rh-6G, the 
attachment of cationic Rh-6G with rGO surface is initiated 
through the following three approaches: electrostatic attrac-
tion, π-conjugate system, and high specific surface area. The 
•OH radicals formed from the photocatalytic phenomenon 
(as discussed previously) target the Rh-6G molecules and 
convert them into  CO2,  H2O, and some other smaller mol-
ecules that are desorbed eventually by  TiO2 and graphene 
surface and sequentially recovering the active sites.

• Reactive Black 5  (C26H21N5Na4O19S6)

Reactive Black 5 belongs to the family of azo dyes and 
contains 2 azo groups. They are immensely used as dyeing 
agents in textile industries. For photodegradation of these 
dyes, various types of  GTiO2 nanocomposites were prepared 
(Dai et al. 2016). Different types of  TiO2 shapes, nanotubes, 
nanoparticles and nanosheets were combined with graphene 
and further investigated. Therefore, these materials dis-
played superior photocatalytic activity compared to P-25, 
and, amongst them,  GTiO2 nanosheets showed the highest 
photoactivity than other photocatalysts (Dai et al. 2016; 
Giovannetti et al. 2017).  TiO2 nanotubes, combined with 
graphene nanocomposites fabricated using hydrothermal 
methods (Liang et al. 2015), also show an enhanced photo-
catalytic efficiency for RB5 (Giovannetti et al. 2017).

The photodegradation of RB5 with 40% graphene-loaded 
titanium dioxide was further studied under GC–MS (gas 
chromatography-mass spectrometry) and took place in 5 
steps. The EWE (electron-withdrawing effect) (Zhang et al. 
2015) –SO2(CH2)nSO4Na and –SO3Na causes the C–S bonds 
to break first, thereby initiating photodegradation.

In the absence of the above groups, the ERE (electron releas-
ing effect) (Zhang et al. 2015) of  NH2 and OH converts the 
naphthalene ring into EWG, which leads to N=N bond cleavage.

Further, the strong EWE of  NO2 triggers the cleavage of 
the C–N bond and oxidation of the C–H bond afterward. 
The cleavage of naphthalene and benzene rings forms cer-
tain oxalic acid, formic acid, and acetic acid intermediates.

Finally, the mineralization of the by-products formed 
resulted in the generation of  CO2 and  H2O (Zhang et al. 2015).

• Acid orange 7  (C16H11N2NaO4S)

Acid orange 7 or 2-naphthol orange, an azo dye, is a 
non-biodegradable dye commonly used for dyeing wool. 
Dyeing/textile industries must treat their wastewater con-
taining these acidic dyes before decomposing it into the 

H
2
O + CO

2
(by − product formed)

natural environment, as these dyes have chronic toxicity 
and carcinogenicity. Graphene-based  TiO2 nanocomposites 
show practical photo activities for disintegrating AO7 under 
solar-light irradiation (Giovannetti et al. 2017). Adsorption 
of the sample could be explained thoroughly by taking irra-
diation time into account, which characterizes the complete 
disappearance of AO7 after 60 min, and the golden yellow 
color of the solution turns colorless.  GTiO2 could effectively 
degrade 99% of AO7 dye from the aqueous solution.

Moreover, the  GTiO2 (G- 0.3 wt.%) catalyst displayed 
higher photocatalytic performance than P25. Therefore, the 
degradation efficiency was approximately twice that of bare 
 TiO2. Reusability, which is considered an essential prop-
erty of the sample, was further analyzed. The results after 
the third cycle showed 92% degradation of the dye within 
60 min (Posa et al. 2016).

Degradation of chemicals and pharmaceuticals

According to the sources, approximately 2.5 billion people 
lack a clean water supply. The number will increase twice by 
the year 2025. Recent studies have substantiated that indus-
tries and chemical laboratories are not the only sources for 
water contamination. Domestic wastewater containing a 
small amount of chemicals, e.g., caffeine and pharmaceuti-
cals, also contributed to groundwater contamination.

Enhanced degradation of caffeine and carbamazepine was 
reported through reusable magnetic  TiO2/G nanocomposite 
(Tayel et al. 2018). For instance, effective removal of carba-
mazepine from water by utilizing microwave-hydrothermally 
produced  TiO2/G nanoparticles and hydrothermally produced 
 TiO2/G aerogels under UV-light irradiation were reported 
(Amalraj Appavoo et al. 2014). Aromatic pharmaceuticals, such 
as ibuprofen anti-inflammatory and sulfamethoxazole antibacte-
rial, have substantially been photodegraded by utilizing  TiO2/G 
nanocomposite irradiated under the ultraviolet light source.

In another study, GO/TiO2 composites employed for the effi-
cient degeneration of dichloroacetic acid (DCA) from effluents 
were reported. These photocatalytic composites were fabricated 
through different processing techniques: mechanical, hydrother-
mal, and solvothermal methods with the proportion of GO/TiO2 
varying from 1 to 10 wt%. GO/TiO2 composite (5 wt%) pre-
pared by hydrothermal method exhibited superior photocatalytic 
efficacy in contrast compared to fabricated counterparts pos-
sessing 87.1% degradation yield and 2.6 folds greater rate of 
degradation compared to pure titania (Ribao et al. 2018).

Lin et al. explored the photocatalytic degradation of iso-
propanol through rGO/TiO2 composites when exposed to 
simulative sunlight. The aforestated composites were fabri-
cated through the hydrothermal technique with the propor-
tion of isopropanol spanning from 20 to 100 ppm. P25rGO 
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(0.01%) (i.e., loading of GO into titania composites: 0.01 
wt%) composite demonstrated supreme isopropanol removal 
of around 92.24% at an isopropanol proportion of 20 ppm. 
Optimum loading of rGO served to entrap electrons, thus 
inhibiting electron–hole recombination. Moreover, it was 
observed that an acidic environment was propitious for pho-
todegradation of isopropanol owing to conditions conducive 
for the generation of  O2

− and OH· (Lin et al. 2020b). Several 
researchers have reported the synthesis of rGO/TiO2 nano-
composites for enhanced photocatalytic degradation and 
efficient removal of various organic compounds, including 
nicotine (Maiti et al. 2020), phenol (Fan et al. 2021), tri-
closan (Kaur et al. 2020), and phenol-4-sulfonic acid (Shen 
et al. 2021).

Drugs possessing low biodegradability and high toxicity 
contaminate water bodies and have an adverse impact on 
marine life. For instance, Diphenhydramine, an anti-hista-
minic drug (Tayel et al. 2018), a widely found product in 
fish liver, mainly detected in the United States, is a highly 
toxic drug that causes damage to aquatic plants, fishes, and 
invertebrates. Therefore, the photodegradation of such drugs 
becomes a priority, and hence, the treatment of these drugs 
is necessary. According to researches, Diphenhydramine 
could be photo-degraded using  TiO2/GO and  TiO2/G nano-
composites leading to the deduction that  TiO2/G exhibited 
a lower rate of degradation than  TiO2/GO nanocomposites 
when irradiated under visible and ultraviolet light. Moreo-
ver, effective photodegradation of pesticide residues, mainly 
alachlor, atrazine, isoproturon, and diuron, were carried out 
(Pastrana-Martínez et al. 2014).

Saline water treatment

Saline water holds a higher concentration of dissolved salts. 
It consists of insoluble particles, including suspended sol-
ids, debris, marine organisms, etc., and soluble particles like 
dissolved solids, including ions of minerals (like calcium, 
magnesium, chloride, etc.). As per the US geological survey, 
seawater has recorded a salt concentration of 35,000 ppm, 
equal to 0.035 kg of salt per 0.001 Kl of water.

Usually, mixing the saline water with hydrocarbons dur-
ing the crude oil and natural gas extraction gives rise to 
saline-produced water (SPW). In general, saline-produced 
water can be treated as a by-product resulting from the com-
bination of saline water and oil and gas. Due to the ecotoxi-
cological effects and depleting water resources, treating the 
saline-produced water is necessary, especially in oil-produc-
ing countries. Typically, physio-chemical and biological pro-
cesses are employed conventionally for the saline-produced 
water treatment (Fakhru'l-Razi et al. 2009; Andreozzi et al. 
2018). High chemical costs and a considerable amount of 
sludge formation limit the application of physio-chemical 

technologies. Recently, various types of research have been 
carried out for saline-produced water treatment through 
photocatalytic processes. Significantly, titania coupled with 
rGO has shown more significant activity than pure titania 
nanomaterials for lowering the total organic carbon content 
of SPW. However, due to the very high concentration of 
Cl‾, it is challenging to treat saline water through photocata-
lytic techniques. Moreover, biological processes are proved 
to be successful for degrading acetic acid, which is barely 
degraded using photocatalytic technologies.

Other applications

Lithium‑ion batteries

In the 1970s, M Stanley Whittingham presented a rechargea-
ble battery class and termed it the lithium-ion battery (LIB). 
These secondary lithium-ion batteries are used in various 
stationery and portable devices such as automobiles, elec-
tronics, aerospace, etc. They have gained popularity mainly 
because of their durable power output, high energy density, 
and stable life cycle. Typically, a Lithium-ion battery com-
prises a cathode (positive electrode) and an anode (negative 
electrode) partitioned by a nanoporous or microporous poly-
mer separator soaked into an electrolyte solution (Fig. 10).

Usually, the cathode is made up of a chemical compound, 
either lithium cobalt oxide  (LiCoO2) (Wang 1996) or lithium 
iron phosphate  (LiFePO4) (Hassoun et al. 2014), and the 
anode comprises graphite (an allotrope of carbon). How-
ever, commercially used graphite suffers from specific bar-
riers for several applications. A high charging rate would 
raise serious concerns due to low lithium insertion potential 
and dendritic lithium deposition on the electrode's surface. 
Poor rate performance obstructs the fabrication and imple-
mentation of these Li batteries.  TiO2 replaced the graphite 
electrode because of its low volume change, natural abun-
dance, and high safety performance. However,  TiO2 was also 
unsuccessful due to the poor Li-ion and electron transfer, 
low conductivity, and aggregation tendency, affecting the 
electrochemical particle performance. Furthermore, one-
dimensional morphology—such as nanofibers (Gao et al. 
2019), nanotubes (de las Casas and Li 2012; Fang et al. 
2019), and nanowires (Peng et al. 2008), is an alternative 
practice to boost the electrochemical performance of these 
batteries due to their high surface area to volume ratio.

However, the aforementioned approach seemed imprac-
tical in specific applications due to lower electron conduc-
tivity and diffusion of Li-ion. Researchers have reported 
credential usage of graphene-coated  TiO2 composite mate-
rials as anode for lithium-ion batteries having significant 
electrochemical performance (Ma et al. 2019; Xin et al. 
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2019; Fu et al. 2019; A.D.R. Madhusanka 2020). A practi-
cal technique to fabricate such graphene encapsulated  TiO2 
nanofibers is discussed in the previous section.

Solar fuel cells

Increasing energy crises and environmental contamina-
tion have called out for a search and the need for renewable 
and eco-friendly methods for energy generation. Hydrogen 
 (H2) is considered a potential alternative for energy storage 
(Zhang et al. 2019) and production due to its pollution-free 
behavior and excellent storage capacity.  TiO2 being a nano-
particle and due to its thin-film nature, could be effectively 
used as a semiconductor oxide for energy production. The 
process involves a simple breakdown of water into elemental 
constituents, i.e., oxygen and hydrogen, and the hydrogen 
thus obtained is used as a fuel. However, the efficiency of 
these fuel cells is comparatively lower even after utilizing 
the thin film and nanoparticle morphology of  TiO2. The pho-
tocatalytic activity of titania can be enhanced by doping it 
with carbon-based material, effectively graphene (Bellam-
konda et al. 2019; Sampath and Sellappa 2020).

Challenges and future prospectives

TiO2 is being comprehensively examined owing to its pho-
tocatalytic properties for free radical generation disintegrat-
ing a diverse spectrum of contaminants in the surroundings. 
Graphene-based nanomaterials and their counterparts are 
endowed with versatile properties, including greater surface 
area, exceptional chemical stability, and electron mobility, 
owing to which they find a multitude of applications such as pli-
able electrodes for polymer photovoltaics (Tiwari et al. 2020), 
hydrogen storage (Jain and Kandasubramanian 2020), fuel cell 
technology (Yadav et al. 2018), and adsorption of heavy metal 

ions (Bhalara et al. 2015a). The photocatalytic performance 
of graphene-based titania composites for photodegradation of 
organic dyes predominantly depends on various factors, includ-
ing potent oxidizing agents and pollutants adsorbed, relating 
to the electron–hole recombination and the electron mean free 
path and the specific surface area of the photocatalyst, respec-
tively. Various research is being carried out to enhance some of 
the factors directly affecting the photocatalysts' degradability. 
To enhance the chemisorption ability of these nanocomposites, 
significant attention has to be paid towards the chemical contact 
between graphene and the pollutants.

Some other challenges posed by the graphene-based tita-
nia nanocomposites that should be addressed in the design 
and fabrication of high-performance photocatalytic com-
posites include microstructural analysis and investigation 
of photocatalytic degradation mechanisms.

Although the aforestated materials are highly beneficial 
in wastewater decontamination, some specific issues related 
to the defect densities and agglomeration of graphene net-
works need to be treated. The agglomeration of graphitic 
layers diminishes its surface area, consequently reducing 
surface accessibility and restricting interaction with the con-
taminants. To regulate other similar technical constraints, 
researchers are exploring progress in graphene-based nano-
materials incorporated with various functional moieties. 
Surface modification of graphene with hydrophilic moie-
ties such as ketone, hydroxyl, carboxyl, and epoxy groups 
are some strategies that augment its dispersion and reduce 
agglomeration effects (Thakre et al. 2021).

More efforts have to be made for depressing the elec-
tron–hole recombination in  TiO2 on exposure to ultraviolet 
light irradiation. Uniform distribution of titania on the gra-
phene surface and an increase in the contact area by opti-
mizing the morphology of graphene and  TiO2 can be con-
sidered future challenges that should be included in further 
research. Furthermore, commercialization of the fabricated 

Fig. 10  Li-ion battery setup
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graphene-based  TiO2 nanocomposites on a massive scale at 
reasonable prices employing regenerable strategies is one 
of the most fundamental concerns that need to be addressed 
(Thakre et al. 2021).

The challenges mentioned above in this field can be con-
sidered promising for further modifications and innovation 
in future studies.

Conclusion

This review revolves around the theme of graphene-based 
TiO

2
 nanocomposites that exhibit superlative photocatalytic 

activity when exposed to natural or artificial light sources. 
Being bestowed with several inherent advantages such as high 
stability, commercial accessibility, and cost-effectiveness, tita-
nia can be explicitly employed for environmental remediation 
towards water treatment and air pollution. However, most pho-
tocatalytic materials often have greater band gap energy val-
ues and reduced efficacy resulting in reduced surface area and 
absorption rates. Hence, various approaches for transforming 
photocatalytic materials to enhance some properties like light 
absorptivity, photoreactive efficacy have been explored over 
the years. In this regard, although  TiO2 is a widely deployed 
candidate for photocatalytic applications, it suffers from draw-
backs associated with low chemical adsorption, high elec-
tron–hole recombination rate, and inactivity towards visible 
light, and these shortcomings of pure  TiO2 can be overcome 
by incorporating nanomaterials like graphene. The incorpora-
tion of graphene leads to a low electron–hole recombination 
rate and intensified chemisorption owing to its exceptional 
electron storage ability, higher electron mobility, larger spe-
cific surface area, and zero bandgap, thus ameliorating the 
adsorption and photodegradation rates of different contami-
nants when subjected to visible radiation.

Furthermore, the G/TiO2 nanocomposites fabricated by 
diverse processing techniques employed in water decon-
tamination, i.e., for degradation of dyes, chemicals, phar-
maceuticals, and saline water, serve as cutting-edge strate-
gies for treating wastewater. It could be deduced that G/
TiO2 nanocomposites demonstrated to be more expedient 
than pure  TiO2 and served as effective photocatalytic nano-
materials for organic pollutant degradation. Apart from this, 
graphene encapsulated  TiO2 nanocomposites as anodes in 
Li-ion batteries exhibited substantial electrochemical per-
formance, and graphene-doped  TiO2 materials proved effi-
cient candidates for hydrogen production. The utilization of 
these enhanced materials and state-of-the-art technologies 
has proven ideal to various stationery and mobile devices, 
thus ensuring better and environment-friendly paths in the 
electronics and biomedical arena.
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