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Abstract
The advanced oxidation process provides significant advancements in the field of environmental remediation all around 
the world. In this context, various photocatalysts with different light-sensitive capabilities were engineered and employed 
for improved photocatalytic performance. Recently, the development of 2D-layered photocatalysts has attracted significant 
attention due to their tremendous pollutant removal efficiencies. The current review explicitly explains the recent develop-
ments in graphene and their derivatives-based heterojunction for enhanced photodecomposition behavior for water purifica-
tion and detoxification. It will provide a systematic roadmap to develop advanced graphene-based nanocomposite for future 
technologies. In addition, the review highlights the different synthesis strategies, properties, charge transfer mechanisms, 
and optimized parameters for different graphene-based photocatalysts. The insight perspective and the future possibilities 
from the recent reports on graphene, graphene oxide (GO), and reduced graphene oxide (RGO) have been presented here, 
which provides the potential to enhance their photodecomposition efficiency for water purification further. A comprehensive 
view of the different graphene-based heterostructures such as plasmonic nanocomposites, semiconductor nanocomposites, 
transition metal dichalcogenides (TMDCs)-based nanocomposites, and organic molecules-based photocatalyst and their 
underlying charge transfer mechanism have been presented. Finally, a summary and future perspective of the development 
of graphene-based photocatalysts has been mentioned and elaborated. The advancement of photocatalytic systems, integra-
tion with graphene-based nanostructures, and innovative technologies for large-scale implementation are poised to offer 
solutions to energy and environmental challenges in the foreseeable future.
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Introduction

All around the world, environmental remediation is one 
of the prime objectives for researchers due to the sustain-
ability of societies and humankind. Due to the continuous 
growth in the population and industrialization, several 
water resources are either contaminated or ruined. Sev-
eral pharmaceutical, chemical, and textile industries are 
responsible for water pollution. Several untreated hazard-
ous long-chain organics, such as azo dye molecules, are 
carcinogenic and pollute water resources (Khin et al. 2012; 
Liu et al. 2022; Göktaş et al. 2014; Goktas et al. 2022a; 
Aslan et al. 2024). These highly stable organic molecules 
not only harm the living species in the water but are also 
responsible for dangerous diseases such as diarrhea, 
typhoid, and hepatitis A, which can drastically damage 
human health (Felis et al. 2022; Dridi et al. 2024). Apart 
from this, these highly stable organic molecules disturb 
the biochemical processes of the plants (Schweitzer and 
Noblet 2018). Consequently, the food chain systems of 
the environment are drastically affected and diminished. 
Different organic pollutants can be persistent in the water 
for a long time and are therefore responsible for soil pol-
lution (Gao et al. 2022). Thus, to minimize and control 
human health risks, there is an urgent need for effective 
ways to remediate the water sources and help to maintain 

the quality of drinking water; several agencies such as 
the World Health Organization (WHO), Environmental 
Protection Agency (EPA), and the European Union (EU) 
implemented some strict rules (Cousins et al. 2022; Dodds 
et al. 2020). They suggested using an advanced oxidation 
process to detoxify various highly stable organic molecules 
that persist in the water sources. In the advanced oxidation 
process (AOP) under light exposure, with the presence of 
the suitable photocatalyst material, the organic moieties 
become decomposed due to the redox reaction (Yang et al. 
2022; Singh et al. 2023a). Advanced Oxidation Processes 
(AOPs), first used in the 1980 s to treat drinking water, 
have emerged as one of the most potent solutions to the 
contemporary pollution and energy crisis across the globe. 
AOPs are chemical reactions that generate and use reactive 
oxygen species (ROS), most commonly hydroxyl radicals, 
to target an analyte, usually a toxin, and convert it into a 
non-toxic form (Singh et al. 2021a, b, 2023a, c). Hydroxyl 
radicals are one of the most reactive oxidizing agents, with 
an oxidation potential between 2.8 and 1.95 V (pH 0–14) 
when measured against the saturated calomel electrode 
(Fujishima and Honda 1972; Singh and Soni 2020a, b, c). 
Their rapid, non-selective attack can disintegrate any ana-
lyte by forming other reactive species, such as H2O2 and/
or superoxides (O2

−·). Since hydroxyl radicals are very 
short-lived, they are generated in situ during the reac-
tion through oxidizing agents, irradiation, catalysts, and/
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or their combinations—different AOPs, such as hydroxyl 
radical-based, ozone-based, Fenton-based, UV-based, 
are known, studied, and applied. Different types of ROS 
can be generated depending on the AOP process (Parrino 
et al. 2020; Singh et al. 2020c; Singh and Soni 2021c). For 
example, for the ozone treatment process, several reac-
tive species such as ·OH, HO2·, HO3·, ·O2

− and ·O3
− were 

created, which interacted with the complex organic moie-
ties and decomposed them into H2O and CO2 molecules 
(Kumar et al. 2022).

Primary deciding factors for process choice depend on 
the concentration of oxidizing agents, pollutants, the catalyst 
used, efficiency, irradiation type and intensity, wastewater 
quality, and most importantly, process cost, which includes 
operation, production, and management expenditures.

As an efficient and low-cost solution, nanomaterial-
mediated photocatalytic AOP became popular for reme-
diating polluted water bodies, which mainly constitute 
organic pollutants and textile discharges. AOP requires no 
heavy machinery and multi-step detoxification like conven-
tional methods. In addition, the advanced oxidation process 
requires only a suitable light source, and the Sun serves as 
a readily available light source that provides highly intense 
light with different ranges, mainly from UV, visible, and 
NIR. Depending upon the optical absorbance ability of the 
photocatalyst, incident light of a particular wavelength can 
be used. Since sunlight is primarily visible and NIR light, 
the photocatalyst materials sensitive to these ranges attracted 
great interest. Additionally, various materials have been 
employed to harvest most of the sunlight illumination.

Nanoscale photocatalysts, mainly metal oxides, have a 
high surface area to volume ratio, high degradation effi-
ciency, robust UV sensitization, good chemical stability, 
easy synthesis, environmental benignity, and cost-effective-
ness, which explains their selection over other AOP alter-
natives. Titanium dioxide (TiO2) was the first and the most 

common photocatalyst used for treating contaminated water 
owing to its excellent charge carrier separation efficiency. 
However, many other suitable alternative oxide materi-
als, such as zinc, indium, copper, molybdenum, have been 
developed into functional photoactive catalysts (Chan et al. 
2011; Singh et al. 2020d; Singh and Soni 2021d, Singh et al. 
2021e, f; Zhang et al. 2023; Göktaş et al. 2023). Although 
majorly designed for treating chemical contaminants, the 
photocatalytic ability of such photocatalysts is also being 
used for the inactivation of bacterial contaminants, air purifi-
cation, hydrogen production, sensing, fabricating re-useable 
surface-enhanced Raman spectroscopy (SERS) substrates, 
among others (Singh et al. 2019a; Singh et al. 2019b; Nal-
doni et al. 2018; Singh et al. 2021f; Yan et al. 2023; Wang 
et al. 2024a, b; Liu et al. 2024; Ji et al. 2016; Pogacean et al. 
2015; Göktaş et al. 2023; Sahin et al. 2024). Principally, all 
semiconductor photocatalysts are photoexcited with a light 
source, generating ROS, which reacts with toxins adsorbed 
on the catalyst surface, leading to the degradation of the 
toxin (Göktaş et al. 2023; Sahin et al. 2024; Singh et al. 
2023c) following the pathway as shown schematically in 
Fig. 1. Mathematically, this can be represented as:

Although metal oxide systems are sought as the most 
powerful photocatalytic sources, they are often used hesi-
tantly due to their fast charge carrier recombination and lim-
ited light sensitivity. However, by any means, if the genera-
tion, separation, and delocalization of the charge carriers can 
be enhanced, the production of reactive species and, hence, 
the degradation efficiency of the catalyst can be increased. 
The need for visible light sensitivity arises when these 
photocatalytic systems are to be used under natural light 
sources such as sunlight, which is mainly made up of visible 

(1)MOx + hν → MOx ⋅

(

e
−, h

+
)

Fig. 1   Schematic representation 
of the photocatalytic process 
mediated by photocatalysts
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spectrum; under artificial light sources, only delayed recom-
bination would work fine to achieve higher degradation.

To overcome the limited effective surface area of the 
metal oxide, 2D-layered nanostructures have come into 
the limelight. Due to 2D-layered structures and effective 
enhanced surface area (2600 m2 g−1), they interact more 
effectively with organic moieties (Ravi et al. 2020; Garg 
and Chandra 2022). Graphene is pure carbon-based nano-
structure with honeycomb structures, which show a semi-
metallic nature due to zero bandgap (Han et al. 2020; Ibra-
him et al. 2021). The existence of π-state valence band (VB) 
and π*-state conduction band (CB) and their convergence 
at Dirac point (or Brillouin zone) enables the graphene to 
exhibit outstanding charge mobility and exceptional con-
ductivity (Zhang et al. 2015). In addition, this novel band 
structure of graphene offers an electron migration speed of 
200,000 cm2 V−1 s−1 (Garg and Chandra 2022). Moreover, 
the graphene layer exhibits excellent thermal conductivity 
and mechanical strength, indicating good stability (Singh 
et al. 2023 d). The atomic layer 2D thickness of graphene 
offers improved charge separation owing to their efficient 
interaction with incident light (Li et al. 2023). The graphene 
layer can capture photoinduced electrons and act like an 
electron acceptor during the photocatalysis process. Con-
sequently, it can lower the charge recombination process, 
highlighting its advantage over the conventional photocata-
lyst (Han et al. 2016; Yang et al. 2014, 2023).

Due to the above-mentioned fascinating properties of 
graphene layers, their attachment to the photocatalyst semi-
conductor, such as TiO2, ZnO, CuO, and MoS2, provides 
excellent sensitization and rapid photoinduced electron 
transfer; consequently, the recombination rate of the pho-
tocatalyst is quenched (Yang et al. 2023; Lu et al. 2016). 
Moreover, graphene attachment boosted the effective sur-
face area, facilitating interaction among the organic moieties 
and photocatalysts. Thus, integrating graphene with different 
semiconductors can significantly attain an effective surface 
area and efficient charge separation, significantly enhancing 
photocatalytic activity. Different graphene-based nanohybrid 
systems have been developed for enhanced artificial photo-
synthesis processes. These unique systems improved per-
formance considerably for different photocatalyst processes 
such as water detoxification, conversion of selective organic 
molecules, CO2 reduction, and water splitting (Yang et al. 
2023; Lu et al. 2018; Khan et al. 2022; Quan et al. 2017).

Since its discovery till date, several routes have been 
designed to achieve effective charge separation for better 
photocatalytic efficacy, of which one has been attaching 
graphene (G) and its related moieties, such as Graphene 
Oxide (GO) and Reduced Graphene Oxide (RGO), to 
metal oxide photocatalysts (Padmanabhan et al. 2021). G, 
GO, or RGO has been associated with reduced bandgaps in 
metal oxide, improved light sensitivity, excellent electron 

scavenging activity, increased direct charge transfer, 
and thus delayed charge recombination tendencies. The 
detailed description of Graphene, its properties, and its 
mechanism for improved photocatalysis is explained in the 
following sections of the review, along with examples to 
bring about better understanding to the reader both con-
ceptually and visually.

Successful exfoliation of a layer of carbon atoms packed 
into a 2D honeycomb crystal lattice, better recognized as 
graphene today, has triggered excitement across scientific 
and technological societies since its discovery in 2004 (Fang 
et al. 2020). Considering its novel and intriguing properties, 
which include improved electrical conductivity, superior 
mobility, exceptional optical transmittance, higher chemical 
stability, and specific surface area (theoretically), its accept-
ance in various fields, including photocatalysis, is quite justi-
fied (Kuang et al. 2020). The introduction of graphene into a 
semiconductor matrix improves the catalytic performance of 
the composite by harnessing a co-catalyst role, which allows 
effective charge separation and transfer in semiconductors 
(Zhang et al. 2015).

Pristine graphene synthesis has been realized by epi-
taxial growth (Song et al. 2022), plasma etching (Li et al. 
2022a, b), chemical vapor deposition (Shi et al. 2022), arc 
discharge (Shafiee et al. 2022), etc.,. However, for cases 
where graphene is utilized as an adjunct, such as in the case 
of photocatalysis, its processability with other compounds 
becomes vital given the final composite characteristics and 
properties. Notably, since most graphene-based photocata-
lyst fabrication is done in the liquid phase, solution-based 
techniques for graphene synthesis, mainly graphene oxide 
reduction to form GO or RGO, are standard. Oxygenated 
functional groups in GO allow flexible and easily acces-
sible wet chemistry processability (Yang and Xu 2013b; Tu 
et al. 2013; Xiang and Yu 2013; Zhang et al. 2020a, b, c, d). 
Although, at present, there are no conventional criteria to 
categorize graphene-based compounds, depending on the 
method utilized to derive graphene, we can categorize it as:

•	 Reduced graphene oxide (RGO)—graphene produced by 
graphene oxide reduction,

•	 Solution exfoliated graphene (SEG)—graphene produced 
by graphite liquid exfoliation in suitable solvents,

•	 Organically synthesized graphene (OSG)—graphene 
obtained by organic synthesis.

Abundant chemical modification opportunities in gra-
phene due to its flexible surface characteristics allow 
a variety of methods that could be used to fabricate gra-
phene-based nanocomposite photocatalysts. Hydrothermal, 
solvothermal, sonication-assisted, and electrochemical depo-
sition are a few to mention (Sui et al. 2020; Bhushan et al. 
2020; Yan et al. 2021; Chen et al. 2020a).
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All these methods have been exploited to twin graphene 
as a 2D support to form composite photocatalysts, which 
can be done in two different ways: in situ and ex situ (Zhang 
et al. 2015; Yang et al. 2014; Mohaghegh et al. 2015). Dur-
ing in situ synthesis, soluble precursor salts of the photoac-
tive materials, GO, and other organic chemicals are mixed, 
followed by thermal, optical, chemical, or ultrasonic treat-
ment to form nanostructure functionalized graphene com-
posites. Specific synthetic conditions can be tuned to modify 
the size and shape of the photoactive component to form 
particles, wires, plates, or anisotropic. In situ methods gener-
ally do not require additional surfactants or linker molecules 
to form the composites, leading to direct interfacial contact 
between the complex's photoactive and the graphene com-
ponents. The process overall is cheap, easy, and cleaner. As 
in the previous case, ex situ methods employ GO precur-
sors and pre-synthesized or often commercially available 
photoactive components rather than their precursor salts. 
Since the photoactive components are performed to form a 
strong interfacial bond with the graphene component, this 
method generally adopts pre or post-treatment steps such as 
surface charge modification, chemical or thermal treatment, 
rendering the ex situ method less efficient. However, since 
the photoactive material is preformed, ex situ methods give 
better size and morphology control. The structure size and 
shape can be maintained uniformly throughout the process, 
allowing the required reproducibility of the procedure and 
the performance of the devised nanocomposite systems.

Although different graphene nanocomposite-based 
excellent reviews have been reported by several research 
groups (Ji et al. 2016; Goktas and Goktas 2021; Han et al. 
2020; Zhang et al. 2015; Yang et al. 2014; Lu et al. 2016; 
Padmanabhan et al. 2021), which emphasize the prepara-
tion methods, functionalization, and diverse photocatalytic 
applications. This review mainly focuses on the surface 
engineering of graphene-based nanocomposites and offers 
a clear roadmap to obtain enhanced photodecomposition 
performance for water detoxification applications. The 
current review highlights the explicit exploration of the 
critical properties of graphene and its nanohybrids, which 
strongly influence its photocatalytic performance. In this 
review, recent progress in integrating graphene and its 
derivatives with other nanostructures such as semicon-
ductors, noble metal nanoparticles, TMDCs, and organic 
molecules for boosted photodecomposition has been elab-
orated in detail. This review provides an integral overview 
that provides a clear understanding of the changes in the 
fascinating properties of graphene with surface modifica-
tion by different nanostructures and their co-relationship 
with photodecomposition performance. We discuss several 
strategies for designing graphene-based nanohybrids and 
compare their photodecomposition efficiency, which pro-
vides a clear understanding for the readers and will help 

develop graphene-based advanced photocatalysts further. 
Finally, we present a brief outlook on future challenges 
and potential advancements in the rising field of graphene-
based photocatalysts.

Properties of Graphene and Their 
Derivatives

The fundamental properties of graphene and its deriva-
tives, such as work function, exceptional electrical con-
ductivities, strong electron-accepting capabilities, high 
transparency, and surface chemical and physical charac-
teristics, depend on their novel surface, structural, and 
interfacial profiles. These properties include electronic 
structures, molecular adsorption, surface chemistry, and 
atomic arrangements, which influence the photocatalytic 
efficiencies of the graphene and graphene-based deriva-
tives. Interestingly, the chemical modification on the 
surface of graphene gives rise to significant tunability in 
their electrical properties and optical properties (Li et al. 
2016) consequently, photodecomposition activity can 
be improved. The overview of outstanding properties of 
graphene, which make it beneficial for the photocatalysis 
process, has been depicted in Fig. 2. Apart from this, the 
various other properties that highly enhance the photode-
composition performance of graphene and their deriva-
tives, such as GO and RGO will be discussed in detail in 
the current section.

Fig. 2   Schematic diagram illustrating the key properties of graphene, 
which are essential for the photocatalytic process
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Crystallographic Properties

The atomic structure properties of graphene have majorly 
contributed to enhancing photocatalytic behavior. This sec-
tion presents the key crystallographic properties of graphene 
for improved photocatalytic activity in depth. The graphene 
contained the 2D-layered structure, which gave rise to 
its effective surface area (theoretically calculated ~ 2630 
m2/g), which provided a high number of active sites and 
facilitated different organic moieties to attach to the sur-
face and enhance the photocatalytic activity (Zhang et al. 
2020a, b, c, d). Additionally, 2D-layered graphene affirms 
the high electron mobility (20,000 cm2/V-s) and can sig-
nificantly improve photocatalytic activity through efficient 
charge migration (Garg et al. 2022). Due to sp2 hybridiza-
tion in graphene, the carbon atoms form in-plane σ bonds 
while the rest of the p orbitals create the π bonds, giving 
rise to graphene's unique electronic structures (Ji et  al. 
2016; Garg and Chandra 2022). In addition, the extensive 
employment of graphene in the photocatalytic processes 
is due to their fascinating electronic properties, driven by 
the 2D-layered crystal lattice of graphene. For the struc-
ture, the valence orbitals of the carbon atoms exhibit the 
sp2 hybridization. Due to this hybridization, three planer 
sigma orbitals are evenly spaced at 120° angle with each 
other. Apart from this, another single 2p orbital is directed 
toward the perpendicular of the plane of a graphene sheet 
(Li et al. 2022a, b). Thus, this unique atomic arrangement 

generates the honeycomb-like structure of graphene, which 
provides a suitable platform to attach with the other different 
nanostructures, such as nanorods, quantum dots, 2D-layered 
nanostructures, and 3D-nanostructures (Lee et al. 2012; 
Xiao et al. 2014; Vazirisereshk et al. 2019; Xiong et al. 
2021). Lee et al. (2012) employed the sol–gel method and 
explored the attachment of TiO2 nanorods over the graphene 
sheets. Their study highlighted that the high surface area 
of graphene increased the probability of the TiO2 nanorods 
attachment. In another report, Xiao et al. (2014) demon-
strated the formation of CdS quantum dots functionalized 
graphene sheets. They showed the layer-by-layer assembly 
of CdS QDs on the poly(allylamine) functionalized graphene 
layer. The CdS/graphene nanohybrids exhibited improved 
photocatalytic and photo-electrochemical properties. The 
hexagonal honeycomb lattice of graphene, with two carbon 
atoms per unit cell, results in a unique band structure first 
calculated by Wallace in 1947 (Wallace 1947) (Fig. 3a, b). 
From an ideal 2D system, the π-electrons in graphene are 
explored by a single atom thickness and noninteracting π and 
π* states. The π-states generate the valence band, while the 
conduction band is produced by the π* states in graphene. 
These two bands touch at six Dirac or neutrality points, 
which can be reduced to a pair, K and K′, independent of 
each other (Fig. 3c). The bands exhibit a linear behavior at 
low energies, which is most relevant in electron transport. 
In the context of the electronic properties of graphene, the 
zero bandgap semiconductor behavior is explained based on 

Fig. 3   a Honeycomb lattice 
structure of graphene with two 
atoms, namely A and B per 
unit cell, b 3D view of the band 
structure of graphene, c disper-
sion of the band structures of 
graphene, d low energy band 
structures of graphene indicat-
ing the reverse cone touching 
with each other at Dirac point. 
They reproduced with permis-
sion (Avouris 2010) Copyright 
2010 American Chemical 
Society
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the contact of the two bands at Dirac points (Pramanik et al. 
2022; Pham et al. 2022) (Fig. 3d).

In graphene structures, C–C bonding provides outstand-
ing strength and increases its mechanical properties (Young's 
modulus ~ 1TPa). This mechanical strength allows the 
2D-layered graphene structure to generate robust support in 
different photocatalytic structures (Garg et al. 2022; Papa-
georgiou et al. 2017). Busarello et al. (2023) recently fabri-
cated graphene-supported ZnO quantum dots (QDs) using 
the wet chemical method. They turned the energy harvest-
ing properties of these nanohybrids by varying the size of 
ZnO QDs over the surface of graphene. They determined 
that ZnO QDs supported by graphene sheets with optimum 
size (4.5 nm) enhance photocatalytic activity compared to 
pristine ZnO QDs.

Optical Properties

The 2D-single layer of graphene can absorb 2.3% of the 
visible region, allowing it to graphene in visible light 
transparently. This fascinating optical behavior of gra-
phene permits visible light to pass through it and interact 
with the photocatalysts (for example, ZnO, TiO2, CuO, 
and CdS) wrapped or underneath graphene (Lu et  al. 
2021; Wang et al. 2017). Apart from this, it has been 
reported that pure graphene can harvest the UV region 
due to zero bandgap, but with the incorporation of defect 
states or functionalization with different groups (–OH, 
–COOH, and pyridine), their absorption edge can be 

extended up to the visible region. It can boost the pho-
tocatalytic process (Georgakilas et al. 2012). Recently, 
Dubey et al. (2024) reported the fabrication of nitrogen-
enriched graphene through the combination of thermal 
annealing and wet chemical methods. Their study dem-
onstrated the improved optical absorption and efficient 
charge separation of graphene due to functionalization 
with the nitrogen group. The modified graphene exhib-
ited outstanding photocatalytic activity by degrading 
orange-G under UV light. In another study, Li et  al. 
(2023) showed the preparation of TiO2/poly(diallyl-
dimethylammonium chloride)/graphene quantum dot 
hybrid through the hydrothermal method with the chemi-
cal method. Their study highlights the improvement in 
the photocatalytic performance of these nanohybrids 
when graphene quantum dots are functionalized with 
a hydroxyl group. They have also highlighted that the 
functionalized group enhanced the number of active sites 
and improved the interfacial charge separation in TiO2/
PDDA/GQDs photocatalyst, which is majorly responsible 
for enhanced photocatalytic activity. The optical profiles 
of graphene, graphene oxide, and RGO are fascinating 
due to their applications in various fields. Graphene con-
tains a single layer of carbon atoms and exhibits unique 
optical transitions due to its zero bandgap (Avouris 2010). 
On the other hand, graphene oxide consists of oxygen 
functional groups, which are semiconductors, resulting in 
the broader bandgap observed (Fig. 4) (Abid et al. 2018). 
The bandgap of graphene oxide is estimated at 1.6–2.5 eV 

Fig. 4   Pictorial view showing 
the variation in the lattice of 
graphene, GO, and RGO with 
the changes in their band struc-
tures. They reproduced with 
permission (Abid et al. 2018) 
Copyright 2018 Springer Nature
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(Velasco-Soto et al. 2015; Moon et al. 2010; Guo et al. 
2022). Velasco-Soto et al. (2015) studied the variations 
in bandgap due to changes in eco-friendly reagents such 
as glucose, fructose, ammonium hydroxide, and ascorbic 
acid. They have shown that glucose and fructose show 
reactivity under the presence of ammonium hydroxide, 
while ascorbic acid can reduce GO independently. Their 
study demonstrated the systematic procedure to tune the 
bandgap of the graphene oxide by modification using the 
chemical route. They concluded that at a pH value of 10, 
the bandgap of graphene oxide varied from 2.7 to 1.15 
eV. Reduced graphene oxide, obtained from graphene 
oxide, also possesses unique optical properties due to the 
restoration of the graphene structure. The optical absorp-
tion peak is generated for RGO due to π → π* transi-
tion in the carbon ring (Lu et al. 2018). The bandgap of 
reduced graphene oxide is narrower than GO and varies 
from 1.1 to 1.4 eV (Lu et al. 2018). Abid et al. (2018) syn-
thesized the RGO from Feng et al. 2013GO and studied 
the variations in their bandgap. For RGO samples, they 
observed the bandgap varied from 1 to 1.69 eV, which 
is controlled by the content of the oxygen atoms. They 
have concluded that the bandgap is adjusted depending 
on the oxygen atoms in RGO. Nugraheni et al. (2015) 
observed a reduced energy gap of RGO by changing the 
oxygen content. They prepared the RGO using the wet 
chemical method and studied the effect of oxygen content 
variation by the thermal annealing process. By varying 
the temperature from 400 °C to 600 °C, the energy gap 
of RGO changes from 0.14 to 0.0.67 eV. The bandgap of 
RGO value is strongly influenced by the degree of the 
reduction. During the reduction, the oxygen atoms'density 
varies, affecting the bandgap and electrical conductivity 

of the RGO (Feng et al. 2013; Nugraheni et al. 2015; Yu 
et al. 2020).

Surface Chemical Properties

2D-layered graphene derivatives contained different defect 
states and functional groups such as epoxy, hydroxyl, car-
boxyl, and amino groups (Wang et al. 2018a, b). These 
existing functional groups enable the adsorption ability of 
graphene oxide and RGO by chemical interaction or physical 
adsorption (π →π stacking interaction). It has been explored 
that functional groups exist over the surface not only to 
remove the long chain containing azo dye molecules but also 
to be capable of adsorbing heavy metals, non-metal ions, and 
gaseous state pollutants (Li et al. 2016; Nemati et al. 2022). 
Figure 5 shows the enhancement in the absorbing ability of 
graphene owing to the increment in the reactive sites and 
improvement in the optical properties, which significantly 
improves their photocatalytic activity. It represents that the 
presence of the alkyl group (R) can enhance the absorbing 
capability of graphene while the presence of OH and NH2 
groups over the surface of graphene can improve the opti-
cal properties and photostability of graphene, respectively 
(Anichini and Samorì, 2021; Shah et al. 2024; Borane et al. 
2024).

Guirguis et  al. (2020) used the microwave plasma 
chemical vapor deposition method to fabricate a defect-
rich graphene layer. They used thermal annealing at 800 
°C to improve the crystallinity. They have pointed out that 
enhanced photocatalytic activity can be attributed to the 
efficient charge transformation among oxygen functional 
groups and dangling bonds appearing around the defective 
sites. In their photodecomposition test, a 5-ppm solution 
of methylene blue (MB) pollutant was decomposed under 

Fig. 5   Pictorial view indicates 
the improvement in the differ-
ent properties of graphene for 
enhanced photocatalytic activity
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UV light illumination using defect-rich graphene substrates 
with a size of 2 cm × 2 cm. The origin of the outstanding 
adsorption ability of graphene-based derivatives is due to an 
effective high surface area, which contains many active sites 
all over the surface.

Moreover, enhanced active sites on the surface of gra-
phene derivatives significantly increase the interaction 
with pollutant molecules (Lyu et al. 2023). Therefore, the 
photoinduced electron–hole pair and unsaturated radicals 
(hydroxyl and superoxide) efficiently interacted with the 
organic molecules and decomposed them rapidly. Surface 
functionalization of graphene with different groups provides 
tunable optical properties and increases structural durability 
under light illumination. Pristine graphene structure tends 
to damage or decompose under UV light exposure. With the 
attachment of a functional group or some dopant, the rigid 
framework helps to protect the graphene structure from oxi-
dation and decomposition under intense light illumination 
(Zhang et al. 2015; Abid et al. 2018).

On the other hand, doping with different nonmetals, such 
as nitrogen and sulfur, in to graphene can tremendously 
improve the charge mobility and light-harvesting ability 
(Jiang et al. 2019). It has been reported that N-doped gra-
phene is suitable for CO2 capture and H2 production appli-
cations due to its outstanding adsorption ability toward the 
H+ ions and CO2 molecules (Lyu et al. 2023; Jiang et al. 
2019; Liu et al. 2023; Kemp et al. 2013). Kemp et al. (2013) 
reported synthesizing N-functionalized graphene from 
activating RGO/polyaniline nanocomposite. The effective 
surface area of the N-graphene is 1336 m2/g and absorbs 
2.7 mmol/g of CO2 gas. They have optimized the N doping 
for enhanced adsorption capability. The prepared optimized 
sample also shows the sensitivity toward the other gases 
such as N2, H2, Ar, and CH4.

Semiconductor Properties

To employ graphene for several semiconductor-based appli-
cations, different research groups have explored its semi-
conductor properties (Lu et al. 2013; Radadiya 2015; Xiang 
et al. 2012). As mentioned in Sect."Optical Properties", the 
functionalization of graphene with other functional groups 
provides control of the electrical properties and variations in 
the bandgap, which majorly affects the photocatalytic pro-
files. Different ways, such as multilayer graphene forma-
tion, surface functionalization, confinement, and molecular 
adsorption, have revealed the semiconductor nature of gra-
phene (Xiang et al. 2012; Di et al. 2016). Different func-
tional groups have been demonstrated to make graphene, 
either n-type or p-type semiconductors (Li et al. 2016; Xiang 
et al. 2012; Di et al. 2016; Sreeprasad and Berry 2013). The 
attachment of the oxygen atom over the surface of graphene 
breaks their sp2 conjugate network and restricts the original 

π-electrons within the separated sp2 domains (Nebol'Sin 
et al. 2020). On the other hand, the π* antibonding main-
tained its position as previously. Moreover, the position of 
the conduction band minima of graphene oxide is unaffected, 
while the valence band maxima shifted due to the interac-
tion between C and O atoms (Hsiao et al. 2010). Based upon 
the surface functionalization of graphene with oxygen atom 
content, tunability has been achieved in the bandgap for the 
case of reduced graphene oxide. As mentioned above, gra-
phene oxide with varied CB and VB positions and semicon-
ductor nature actively provides outstanding performance in 
different photocatalysis processes such as water splitting, 
CO2 capturing, and H2 production (Xiang et al. 2012; Pei 
et al. 2020). Thus, graphene-based derivatives offer the flex-
ibility to tune the CB and VB positions according to the 
application. Similarly, B doping in graphene also provides 
improved charge transformation and is beneficial to improve 
the photodecomposition process of GO (Singh et al. 2018). 
Singh et al. (2018) reported the formation of B-doped gra-
phene using the modified Hummer’s method. Their study 
mentioned that improved photodecomposition activity could 
be assigned to the boosted density of charge carriers in the 
valence band due to the p-type nature of graphene oxide. 
In their photocatalytic studies, methyl orange and methyl-
ene blue were considered as the pollutant solution. They 
used 25 mg of photocatalyst sample to decompose 10 ppm 
of methyl orange (MO) and MB under UV light illumina-
tion for 100 and 50 min, respectively. In another report, Tai 
et al. (2024) used the photoreduction method to fabricate 
nitrogen-doped photo-reduced graphene oxide and varied the 
nitrogen doping content for improved photocatalytic activity. 
They also concluded that the enhanced photocatalytic activ-
ity originated due to high free-electron carrier density and 
a solid n-type conductivity. Luo et al. (2018) synthesized 
sulfur-doped graphene QDs/TiO2 nanohybrids using the fac-
ile hydrothermal method and employed them to decompose 
MO pollutants under UV light illumination. In their pho-
tocatalytic test, 20 mg of S-doped QDs/TiO2 photocatalyst 
was decolorized in a 20 ppm solution of MO for 8 min. They 
have highlighted that improved optical absorption and effi-
cient synergistic effect are majorly responsible for boosting 
photocatalytic performance.

Semi‑metallic Properties

Graphene 2D layers show a semi-metallic nature, which 
makes them unique from typical metals and semiconduc-
tors. As discussed in Section"Crystallographic Properties", 
the VB and CB touch each other at the Dirac point, mak-
ing the graphene a zero bandgap semiconductor. In the gra-
phene structure, near the Dirac points, the electron’s energy 
is linearly proportional to the momentum (Gallerati 2022). 
The charge carriers near the Dirac point act like massless 
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fermions and attain high speed (~ 106 m/s). Apart from these 
fascinating properties, the charge carriers can move speedily 
up to long distances without showing scattering, indicating 
graphene's ballistic transport properties (Ji et al. 2016; Garg 
and Chandra 2022). These outstanding charge migration 
behaviors and fascinating conductivity profiles of graphene 
make them suitable for photocatalysis. Graphene exhibits 
a semi-metallic nature due to its high tendency to accept 
electrons, which improves the photodecomposition ability 
of photocatalysts. In graphene-semiconductor heterostruc-
tures, graphene facilitates the electron transfer from the sem-
iconductor to graphene through the proper band alignment 
(Minella et al. 2017; Liu et al. 2017). Zhang et al. (2020a, b, 
c, d) demonstrated the enhanced photodecomposition activ-
ity of Cu2O/graphene oxide nanohybrids prepared by the 
green precipitation method. Their study highlighted the 1.6 
times better photocatalytic activity of Cu2O/graphene than 
that of pristine Cu2O. The boosted decomposition activity 
is assigned to the efficient charge transformation from Cu2O 
to graphene oxide. The band alignment depends upon the 
work function of the materials and can be tuned by varying 
the material's work function. The work function is a cru-
cial parameter defined as the minimum energy needed to 
eject the electron (Song et al. 2012). For the development 
of graphene-based photocatalysts, the variation in graphene 
offers outstanding control over the charge transfer mecha-
nism. The reported work function of graphene is similar to 
graphite ~ 4.42 eV, which can be tuned by doping certain 
elements (Li et al. 2016; Song et al. 2012). For example, 
the upshift was achieved by doping some metal chloride, 
while nitrogen doping in graphene reduces their work func-
tion (Kwon et al. 2012; Rybin et al. 2016). Thus, the work 
function tuning provides sufficient control to change the 
band alignment of graphene-based photocatalysts. Recently, 
Jiang et al. (2023) used the hydrothermal method to fabricate 
CdS-RGO nanohybrids, which are further functionalized 
with anthraquinone-2-sulfonate, to improve photocatalytic 
activity further. They mentioned that boosted photocatalytic 
activity is ascribed to the interfacial charge transfer effect 
among CdS and RGO. Moreover, RGO also provided an 
increased number of active sites, which is also beneficial for 
their photocatalytic activity.

Factors Affecting the Photocatalytic Activity 
of Graphene

Apart from the properties mentioned above, several param-
eters, such as defect states in graphene, lattice strain, grain 
size, and annealing, are essential parameters that strongly 
influence their photodecomposition activity (Han et al. 2020; 
Zhang et al. 2015; Quan et al. 2017; Padmanabhan et al. 
2021). For graphene sheets, the defect states in graphene can 
modify the electronic properties and trap the photogenerated 

electrons, giving rise to efficient charge separation (Han 
et al. 2020). Also, due to the existence of defect states in 
graphene creates new active sites and boosts the adsorption 
activity of graphene (Ibrahim et al. 2021). The conductiv-
ity and electronic properties suffer a lot after the increment 
of defect states beyond the optimum density, resulting in 
decreased photodecomposition activity (Maarisetty and 
Baral 2020). Recently, Wang et al. (2024a, b) reported the 
role of defects in the improved activity of 3D-graphene-
based composites. In their study, they attached TiO2–C3N4 
nanohybrids with 3D graphene by hydrothermal method and 
incorporated different defect states in TiO2 C3N4 and 3D 
graphene through plasma treatment. The obtained defective 
nanohybrid was employed for the decomposition of tetracy-
cline. Their study highlighted that the defect creation in the 
TiO2–C3N4 nanohybrids-3D-graphene increased the number 
of active sites and provided efficient charge transfer by cap-
turing the light-driven charge carriers.

Grain size optimization is another critical aspect of the 
development of graphene-based photocatalysts. It has been 
reported that optimum grain size can further enhance the 
effective surface area of graphene, improving the active 
sites to interact with several organic molecules. Song et al. 
(2019a, b) prepared the TiO2/P3HT/graphene-based thin 
films by varying the grain size of graphene. They concluded 
that the optimum grain size (150 m2/g) showed the maxi-
mum photodecomposition activity for the RhB molecule 
solution. They have also highlighted that the optimum grain 
size of graphene boosted the effective surface area, resulting 
in photodegradation activity.

One of the other vital parameters is essential, like grain 
size and defect states. Thermal annealing temperature and 
atmosphere are also important factors influencing the pho-
todecomposition activity of graphene-based nanohybrids 
(Huang et al. 2021). The annealing process in graphene 
reduced the microstrain and improved the crystallinity, 
improving its electrical conductivity significantly. Secondly, 
the annealing atmosphere provides the engineering in the 
defect states of graphene to interact with the different pol-
lutant molecules. Sreeprasad and Berry (2013) prepared the 
SnS/graphene nanohybrids using a modified hydrothermal 
process and annealed the sample at 300 °C in a hydrogen 
atmosphere and air. During the thermal annealing process, 
the defect concentration increased, which improved the num-
ber of active sites. Also, they observed that the photocata-
lytic activity improved for the SnS/graphene sample, which 
was annealed in a hydrogen atmosphere due to an efficient 
synergistic effect between SnS and graphene. For the SnS/
graphene sample, annealed in the air indicates lower photo-
catalytic activity due to an increment in the oxygen defect 
states.

As mentioned above, graphene layers exhibit excep-
tional mechanical, electronic, and enhanced surface area 
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properties. Graphene, with its remarkable properties, ena-
bles efficient charge separation and can combine effectively 
with other nanostructures (Goktas and Goktas 2021). Addi-
tionally, the presence of graphene significantly increases the 
density of reactive sites. However, it has been observed that 
graphene's properties are not always superior when com-
pared to other 2D-layered nanostructures, such as transition 
metal dichalcogenides (TMDCs), or one-dimensional nano-
structures like carbon nanotubes (CNTs).

When comparing the bandgap properties of graphene 
and TMDCs, it can be noted that TMDC structures exhibit 
a bandgap of approximately ~ 1.7 eV with semiconducting 
nature, while graphene has a zero bandgap (Li et al. 2016; 
Manzeli et al. 2017). Furthermore, TMDCs display opti-
cal absorption spanning the visible to near-infrared (NIR) 
region, whereas graphene exhibits absorption primarily in 
the UV region. The electron mobility of graphene is signifi-
cantly higher than that of TMDCs, implying that TMDCs 
have lower charge transfer efficiency compared to graphene. 
However, TMDCs excel in light harvesting and their inher-
ent semiconducting nature makes them directly applicable 
in photocatalysis without the need for modification. In con-
trast, graphene often requires modifications to enhance its 
photocatalytic activity.

CNTs represent another type of interesting nanostructure 
with a chemical composition similar to graphene but with 
a one-dimensional (1D) morphology. This 1D structure 
allows CNTs to exhibit directional charge transport, which is 
absent in graphene. Studies have reported that multi-walled 
CNTs demonstrate enhanced mechanical and thermal stabil-
ity compared to graphene (Wu et al. 2020). However, the 

effective surface area of CNTs is lower than that of gra-
phene, reducing their ability to interact with active sites and 
hindering their photocatalytic performance. Additionally, 
CNTs suffer from aggregation issues, which further dimin-
ish their photocatalytic efficiency.

From the above discussion, it can be concluded that, in 
comparison to TMDCs, graphene has an edge in terms of 
high stability and electron mobility, which makes it highly 
suitable for use in hybrid photocatalysts. Compared to CNTs, 
although graphene lacks directional charge transport, its 2D 
platform offers a higher number of interaction sites, thereby 
enhancing its photocatalytic performance.

Graphene‑Based Photocatalyst Systems

As briefly mentioned in the previous section, Graphene 
essentially acquires the role of a co-catalyst. At the same 
time, the photoactive element in the nanocomposite system 
plays the role of light harvester in catalyzing the required 
reaction. These light-harvesting units of the composite sys-
tem broadly fall under three headings: Plasmonic metals, 
Semiconductors (metal oxides and transition metal dichalco-
genides), and Organics. Specific articles (Adán-Más and Wei 
2013; Prakash 2022; Min et al. 2022) also report the light-
sensitive role of graphene where photoexcitation under light 
irradiation or substrate-mediated electron exchanges such 
as through dye molecules have also been proved, but such 
reportage is limited. Graphene-based photocatalyst systems 
thus can be distinctly categorized as noble metal functional-
ized graphene, graphene-semiconductors nanocomposites, 

Fig. 6   Roadmap of graphene 
and its derivatives, showcasing 
various nanostructures designed 
to enhance photocatalytic 
activity
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graphene-sulfide nanocomposites, and graphene-organics 
photocatalysts (Fig. 6). All these systems have been dis-
cussed elaborately in the following section of the review.

Noble Metal‑Graphene‑Based Nanocomposites

In this section, the integration of plasmonic metal nanopar-
ticles such as Ag and Au with graphene or derivatives of 
graphene and their employment for efficient water detoxifi-
cation under light illumination has been discussed in detail. 
The plasmonic-graphene nanohybrids offer enhanced optical 
properties due to the surface plasmon resonance effect and 
provide enhanced effective surface area, improved mobil-
ity, and efficient charge separation. The plasmonic-graphene 
nanohybrids'unique optical absorption, electronic properties, 
and efficient charge transfer profiles are discussed in detail. 
Apart from this, several parameters such as photocatalyst 
amount, scavenger studies, illumination light power, and 
type of organic pollutant are discussed below.

Conventionally, noble metals nanoparticles in a photo-
catalysis reaction play dual roles: a) they act as electron 
sinks that take up photo-charge carriers, extending charge 
separation efficiency and lifetime, and b) they provide an 
active reaction surface for chemical reactions to take place 
by providing lower activation barriers, thereby increasing 
photocatalyst performance. Additionally, at the nanometer 
scale, plasmonically active metal particles such as Ag, Au, 
and Cu have also been utilized as light harvesters owing to 

their Surface Plasmon Resonance (SPR) activity upon light 
irradiation, which is absent in the bulk state (Xie et al. 2020; 
Shown et al. 2024; Manchalaet al. 2019).

When the light frequency with which the metal is illu-
minated matches the frequency of its surface electrons, 
an oscillatory restoring force is established, leading to an 
oscillatory charge density in phase with the falling light. 
The surface electrons can transfer the gained energy in the 
form of energetic electrons to the adjoining component, 
which could be a metal oxide or graphene, GO, or RGO, to 
drive the photocatalytic reactions. In graphene-metal pho-
tocatalysts, metal nanoparticles act as the light-harvesting 
unit that generates charge carriers in hot electrons due to 
SPR. In contrast, graphene acts as the co-catalyst, which 
takes up the electrons and facilitates charge transfer. It has 
been reported that the different parameters, such as the 
wavelength of the exposed light and the size of the plas-
monic nanoparticles, are strong parameters that influence 
the charge transfer mechanism of graphene-plasmonic-based 
nanohybrids (Zhang et al. 2017; Bhunia and Jana 2014). 
Zhang et al. (2017) used the wet chemical method to synthe-
size Au-functionalized RGO nanohybrids. The as-prepared 
Au-RGO sample was employed to decompose benzylic 
alcohol under Xe lamp exposure. In their study, they have 
pointed out the contribution of the SPR, thermal, and Au 
nanoparticle size effects in the photocatalytic efficiency of 
Au-RGO nanohybrids. Moreover, they have mentioned that 
the RGO acts as a photosensitizer and creates electrons, 

Fig. 7   a Schematic repre-
sentation of charge carrier 
transfer mechanism in noble 
metal-reduced graphene oxide 
sheets-based photocatalyst. 
b Bar graph showing the 
photodecomposition efficiency 
of Au-RGO for the oxidation 
of benzyl alcohol, Reproduced 
with permission (Zhang et al. 
2017) copyright 2017 The 
Royal Society of Chemistry, c 
Schematic represent the efficient 
charge transfer mechanism 
between Ag and RGO, d Time 
vs. C/Co curves depicting 
phenol degradation by RGO/
Ag/RGO-Ag photocatalyst 
dissociation. Reproduced with 
permission (Bhunia and Jana 
2014) copyright 2014 American 
Chemical Society
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which are further transferred to the Au nanoparticles and 
decompose the toxic benzyl in alcohol solutions (Fig. 7a). 
In their photodecomposition studies, 8 mg of photocatalyst 
samples were employed to convert benzylic alcohols under 
an Xe lamp source (300 W) (Fig. 7b). Recently, Bhunia et al. 
(2014) adopted a two-step wet chemical method to synthe-
size an Ag-RGO nanocomposite system for photo-catalyt-
ically degrading phenol-based compounds. An amount of 
22 mg of their nanocomposite photocatalyst powder could 
decompose 100 mg/L solutions of phenol, bisphenol, and 
atrazine separately. This nanocomposite system could be 
efficient under UV and visible light sources, possibly due 
to graphene's UV sensitivity and silver's LSPR activity. 
The photocatalytic efficiency of their developed Ag-RGO 
system, when compared with that of bare Ag nanoparticles 
and RGO, was found to be superior, as observed graphically 
in Fig. 7c and d. Higher activity of Ag-RGO was ascribed 
to improved light sensitivity, greater analyte absorption on 
2D RGO support, LSPR of Ag nanoparticles, and efficient 
charge carrier tapping by RGO due to their π conjugate 
structures, which provide effective charge separation, sub-
sequently improving photocatalytic efficiency. They con-
cluded the role of hydroxyl radicals as the main source for 
mediating the catalytic dissociation. Although noble metal 
nanoparticles with single phases bear outstanding SPR 
properties, these properties can be further improved by 
creating bi-metallic noble nanoparticles (Darabdhara et al. 
2016). In a study conducted by Darabdhara et al. (2016), 
they synthesized Au–Pd bi-metallic functionalized RGO 
nanosheets for dissociating aqueous solutions of phenol 
and its derivatives 2-chlorophenol (2-CP) and 2-nitrophenol 
(2-NP). They could dissociate a 30 ml solution of phenols 
within 180–300 min. Their illumination source was natural 
sunlight. Their study also inferred the role of pH on the 
dissociation efficiency of the Au–Pd/RGO nanocomposite 
system. pH of the catalytic reaction was found to affect its 
efficiency significantly. For phenol and 2-CP, pH 7 was opti-
mal, while for 2-NP, it was 9. Active radicals involved in 
photocatalytic reactions were majorly identified as hydroxyl 
radicals. Reduced recombination rates due to metal nano-
particles on the RGO sheets were principally involved in 
improving their photocatalytic activity. For further develop-
ment in the field of photocatalysts, nanostructured advanced 
coating-based photocatalyst is expected to be beneficial for 
industrial and practical applications. Few research groups 
reported the plasmonic-graphene-based nanohybrid coating 
using physical methods and used them for water remediation 
applications (Birjou et al. 2016; Ren et al. 2015). Recently, 
Biroju et al. (2016) reported the fabrication and preparation 
of defective graphene (1 cm × 1 cm) and graphene oxide (1 
cm × 1 cm)-based substrates using the CVD method com-
bined with the rapid thermal annealing. In the next step, 
Au nanoparticles were deposited over defective graphene 

and graphene oxide-based substrate using the RF-sputtering 
method. The Au nanoparticles functionalized graphene and 
graphene oxide-based substrates were employed to decom-
pose MB pollutant molecules solution under visible light 
illumination. They demonstrated the photodecomposition 
behavior of Au-graphene and Au-graphene oxide substrates 
toward the 10 mg/L solution of MB. Their study found that 
Au nanoparticles, preferably attached to the defect states and 
oxygenated groups, exist over the surface of graphene. Their 
study indicated that the efficient charge separation between 
the Au and defect-rich graphene-based composite majorly 
contributed to their enhanced photocatalytic activity. In con-
trast, they mentioned the bi-functionality of Au nanoparti-
cles, which could receive and provide the electrons for RGO 
and defective graphene, respectively, during the photocataly-
sis process. In the photocatalytic test, they found 85% effi-
ciency in 120 min of light illumination for the Au-graphene 
oxide substrates, which is superior to the pure graphene, 
pure graphene oxide, and their respective plasmonic nano-
hybrids with Au nanoparticles. Ren et al. (2015) employed 
a wet chemical method to produce Au-functionalized gra-
phene nanosheets in another study. They used thiophenol 
to bind Au nanoparticles over the surface of graphene. 
The fabricated Au-graphene nanohybrids embraced for the 
decomposition of RhB pollutant molecules solution under 
visible light (halogen lamp) exposure. In the photocatalytic 
study, 0.009 mM RhB solution was decomposed using 5 mg 
Au-graphene nanohybrids in 200 min of halogen lamp expo-
sure. Using the laser-assisted photolysis method, Chen et al. 
(2020b) fabricated the highly stabilized Au-graphene and 
Au-graphene oxide nanohybrids. They have employed the 
prepared nanohybrids (5 mg) for the photodecomposition 
of MB molecules solution (10 mg/L) under visible, UV, and 
solar light. They have concluded that the maximum pho-
tocatalytic activity was achieved under solar light for Au-
graphene (94.5%) and Au-graphene oxide (92.1%)-based 
substrates for the decomposition of MB solution.

From the above studies, it can be concluded that plas-
monic nanoparticles functionalized graphene and its deriva-
tives can efficiently decompose various organic pollutants 
due to enhanced optical absorption, effective charge separa-
tion, high numbers of adsorption sites, and improved stabil-
ity. Thus, plasmonic-graphene composite has been proven 
as a promising candidate for water detoxification and sev-
eral photocatalysis processes. On the other hand, several 
challenges hinder the development of plasmonic-graphene 
nanohybrids for practical applications. Since noble metal 
nanoparticles (Ag, Au) are not cost-effective, they restrict 
the bulk usage of plasmonic-graphene composite in different 
industrial and practical applications. Apart from this, other 
challenges, such as environmental risk, UV light activation, 
and reusability, have to be resolved for further progress in 
the field of plasmonic-graphene-based photocatalysis.
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Semiconductor Metal Oxide‑Graphene‑Based 
Nanocomposites

For the sake of cost-effectiveness in the graphene-based pho-
tocatalyst, the attachment of different semiconductors such 
as TiO2, ZnO, and CuO with graphene and their derivatives 
has been proposed. This section presents an overview and 
detailed discussion for metal oxide-graphene based. In addi-
tion, their employment in water treatment using advanced 
oxidation processes has been highlighted. These metal 
oxide-graphene nanocomposites provided improved optical 
properties and efficient charge separation. According to the 
optical absorption requirements, different semiconductors 
(for UV light TiO2 and visible light CuO) can be chosen 
to enhance the optical properties and create a synergistic 
effect among graphene and metal oxide. The unique optical 
absorption, electronic characteristics, and synergistic effect 
of metal oxide-graphene nanocomposite are elucidated. 
Apart from this, this section also highlights several advan-
tages and challenges of the different metal oxide-graphene 
nanocomposites-based systems in detail.

Semiconductor metal oxides with requisite bandgaps are 
well-known photocatalysts often complexed with graphene 
or its derivatives to form photocatalysis-active graphene-
metal oxide composites. Unlike metal-graphene systems, the 
photocatalytic activity in metal oxide-graphene composites 
relies on the electronic bandgap in the photocatalyst (Hong 
et al. 2020; Sharma et al. 2022; Pervez et al. 2021; Zhu 
et al. 2020; Song et al. 2019a, b). Upon light irradiation 
on a metal oxide, it absorbs energy (photons) matching or 
exceeding the difference between its valence and conduc-
tion band, also known as the bandgap. The gained excess 
energy pushes the charge carriers, i.e., electrons, from the 
valence to the conduction band, leaving a vacancy or a hole 
in the valence band. These charge carriers, on separation, 
migrate to the metal oxide surfaces, which are enriched with 
catalytically active reaction sites. They participate in oxida-
tion–reduction reactions at the surface to generate reactive 
radical species that attack the toxin molecules, leading to 
their disintegration (Singh et al. 2020f, g). However, the 
efficiency of a semiconductor metal oxide photocatalyst is 
generally subdued because the rate of recombination of the 
generated hole and electron is much higher than the rate 
at which they can catalyze surface reactions (Goktas et al. 
2022b; Aslan et al. 2024). Improving charge separation can 
thus fundamentally help us enhance the photolytic efficiency 
of a system. Graphene, as adequate conductive support with 
low Fermi energy, can modulate the photocatalytic efficiency 
in the composite by acting as an electron sink (Merino-Díez 
et al. 2017). Graphene acts as a shuttler co-catalyst which 
accepts electrons from the metal oxide bandgap retarding 
their union with a hole, subsequently resulting in improved 
photocatalytic activity by allowing increased participation 

in photo-redox reactions (Burkholder et al. 2022; Pastrana-
Martinez et al. 2014). Consider the following examples from 
the literature for a detailed understanding.

As we have discussed above, to create the UV light-
sensitive photocatalyst, graphene or tits derivatives are 
integrated with wide bandgap semiconductors such as 
TiO2, ZnO, and NiO. The photocatalytic for several types 
of organic pollutants and the effect of different light expo-
sures on this system have been explored briefly using the 
studies mentioned below. Pastrana-Martinez et al. (2014) 
embraced the joint effort of the liquid-phased deposition 
method with the thermal reduction method to fabricate 
GO/TiO2 nanohybrids. They have varied GO content with 
a fixed amount of TiO2 nanostructures and optimized the 
GO content in GO/TiO2 nanohybrids for enhanced photo-
decomposition activity. In their photocatalytic experiment, 
textile waste molecules (methyl orange) and a pharmaceuti-
cal waste molecule [diphenhydramine (DP)] were decom-
posed under exposure to UV light as well as visible light. 
They have discussed that under visible light exposure, the 
graphene gets activated and injects the photoexcited elec-
trons in the CB of the TiO2 nanostructures; consequently, 
the concentration of the electrons was increased in the CB 
of TiO2. Conversely, TiO2 nanostructures sequentially gener-
ate electrons and holes in their CB and VB under UV light 
exposure. In such cases, graphene acts as an electron scav-
enger and reduces the recombination rate in TiO2. In both 
cases, the photocatalytic activity of GO/TiO2 is found to be 
enhanced. Cho et al. (2015) used hydrothermal and Hum-
mers’ methods to successfully synthesize a TiO2/Graphene 
nanocomposite system. Figure 8a, b represents their TEM 
and HRTEM characterization, which gives a clear picture of 
the nanocomposite composition. As observed, mesoporous 
TiO2 with near spherical morphology was found interspersed 
on the 2D-graphene support. The composite formation was 
confirmed by estimating the spacing of their HRTEM. The 
photocatalytic activity of their synthesized nanocomposite 
was compared to the commercially available P25, RGO-
P25, and 2D bare TiO2. Expectantly synthesized TiO2-RGO 
demonstrated far higher photocatalytic activity than the rest 
Fig. 8c and d. A 30 µM methylene blue dye solution was 
degraded within 80 min when exposed to an Xe lamp. The 
photocatalyst concentration for the study was 10 mg/30 ml. 
Co-catalytic activity of reduced graphene was ascribed as a 
probable reason for its improved activity.

In another study, Sawant et al. (2015) complexed wide 
bandgap semiconductor ZnO with graphene to form a com-
posite. Since ZnO is known to be an excellent UV absorber, 
the decomposition study was conducted in the presence of 
UV light, where Rhodamine B and Methyl Orange dyes were 
used as model toxin analytes. These electrolytically exfoli-
ated ZnO nanosheets composite with graphene could effec-
tively decompose 96% and 89% of 10 ppm RhB and MO 
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dye solutions within 420 and 240 min, respectively. Their 
study concluded the role of optimum graphene loading in 
tuning the lifetime of photogenerated charge carriers, which 
plays a significant role in retarding recombination. Recently, 
Yang and his co-workers (Yang et al. 2016) reported the 
template-mediated fabrication of TiO2-graphene nanocom-
posites capable of photo-catalyzing methylene blue dye 
under a Xenon lamp. Their study showed that with 1 mg of 
the photocatalyst material, 10 mg/L dye solution could be 
completely dissociated within 150 min. They further per-
formed several studies with scavengers to understand the 
role of active radicals in improved photocatalysis. Scavenger 
studies concluded that superoxide (.O2) is the leading free 
radical responsible for enhancing photolytic efficiency. As 
understood in the introduction section, they also proposed 
the co-catalyst role of graphene as a charge separator to 
be the leading cause for improving photocatalytic activity. 
Their synthesized TiO2/mesoporous graphene exhibited 6.5 
times better activity when compared to commercially avail-
able p25. Figure 8e–g represents the microscopic charac-
terization of the synthesized TiO2/graphene complex, while 
Fig. 8h shows the comparative photocatalytic efficiency data 
between the complex and p25. The primary idea behind 
sharing these examples is to make the readers understand the 
diversity of materials and methods used to synthesize these 
photocatalysts. The choice of photocatalyst material may 
vary depending on your application needs and toxin type. So 
far, more than 100 such types of graphene-semiconductors 
photocatalysts have been produced and studied for targeting 
a variety of toxins, including dyes, organic compounds, and 

even biological contaminants such as bacteria. A few such 
examples are discussed below, while a more cumulative arti-
cle list is summarized in Table 1.

Arshad et al. (2017) used a less common yet highly effec-
tive semiconductor NiO with graphene to decompose the 
anionic methyl orange dye using sunlight as the renewable 
light source. With 0.2 g/L photocatalyst concentration, 20 
mg/L dye solution could be dissociated efficiently

Upon experimental exploration of the photocatalysis 
mechanism, they proposed improved conductivity in gra-
phene as a fundamental contributor to enhanced photoca-
talysis. The photogenerated electrons could be transferred 
to graphene nanostructures, leaving unpaired holes behind. 
These could then effectively increase toxin disintegration by 
catalyzing photo-redox reactions. Figure 9a and b presents 
the TEM image of NiO nanostructures and Graphene/NiO 
nanostructures. In contrast, Fig. 9c and d depicts their pho-
tocatalytic activity and photodegrading rate kinetics curves, 
indicating improved photocatalytic activity of Graphene/
NiO nanostructures compared to pure NiO nanostructures.

Integrating visible light active metal oxide like CuO, 
Ag3PO4, and Bi2WO6 with graphene or its derivatives can 
provide unique optical properties and enhanced energy har-
vesting capability. In another study, RGO-CuO was fabri-
cated by Aroob and his co-workers (Aroob et al. 2021) by 
combining two different methods: Hummer’s and biosynthe-
sis wet chemical method. When exposed to solar light, their 
synthesized RGO-CuO nanocomposite could decompose 
five classes of organic dyes: Methylene Blue, Methylene 
violet, Methyl Green, Rhodamine B, and Methyl Orange. In 

Fig. 8   a and b TEM and HRTEM image of 2D TiO2 mesoporous/
RGO nanocomposites, respectively, c photocatalytic decomposi-
tion of MB dye solution using p25, RGO-P25, 2DTiO2, and 2DTiO2/
RGO, respectively, d bar graph reveals the rate kinetics of p25, 
RGO-P25, 2DTiO2, and 2DTiO2/RGO. Reproduced with permis-
sion (Cho et  al. 2015) copyright Royal Society of Chemistry 2015, 

e FESEM image of cationic monodisperse sphere, f FESEM image 
of graphene—cationic monodispersed spheres, g FESEM image of 
GO/TiO2 mesoporous nanocomposite, h photocatalytic degradation 
of MB dye solution using p25 and GO/TiO2 mesoporous nanocom-
posite. It is reproduced with permission (Yang et al. 2016) copyright 
2016 Elsevier



	 Reviews of Environmental Contamination and Toxicology          (2025) 263:13    13   Page 16 of 31

Ta
bl

e 
1  

S
um

m
ar

y 
of

 so
m

e 
re

ce
nt

 p
ub

lic
at

io
ns

 o
n 

bi
/m

ul
tin

ar
y 

gr
ap

he
ne

-b
as

ed
 p

ho
to

ca
ta

ly
st 

sy
ste

m
s

N
o

Ph
ot

o 
ca

ta
ly

st 
an

d 
ty

pe
Sy

nt
he

si
s m

et
ho

do
l-

og
y

M
or

ph
ol

og
y

D
ye

/o
rg

an
ic

 c
om

po
-

ne
nt

 d
eg

ra
de

d
D

eg
ra

da
tio

n 
(%

)
A

m
ou

nt
 o

f c
at

al
ys

t
D

eg
ra

da
-

tio
n 

tim
e 

(m
in

)

Li
gh

t s
ou

rc
e

Re
fe

re
nc

es

1
A

u-
G

O
/B

iV
O

4-
Zn

O
W

et
 c

he
m

ic
al

 
m

et
ho

d 
w

ith
 so

ni
-

ca
tio

n 
pr

oc
es

s

B
iV

O
4-

Zn
O

/
pa

rti
cl

es
RG

O
 sh

ee
ts

A
u 

N
p

M
B

10
 µ

M
98

10
 m

g/
m

L
60

Su
nl

ig
ht

(K
um

ar
 e

t a
l. 

20
23

)

2
Zn

O
-R

G
O

 (B
in

ar
y)

C
he

m
ic

al
 p

re
ci

pi
ta

-
tio

n 
m

et
ho

d
Zn

O
 n

an
op

ar
tic

le
s/

gr
ap

he
ne

 sh
ee

ts
M

B
10

 µ
M

10
0

50
m

g
10

0
X

en
on

 la
m

p
G

ay
at

hr
i e

t a
l. 

(2
01

4)

3
Zn

O
-r

G
O

-A
u 

(T
er

-
na

ry
)

C
om

bi
na

tio
n 

of
 

th
er

m
al

 tr
ea

tm
en

t 
ph

ot
or

ed
uc

tio
n

Zn
O

 n
an

or
od

s c
ov

-
er

ed
 w

ith
 G

O
 a

nd
 

sp
he

ric
al

 A
uN

ps

R
6G

10
–5

 M
C

on
c.

-ti
m

e 
de

pe
nd

-
en

ce
10

00
 µ

g/
m

L
32

U
V

 la
m

p
W

en
 e

t a
l. 

(2
01

3)

4
A

g/
A

gB
r/G

ra
ph

en
e 

O
xi

de
 N

an
oc

om
-

po
si

te

Su
rfa

ct
an

t a
ss

ist
ed

 
ch

em
ic

al
 m

et
ho

d 
an

d 
m

ic
ro

-e
m

ul
-

si
on

 m
et

ho
d

A
g/

A
gB

r n
an

op
ar

ti-
cl

es
 o

n 
G

O
 sh

ee
ts

M
O

4 
m

l s
ol

ut
io

n 
of

 
20

m
g/

L,

C
on

c.
-ti

m
e 

de
pe

nd
-

en
ce

7 
m

g
20

Su
n

Li
gh

t
Zh

u 
et

 a
l. 

(2
01

2a
)

5
N

itr
og

en
-d

op
ed

 
gr

ap
he

ne
/C

uO
 

na
no

co
m

po
si

te
s

C
he

m
ic

al
 e

tc
hi

ng
 

w
ith

 h
yd

ro
th

er
m

al
 

m
et

ho
d

C
uO

 n
an

ow
ire

s o
n 

gr
ap

he
ne

 sh
ee

ts
M

O
10

m
g/

m
l

10
0

10
 m

m
 ×

 10
 m

m
 ×

 1 
m

m
35

X
en

on
 la

m
p

Zh
an

g 
et

 a
l. 

(2
01

4)

6
A

u/
G

ra
ph

en
e/

C
3N

4 
na

no
co

m
po

si
te

s
C

he
m

ic
al

 m
et

ho
d 

+
 an

ne
al

in
g 

(5
50

°C
 fo

r 3
 h)

A
u 

na
no

pa
rti

cl
es

/
G

ra
ph

en
e 

sh
ee

ts
/

C
3N

4 s
he

et

M
B

/C
IP

10
m

g/
L

10
0

10
0 

m
g

24
0

X
en

on
 la

m
p

X
ue

 e
t a

l. 
(2

01
5)

7
C

u-
RG

O
 N

an
oc

om
-

po
si

te
s

C
he

m
ic

al
ly

 e
xf

ol
i-

at
ed

 +
 ch

em
ic

al
 

m
et

ho
d

C
u 

m
od

ifi
ed

 o
n 

RG
O

 sh
ee

ts
R

hB
5.

3 
× 

10
–3

 m
M

10
0

6.
3m

g
17

2
X

en
on

 la
m

p
X

io
ng

 e
t a

l. 
(2

01
1)

8
A

g/
Ti

O
2/g

ra
ph

en
e 

na
no

co
m

po
si

te
H

yd
ro

th
er

m
al

 
M

et
ho

d
A

g 
na

no
pa

rti
cl

es
/

Ti
O

2 n
an

op
ar

-
tic

le
s/

gr
ap

he
ne

 
sh

ee
ts

M
B

10
m

g/
L

10
0

10
0 

m
g

60
H

al
og

en
 la

m
p

W
en

 e
t a

l. 
(2

01
1)

9
C

u 2
O

/T
iO

2/G
ra

-
ph

en
e 

na
no

co
m

-
po

si
te

s

C
he

m
ic

al
 re

du
ct

io
n 

m
et

ho
d

C
u 2

O
 n

an
ow

ire
/

Ti
O

2/n
an

ow
ire

/
gr

ap
he

ne
 sh

ee
ts

M
O

,
B

en
zo

ic
 A

ci
d,

A
ni

lin
e

(1
0p

pm
)

98
rG

O
/C

u 2
O

/T
iO

2 
m

em
br

an
e

12
0

X
en

on
 la

m
p

W
an

g 
et

 a
l. 

(2
01

8a
, b

)

10
G

ra
ph

en
e-

V
2O

5
H

um
m

er
’s

 m
et

ho
d 

+
 hy

dr
ot

he
rm

al
 

m
et

ho
d

V
2O

5 n
an

or
od

/g
ra

-
ph

en
e 

sh
ee

ts
M

B
10

m
g/

L
10

0
10

 m
g

15
0

U
V

 li
gh

t
V

is
ib

le
 li

gh
t

Su
nl

ig
ht

Sh
an

m
ug

am
 e

t a
l. 

(2
01

5)

11
Ti

O
2 Q

D
s/

G
ra

ph
en

e
W

et
 c

he
m

ic
al

 
m

et
ho

d
Ti

O
2 Q

D
s/

gr
ap

he
ne

 
sh

ee
ts

PF
O

A
10

0
4m

g/
20

0m
L

60
0

H
g 

la
m

p
Pe

rv
ez

 e
t a

l. 
(2

02
1)

12
M

nO
2/G

R
 n

an
oc

om
-

po
si

te
s

H
um

m
er

’s
 m

et
ho

d 
+

 hy
dr

ot
he

rm
al

 
m

et
ho

d

M
nO

2 N
Ps

/G
ra

-
ph

en
e

Te
tra

cy
cl

in
e

99
.4

-
-

-
So

ng
 e

t a
l. 

(2
01

9a
, b

)



Reviews of Environmental Contamination and Toxicology          (2025) 263:13 	 Page 17 of 31     13 

their photocatalytic experiment, 5 mg photocatalyst mate-
rial decomposed 10 ppm solution of MB, MV, MG, MO, 
and RhB dye solution separately in 60 min. In their pho-
tocatalytic mechanism, they highlight that under sunlight 
exposure, the electron–hole pair was created in the CB and 
VB of CuO nanostructures, which were further captured by 
the graphene oxide, which gave rise to the reduction in the 
recombination rate in CuO nanostructures.

Hu et al. (2016) used the hydrothermal method to fabri-
cate Bi2WO6 attached graphene nanohybrids (Fig. 9e). These 
Bi2WO6 functionalized graphene sheets have been applied 
to degrade Rhodamine B dye solution in water using visible 
light. The Bi2WO6 attached graphene nanosheets exhibit 
boosted photocatalytic degradation rates compared to pris-
tine Bi2WO6 nanostructures (Fig. 9e). The higher photo-
catalytic activity of Bi2WO6/graphene was ascribed to the 
high adsorption capability of graphene sheets and efficient 
charge transfer among the Bi2WO6 and graphene. They also 
demonstrated the effect of the pH values and amount of pho-
tocatalyst on the efficiency of Bi2WO6/graphene. Figure 9f 
presents its characterization and reaction kinetics plots.

Chai et al. (2014) fabricated a novel Ag3PO4-Graphene 
nanocomposite using a two-step step-wet chemical 
method and studied their photodegradation behavior 
under visible light illumination. The TEM images of the 
Ag3PO4-Graphene nanocomposites are depicted in Fig. 10a 
and b. Using 50 mg Ag3PO4-Graphene nanocomposite, 10 
µM RhB dye solution was degraded. In their study, they 
also varied the loading of Ag3PO4 on graphene sheets to 
optimize the effective Ag3PO4 loading and maximize 

photodegradation (Fig. 10c). Additionally, their scavenger 
tests concluded the superior role of holes and superoxide 
radicals in affecting their photodecomposition efficiency 
(Fig. 10d).

In addition to single semiconductor-graphene composites, 
a combination of semiconductor-graphene with an additional 
functional component such as metal nanoparticles, another 
second semiconductor or organics have also been synthe-
sized. Such multinary composites often act as light harvest-
ers while graphene channelizes electron flow. The following 
section illustrates some examples of military photocatalysts.

Ghasemi and his co-workers followed a three-step wet 
chemical route to synthesize an Au-graphene double-func-
tionalized TiO2 nanocomposite system and used it to decom-
pose Acid blue 92 (Ghasemi et al. 2017). 80 ppm of the 
photocatalyst material could completely dissociate 20 ppm 
of the dye solution. The excitation source was a mercury 
lamp, while the stipulated time for the study was 120 min. 
Compared to their control samples, the catalytic efficiency 
of their bi-functionalized Au-graphene-TiO2 nanocomposite 
was higher. The reasons identified for the same were the 
SPR effect, bandgap narrowing, enhanced surface area, and 
reduction in the recombination rates. In another study, Roy 
et al. synthesized a bi-functional Au/ZnO/Graphene nano-
composite for degrading nitrobenzene (Roy et al. 2013). 
This composite could dissociate 50 ml, 5 mM nitrobenzene 
solution within 140 min under UV light illumination. The 
catalyst load was in mg/ml. TEM images of the synthesized 
nanocomposite are represented by Fig. 11a, while Fig. 11b 
represents its degradation kinetics as a function of time. 

Fig. 9   a TEM image of NiO nanostructures, b TEM image of Gra-
phene/NiO nanostructures, c photocatalytic degradation of MB dye 
using as-prepared photocatalyst, d linear fitted of ln(C/Co) vs expo-
sure time graph for the estimation of rate constant. Reproduced 
with permission (Arshad et  al. 2017) copyright 2017 Royal Society 

of Chemistry, e TEM image of water-soluble graphene nanosheets, 
f Photocatalytic degradation of RhB dye solution using Bi2WO6 
attached graphene-based photocatalyst. Reproduced with permission 
(Hu et al. 2016) copyright 2016 Wiley
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Both Au and Graphene act as an electron sink, scavenging 
electrons upon excitation, leading to retarded recombination 
and, thus, better catalytic activity.

Besides Au, silver nanostructures have also been used 
to functionalize graphene and its nanocomposites, further 
improving its photocatalytic efficiency. Silver nanoparticles 
have visible region LSPR, show excellent catalytic proper-
ties, and are cost-effective. Liu et al. (2018) synthesized a 
set of Ag/TiO2/Graphene nanocomposite membranes with 
different Ag loadings to optimize the Ag content for maxi-
mal activity. Ag content on graphene sheets varied between 
1 and 7 wt%. Compared to the control, the photocatalytic 
activity upon Ag functionalization showed drastic improve-
ment in MB dissociation with increasing Ag content. 10 
mg/L MB dye solution was degraded in 170 min under 
xenon light irradiation. They have also concluded that the 
high adsorption capability of graphene, SPR properties, and 
the synergetic effect of Ag nanoparticles are responsible for 
the enhanced photocatalytic activity of Ag doping on the 
Graphene/TiO2 nanocomposites. Figure 11c and d reveals 
the existence of TiO2 nanorods and Ag nanoparticles on the 
graphene sheet. At the same time, Fig. 11e–g depicts the 
photocatalytic degradation of MB dye with the variation in 
TiO2 loading, Ag loading, and different as-prepared photo-
catalyst, respectively.

The studies mentioned above and their explanation high-
light the attractive strategies to design the metal oxide/gra-
phene-based nanohybrids and elaborate their efficient charge 
transfer mechanism for boosting the photodecomposition 

ability for different pollutants. Apart from this, several 
parameters like reusability, pH variations, and photocata-
lyst dosage are discussed well for different designs of metal 
oxide/graphene-based. Thus, metal oxide-graphene nano-
hybrids have been proven to be promising alternative cost-
effective photocatalyst materials. It offers enhanced photode-
composition performance with various pollutant molecules 
owing to their efficient charge transfer mechanism, enhanced 
reactive sites, and improved light-harvesting capabilities. 
However, if we talk about the dark side, the metal oxide-
graphene nanohybrid photocatalyst suffers from stability 
and scalability for commercial usage and harmful environ-
mental effects. Apart from this, there are some challenges 
to developing metal oxide-graphene nanohybrids, such as 
complex synthesis methods, which give rise to variations in 
their performance.

2D‑Sulfides‑Based Graphene Nanocomposites

Although plasmonic-graphene nanohybrids and semicon-
ductor-graphene nanocomposites exhibit remarkable pho-
todecomposition ability, their activity encountered different 
limitations. For example, plasmonic-graphene nanohybrids-
based photocatalysts bear enhanced activity due to the sur-
face plasmon resonance effect. However, the limited stability 
and dispersion of plasmonic nanoparticles are the main hur-
dles to further developing plasmonic-graphene-based photo-
catalysts. On the other hand, the photocatalytic efficiency of 
semiconductor-graphene nanocomposite is hindered due to 

Fig. 10   a and b TEM image of 
Ag3PO4-Graphene nanocom-
posite (3% wt), c photodegra-
dation behavior of RhB dye 
solution by using pure Ag3PO4 
and different loading of Ag3PO4 
on graphene nanosheets. d A 
scavenger experiment revealing 
the responsible radicals for pho-
tocatalytic behavior under vis-
ible light exposure. Reproduced 
with permission (Chai et al. 
2014) copyright 2014 American 
Chemical Society
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Fig. 11   a TEM image of graphene–ZnO–Au nanocomposite, b time 
kinetics of nitrobenzene degradation for a control, b graphene (0.5 
mg/ml), c Au nanorods (0.5 mM), d ZnO nanosheets (18 mM), e 
commercial photocatalyst P25 (18 mM), f graphene–Au nanorod (4 
mg/mL), g graphene–ZnO nanosheet (4 mg mL−1), and h graphene–
ZnO–Au nanocomposites (4 mg/mL). Reproduced with permission 
(Roy et al. 2013) copyright 2013 American Chemical Society, c TEM 
image revealing Ag-doped Graphene/TiO2 nanocomposites, d higher 

magnification view of Ag-doped Graphene/TiO2 nanocomposites, e 
variation in the photocatalytic degradation of MB dye by varied the 
TiO2 nanorod loading, f changes in the photocatalytic decomposition 
of MB dye by varied the Ag loading, g photocatalytic degradation of 
MB dye using as-synthesized photocatalyst (GO, TNT, GO/TNT, Ag/
GO/P25 and Ag/GO/TNT). Reproduced with permission (Liu et  al. 
2018) copyright 2018 American Chemical Society
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its recombination rate and mismatch in band alignment. To 
overcome this limitation, nanocomposites of graphene with 
2D-layered sulfides are one of the advanced approaches. 
Recently, sulfide-based, 2D-layered nanostructures aroused 
great attention in photocatalysis due to their outstanding 
optical and effective surface area properties (Tumbul et al. 
2024; Aslan et al. 2023; Goktas et al. 2022a; Aba et al. 
2024). The attachment of 2D-layered sulfides offers syner-
gistic interaction and enhanced electron coupling with an 
adequate surface area, which can significantly provide new 
insight for developing graphene-based photocatalysts for 
practical applications.

Recently, the integration of graphene with two-dimen-
sional sulfides such as MoS2, WS2, In2S3, and SnS2, etc., has 
come into the limelight which was found effectively benefi-
cial for the use in various environmental and energy gen-
eration applications (Shah et al. 2021; Yang and Xu 2013b; 
Chauhan et al. 2016). As mentioned above, graphene with 
honeycomb structures exhibits outstanding physical prop-
erties. On the other hand, due to the zero bandgap, gra-
phene suffers from lower catalytic activities. In addition, 
due to low surface area and zero bandgap, the applicability 
of graphene is reduced for various optoelectronic applica-
tions (Li et al. 2016). Moreover, graphene and its deriva-
tives reveal the optical absorption in UV light, which further 
limits its performance in environmental and optoelectronic 
applications (Rosman et al. 2018). With the formation of 
graphene nanocomposites with 2D-layered sulfides, their 
effective surface area was enhanced significantly. Secondly, 
2D-layered sulfides mainly exhibit a narrow bandgap and 
absorb the visible light in the solar spectrum. Thus, integrat-
ing 2D-layered sulfides with graphene enhances the optical 
region, further improving their performances for several 
energy generations and environmental and energy storage 
applications (Wang and Long 2021). With the attachments 
of the 2D-layered nanostructures (for example, MoS2) with 
the graphene, effective charge transfer occurs, remarkably 
enhancing their capability for different photocatalytic appli-
cations. Under light excitation, the electron holes were gen-
erated in the CB and VB of the 2D-layered nanostructure. 
Here, the graphene attracts the electrons from the CB of the 
2D-layered nanostructures and reduces the recombination 
rate in 2D-layered nanostructures; consequently, efficient 
charge separation occurs (Zhang et al. 2016; Chakrabarty 
et al. 2018; Ali et al. 2024). Thus, combining 2D-graphene 
sheets with the TMDCs is expected to provide outstanding 
photodecomposition behavior due to their excellent adsorp-
tion capabilities, efficient charge transfer mechanism, and 
modified optical profiles.

Zhang et al. (2016) prepared the heterojunction among 
the RGO and MoS2 nanostructures using the hydrothermal 
method and employed it as a photocatalyst to remove the 
RhB molecule. Their study demonstrated that the RGO 

content on MoS2 nanostructures increased significantly 
with the increment of the photodecomposition process. 
Their studies indicate that the MoS2/RGO nanocomposite 
exhibited 2.5 times higher photodegradation efficiency than 
pristine MoS2. In their photocatalysis studies, 10 mg of pre-
pared photocatalyst was used to decompose 20 mg/L of RhB 
molecules solution for 180 min under visible light expo-
sure (1 kW, Xe lamp). It has been shown that heterojunction 
among graphene and TMDCs can further enhance photo-
catalytic activity when combined with other semiconductors 
(Chakrabarty et al. 2018). Chakrabarty et al. (2018) reported 
the synthesis of RGO-MoS2/NiCo2O4 nanocomposites by 
using two-steps hydrothermal method and applied this nano-
composite for degradation of Rhodamine B dye under visible 
light irradiation. Figure 12a and b indicates the TEM and 
HRTEM images of the RGO-

MoS2/NiCo2O4 ensure their formation. In their photocata-
lytic experiment, 95% rhodamine B dye solution was decom-
posed in 70 min under visible light exposure (Fig. 12c, d). 
They proposed the presence of RGO photogenerated elec-
trons efficiently maintaining the flow between NiCo2O4 and 
MoS2 as the driving force behind improved photocatalysis. 
Apart from this, RGO also helps.

to minimize the recombination rate and enhance the pho-
tocatalytic activity. They also concluded that hydroxyl radi-
cals essentially affect the photocatalytic degradation activity 
of rhodamine b (RhB) dye under visible light illumination. 
Recently, Nasr et al. (2022) reported the formation of RGO/
WS2 nanocomposites by using the combined effort of the 
chemical vapor deposition method with the ball milling 
process. Their study varied the graphene content over WS2 
nanostructures and optimized them for enhanced photocata-
lytic water-spitting application. In their photocatalytic water 
splitting experiment, a sample prepared with 1% graphene/
WS2 reveals the enhanced photocurrent density of 95 µA/
Cm2, superior to the pristine WS2 samples. They highlighted 
that a sample prepared with 1% graphene/WS2 was found to 
have 3.3 times better performance than pristine WS2 nano-
flakes. They have also pointed out that enhanced photocata-
lytic performance occurs due to the efficient charge transfer 
among graphene and WS2 nanostructures.

Besides the TMDCs, graphene and its derivatives showed 
improved photodecomposition ability with other 2D-lay-
ered sulfides such as In2S3 and SnS2. The combination of 
2D-layer materials with graphene not only provided addi-
tional optical absorption but also tremendously increased 
the number of active sites. Moreover, since graphene and 
2D-layered sulfides are dangling bonds and layered struc-
tures, their attachment is comparatively more straightfor-
ward than other graphene-based reported photocatalysts. 
Yang and Xu (2013b) used the self-assembly method to 
fabricate the In2S3/graphene nanocomposites and employed 
them to decompose the 4-Nitroanilne solution under visible 
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light exposure. They have varied the graphene content on 
the surface of the In2S3 nanostructures and obtained the 
optimum graphene content for superior photodecomposi-
tion behavior. In the photocatalytic studies, a 10 ppm solu-
tion of 4-Nitroanilne was decomposed using 40 mg of the 
In2S3/graphene nanocomposites for 120 min under visible 
light illumination (Xe lamp- 300 W). They highlighted the 
chemical attachment among the graphene and In2S3 nano-
structures, which is responsible for the efficient charge 
transfer and enhanced conductivity of graphene and In2S3 
nanostructures. Due to the improved charge separation, the 
lifetime of the charge carriers significantly increased; conse-
quently, the photodecomposition activity of graphene/In2S3 
was enhanced remarkably. Figure 13a shows the efficient 

charge transfer process due to the photocatalysis process. At 
the same time, the decomposition profiles of 4-nitroaniline 
solutions using different pristine In2S3 and graphene/In2S3 
nanocomposites are presented in Fig. 13b.

An et al. (2013) employed a one-pot hydrothermal method 
to prepare In2S3 sheets attached to graphene nanocompos-
ites. They used a visible-light-induced photocatalytic process 
to remove organic pollutants and Cr ions from the wastewa-
ter. Their study used different sulfide sources (thiourea, thio-
acetamide, and cysteine) to prepare In2S3 nanosheets. They 
optimized that the sample prepared with cysteine exhibited 
superior photodecomposition activity under visible light. In 
photocatalytic studies, they demonstrated that the 20 mg of 
photocatalyst sample decomposed the 25 ppm MO solution 

Fig. 12   a TEM image of RGO-MoS2/NiCo2O4 nanocomposites, b 
HRTEM image of RGO-MoS2/NiCo2O4 nanocomposites, c photocat-
alytic degradation of RhB dye using pristine sample and RGO-MoS2/
NiCo2O4 nanocomposites, d rate constant estimation of different 

photocatalysts such as NiCo2O4, MoS2, RGO-MoS2, RGO-NiCo2O4 
and RGO-MoS2/NiCo2O4. Reproduced with permission (Chakrabarty 
et al. 2018) copyright 2018 American Chemical Society
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under visible light exposure (Xe, 300 W). A 10 mg photo-
catalyst sample was employed to dissociate 10 mg/L solu-
tion in 120 min of light exposure for the removal studies 
of Cr ions. They also showed that prepared In2S3-graphene 
nanocomposite exhibited superior photocatalytic activity 
to pristine In2S3 sheets. The improved photodecomposition 
activity could be assigned to efficient charge transfer among 
the In2S3 sheets and graphene, enhanced optical absorption, 
and effective surface area due to the 2D-layered structures 
of In2S3 and graphene.

Recently, Chauhan et al. (2016) used a hydrothermal 
process for the fabrication of SnS2/graphene nanohybrids 
and embraced them for the conversion of NB to aniline 
and photodecomposition of RhB, MB, and removal of Cr 
ions from the wastewater under visible light illumination. 
They have attached the SnS2 nanoparticles over the surface 
of graphene sheets. Their study mentioned that the SnS2/
graphene sample indicates superior photodecomposition 
ability compared to pristine SnS2 and graphene. In their 
photocatalytic experiment, 12.5 mg of each prepared pho-
tocatalyst sample was used to decompose 2 mM of NB, 0.01 
mM of MB, 0.01 mM of RhB, and 0.5 mM of Cr solution 
under visible light exposure. The exposure time for NB 
and Cr solution conversion is 90 min, while the exposure 
time for the RhB and MB were 15 and 5 min, respectively. 
The improved photocatalytic behavior has been ascribed 
to the enhanced effective surface area, existence of func-
tional groups, and effective charge separation among SnS2 
and graphene. Dashairya et al. (2019) employed hydrother-
mal methods to prepare SnS2 QDs functionalized graphene 
oxide sheets and used them to decompose organic pollutants 
under visible light illumination. Their study mentioned that 

effective bandgap narrowing improves the photocatalytic 
efficiency of SnS2-attached graphene oxide sheets. Moreo-
ver, the enhanced surface area of the SnS2/graphene oxide 
composites also plays a key role in increasing their interac-
tion with the pollutant molecules. In the photocatalytic test, 
they decomposed the RBB and RBR pollutant molecules 
using a synthesized photocatalyst sample for 150 min under 
visible light illumination. They highlighted that SnS2/gra-
phene oxide composites exhibited superior photodegradation 
performance compared to pristine SnS2.

The current summarized sulfides-graphene-based nano-
hybrids have been provided with recent advancements and 
opened up new possibilities to further improve their pho-
todecomposition activity. 2D- sulfides-graphene-based 
photocatalysts can interact with different organic moieties 
and catalytic sulphur atoms, further improving their pho-
todecomposition activity. In contrast, graphene attached 
with 2D-layer sulfides enhances electron mobility and effi-
cient charge separations. Although sulfides-graphene-based 
nanohybrids have great potential owing to their fascinating 
properties, toxicity toward the environment and cost-effec-
tiveness are the significant challenges we need to overcome 
to develop 2D-sulfides-graphene-based photocatalysts for 
industrial applications further.

Organic Molecules‑Based Graphene 
Nanocomposites

Combining graphene or its derivatives with a specific class 
of organic molecules provides enhanced selectivity for the 
graphene layers (Zhang et al. 2020a, b, c, d; Su et al. 2023). 
Improved interaction with the targeted pollutant can occur 

Fig. 13   a Pictorial view indicates the efficient charge transfer among 
the In2S3 and graphene during the photocatalytic process, b photo-
decomposition of 4-nitrosamine using the different In2S3.graphene-

based nanocomposites. Reproduced with permission (Yang and Xu 
2013b) copyright 2013 American Chemical Society



Reviews of Environmental Contamination and Toxicology          (2025) 263:13 	 Page 23 of 31     13 

with the functionalization of these molecules with graphene. 
This unusual molecule-dependent selectivity makes this 
composite fascinating and essential in the field of environ-
mental remediation and water detoxification. However, few 
reports are available on organic molecules-based graphene, 
which we have discussed below.

Organic molecules, natural and chemical, such as porphy-
rins, cyanine dyes, polyaniline, etc., have also been regarded 
as ambient light harvesters due to their sensitivity to UV 
light. These compounds have been associated with numer-
ous photochemical reactions and electronic charge transfer 
processes. (Zhu et al. 2012b, 2013). These can thus be eas-
ily complexed with graphene to produce an efficient pho-
tocatalyst. Typically, the photocatalytic pathway followed 
by an organic graphene photocatalyst could be: a) Organic 
light harvester interacts with light to form excited species 
(A*), which then transfers excess energy in the form of a 
hot electron to graphene, which further reacts with the ana-
lyte, thus triggering its degradation. At the same time, A·+ 
accepts electrons from the donor molecules and returns to 
the ground state, maintaining the overall reaction dynamics. 
Light absorption by the organic molecule here is a function 
of the energy gap between the highest occupied and low-
est unoccupied molecular orbital. Alternatively, b) organic 
photocatalyst can imitate a semiconductor photocatalyst sys-
tem to produce charge carriers upon excitation, following a 
degradation pathway as explained in the previous section, 
where the photocarriers migrate to graphene and or analyte 
on the surface to drive redox reactions, eventually leading 
to toxin disintegration. Larowska et al. (2020) reported the 
fabrication of porphyrins-graphene oxide nanocomposites 
using wet chemical methods and employed them to decom-
pose RhB dye molecules under visible light. They prepared 
two nanocomposites, TMPyP-GO and ZnTMPyP-GO, with 
noncovalent attachment and explored the optical theory and 
charge transfer properties using several spectroscopic tech-
niques and pinned down the effective charge transfer among 
graphene and porphyrins-based compounds. They have 
found that ZnTMPyP-GO revealed a higher performance 
as a photocatalyst due to the presence of Zn in the core of 
the porphyrins. In the photocatalytic test, they showed that 
using 0.4 mg photocatalyst sample for the decomposition of 
5 mg/L solution of RhB in 120 min of visible light exposure. 
In another study, Ahadi et al. (2020) prepared manganese 
porphyrins/graphene oxide nanohybrids using an epoxida-
tion process and embraced them for photocatalytic applica-
tion. In their photocatalytic reaction, 0.50 mg of the synthe-
sized Mn-porphyins/graphene oxide nanohybrids were used 
for the photocatalytic conversation of the organic solution 
under LED light. They have demonstrated that with immo-
bilization properties of Mn-porphyrin, significant enhance-
ments in rate and enantioselectivity were achieved. Mitra 
et al. (2019) fabricated the polyaniline/RGO nanocomposite 

using a polymerization chemical process and optimized the 
content of each constitute for an enhanced photodecomposi-
tion process. Their photocatalytic studies decomposed the 
different organic textile waste, namely MG, RhB, CR, and 
Cr ions solutions, under visible light illumination (200 W).

From the above discussion, we can conclude that Organic 
molecules-based Graphene photocatalysts contain essential 
properties such as multifunctionality, biocompatibility, and 
tunable optical properties, which are highly beneficial for 
boosting the photodecomposition ability significantly. Com-
pared with the other graphene-based photocatalyst designs, 
this design has less environmental toxicity, is highly selec-
tive, multifunctional, and relatively inexpensive. For the 
development of organic molecules, the graphene nanohy-
brid photocatalyst suffers from the stability and scalability 
of commercial usage. Moreover, complex synthesis pro-
cesses and optimization are significant hurdles that must be 
addressed for better performance in photocatalytic processes.

In our opinion, graphene layers with optimum defect 
concentration should be used to develop a highly efficient 
graphene-based photocatalyst. The other semiconductor 
should also contain superior optical properties and enhanced 
effective surface area. The proposed photocatalyst design 
should be hierarchical or layered structures that can interact 
well with the various organic pollutants. Apart from this, 
the band alignment of the semiconductor should provide 
effective charge separation, and their band position can pro-
duce unsaturated radicals, which can drive the photocatalysis 
process rapidly. Let's compare the design mentioned above 
of the proposed photocatalyst semiconductor-graphene-
based. Photocatalyst provides the unique advantages of 
cost-effectiveness, stability, and efficiency compared to the 
other two designs. Although semiconductor-graphene com-
posites require several improvements, there are a few chal-
lenges to developing these materials. On the other hand, for 
diverse practical and industrial applications, semiconductor-
graphene composites are considered a superior candidate.

Challenges and Future Direction

As we have highlighted, different graphene-based nano-
composites reveal the remarkable photocatalytic efficiency 
of water detoxification applications. However, one of the 
primary challenges is optimizing the defect states with opti-
mal functionalization while synthesizing graphene-based 
nanocomposite materials. Secondly, even after the different 
efforts of several research groups, large-scale production 
with the excellent performance of graphene-based nano-
composite photocatalyst has not been achieved. Another 
crucial issue for graphene-based nanocomposites includes 
the chemical stability, reusability, and assurances of the 
interfacial charge transfer among the graphene and another 
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photocatalyst. Under real-world conditions, different light 
exposure, and real-time practical conditions, the stability 
of graphene can be varied, which can strongly influence its 
reusability, recyclability, and synergistic effect among the 
graphene and another photocatalyst sample (Kauling et al. 
2018). The above-mentioned challenges and probable solu-
tions have been illustrated in Fig. 14.

In our opinion, the future direction will emphasize 
improving the preparation method to provide the large-
scale production of graphene-based photocatalysts 

cost-effectively. Apart from this, biomaterials-derived syn-
thesis should be developed for a sustainable environment. 
The advanced synthesis techniques and photocatalyst design 
should be formulated for precise tunning of different optical, 
electronic, and structural properties, which can provide the 
sufficient control over the functionalization and defect state 
optimization of graphene-based photocatalyst. Apart from 
this, the multi-component-based systems such as plasmonic-
semiconductor-graphene, organic molecule-semiconduc-
tor-graphene, and plasmonic-organic molecule-graphene, 

Fig. 14   Challenges and prob-
able solutions for the devel-
opment of graphene-based 
photocatalyst

Fig. 15   Future direction for 
graphene-based photocatalyst 
for wastewater treatment
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plasmonic-2D-sulfied-graphene-based nanohybrids photo-
catalyst should be developed which can provide the mul-
tifunctionality with enhanced photodecomposition activity 
due to efficient synergistic effect, improved optical prop-
erties and higher adsorption ability in a single platform. 
Advanced characterization techniques should be combined 
with the theoretical approach to provide an in-depth analysis 
of interfacial synergistic effects and charge carrier dynamics. 
The overview of the potential challenges and future direc-
tions is depicted in Fig. 15. Moreover, the performance 
abilities and different characterization of graphene-based 
photocatalysts should be designed for real-time conditions, 
which will be beneficial in developing the bridge between 
laboratory research and industrial-scale water detoxification 
solutions. Regarding different contaminations, advanced 
graphene-based nanohybrid photocatalyst-mediated redox 
reactions are being applied to treat bacteria-contaminated 
water and other applications such as H2 production, CO2 
capture, and N2 fixation.

Summary

In brief, using different photocatalyst materials, solar energy 
can be harvested and transferred into chemical energy for 
various environmental and energy production applications. 
The current review provides a basic overview of engineered 
graphene-based photocatalysts and their employment for 
water purification with the fundamental aspects and enriches 
discussion for understanding. As explained above, 2D-lay-
ered graphene-based nanostructures are fascinating due to 
their effective surface area and optical and electronic prop-
erties, which attract researchers to tailor their properties. 
Pure graphene with a metallic nature only harvests the UV 
region (~ 260 nm). In contrast, graphene oxide reveals a 
semiconductor nature, which provides flexibility in opting 
for the desired graphene-based compound per the required 
application. As explained above, graphene was initially 
employed as the co-catalyst. After further exploration, dif-
ferent composites with graphene-based compounds indicate 
outstanding activity for decomposing various organic pol-
lutants under different light exposures. We have provided 
an overview of the graphene-based nanocomposite with 
different nanostructures such as plasmonic nanostructures, 
semiconductor metal oxides, 2D-layered nanostructures, 
and various organic molecules. This review highlights the 
primary charge transfer mechanism for various graphene-
based compounds with other nanostructures, which develops 
a basic understanding of how readers can develop differ-
ent 2D-layered materials for environmental applications. 
Moreover, we emphasize the properties of graphene and 
its nanohybrids and elucidate the correlation between these 
properties and their photocatalytic decomposition activity in 

detail. We have also provided a clear comparison among the 
different existing designs of the graphene-based nanohybrid 
photocatalyst. A clear roadmap has been provided to enrich 
the discussion further, including probable challenges and 
future direction for developing graphene-based nanohybrid 
photocatalysts. This entails investigating novel preparation 
techniques, improving scalability, maximizing performance 
in realistic environmental settings, and creating multicom-
ponent systems for combined applications in the energy and 
environmental domains.
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