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Abstract: Photocatalysis is a promising route to utilize sunlight, which has been potentially used to
solve energy as well as environmental problems with an emphasis on fundamental understanding
and technological applications in society. Semiconductors are excellent photocatalysts but often show
less efficient activities due to the fast recombination of photogenerated charge carriers and very
slow kinetics of surface photochemical reactions. However, recent advancements show promising
strategies to improve their photocatalytic activities, including surface modifications using suitable
co-catalysts and the development of novel efficient photocatalysts. Graphene oxide (GO) is one of
such nanomaterials which shows multifarious roles in photocatalysis with a great potential to act
as an independent solar-driven sole photocatalyst. In this minireview, the photochemistry of GO
has been discussed in view of its multifarious roles/mechanisms in improving the photocatalytic
activity of metal oxide semiconductors, plasmonic nanomaterials, and also their nanocomposites. In
addition, recent advancements and applications of such GO-based photocatalysts in photocatalytic
degradation of organic dye pollutants, including engineering of GO as the sole photocatalyst, have
been discussed. Furthermore, the challenges and future prospects for the development of GO-based
photocatalysts are discussed.
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1. Introduction

In recent years, several sustainable nanomaterials and techniques for water treatment
have been extensively studied and are shown to be capable of improving the quality of
water [1-5]. However, photocatalyst nanomaterials capable of solar-to-chemical energy
conversion through photocatalytic technology have gained great attention due to their
low-cost processing, environmentally friendly nature, and potential to solve the energy
crisis as well as environmental pollution issues [6,7]. In this regard, several sole and
composite photocatalysts, including metal oxide semiconductors, noble metals, other
semiconductors, and their hybrid nanocomposite photocatalysts, have been investigated for
various photocatalytic processes in energy and environmental applications [8-14]. However,
with the continuous development of photocatalytic technology in a wide range of energy
and environmental applications, it has been realized that there are still several challenges
to industrializing this technology for practical applications on a large scale [4,9,11,15].
The major challenge is to produce photocatalyst nanomaterials with high photocatalytic
efficiency, large specific area, and capable of absorbing a wide region of the solar spectrum.
Furthermore, developing recyclable photocatalyst nanomaterials is another important
aspect for long-term practical applications [16,17].

Recent developments in nanoscience and nanotechnology, along with the fundamental
understanding of the coupling of nanomaterials, show that the surface modification of
traditional metal oxide semiconductor photocatalysts using multifunctional co-catalysts
would be a promising technique to overcome these challenges. Graphene oxide (GO) is

Photochem 2022, 2, 651-671. https:/ /doi.org/10.3390 / photochem2030043

https://www.mdpi.com/journal /photochem


https://doi.org/10.3390/photochem2030043
https://doi.org/10.3390/photochem2030043
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/photochem
https://www.mdpi.com
https://orcid.org/0000-0001-9474-7647
https://doi.org/10.3390/photochem2030043
https://www.mdpi.com/journal/photochem
https://www.mdpi.com/article/10.3390/photochem2030043?type=check_update&version=2

Photochem 2022, 2

652

P Tecursor of RGO

one of such nanomaterials which shows multifarious roles in photocatalysis and various
important properties that can enhance the photocatalytic activities of other semiconductor
photocatalysts, as shown in Figure 1 [14]. This is attributed to the unique structure and
surface chemistry of GO, and it has been extensively used to modify metal oxide semi-
conductor photocatalysts due to its exceptional physiochemical properties [6,14,18], as
discussed in the next section. Furthermore, GO, with an appropriate degree of oxidation,
can be directly used as a photocatalyst for various redox reactions [9,14].
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Figure 1. Schematic (a) multifarious roles [14]) and (b) important properties GO in photocatalysis [14].

In this minireview, the photochemistry of GO has been discussed in view of its multifar-
ious roles/mechanisms in improving photocatalytic activity of metal oxide semiconductors,
plasmonic nanomaterials, and their nanocomposites as a co-catalyst. In addition, recent
advancements and applications of such GO-based photocatalysts in photocatalytic degra-
dation of organic pollutants, including engineering of GO as the sole photocatalyst, have
been discussed. Furthermore, the challenges and future prospects for the development of
GO-based photocatalysts are discussed, followed by a summary and conclusion.

2. Graphene Oxide: Surface Chemistry/Properties Related to Photocatalysis

Graphene and its derivatives, i.e., GO and reduced GO (rGO), have been studied in
many research fields due to their unique properties. However, these nanostructures are
different in many aspects. Figure 2a presents the chemical structures and electronic band
diagrams of graphene, GO, and rGO. Graphene is a 2D-sheet-like hexagonal structure
containing carbon atoms closely bonded to each atom with covalent bonds resulting in
sp?-hybridization [9,19,20]. Due to the presence of pi bonding with free electrons, it shows a
highly conducting nature, but due to the hydrophobic sp? domain, graphene is not suitable
for the photocatalytic process [21].

In the last few years, a great deal of research has been conducted on GO-based photo-
catalyst nanomaterials, and it has been considered one of the emerging photocatalysts [21].
GO is a type of oxidized graphene. As compared to graphene, GO has several changes in
its structure resulting from the addition of oxygen-based functional groups, i.e., carboxylic,-
O-H, epoxy groups, etc. It shows hydrophilicity in water due to the presence of these
polar groups that facilitate bond formation with water molecules. It is less conducting as
compared to graphene, attributed to the structural disorder imposed by the sp® C-O bonds.
However, it contributes to its dispersible nature attributed to the structure consisting of
the sp® domain with hydrophilic oxygen-based functional groups [9,21]. In this way, GO
possesses two regions, i.e., hydrophobic 7-conjugated sp> domains and the sp® domains
with hydrophilic oxygen-based various functional groups [22]. Furthermore, the valence
band (VB) origin gradually shifts from 7r-orbital of graphene to oxygen 2p-orbital, whereas
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the conduction band (CB) edge remains as 7*-orbital [21,23]. All these characteristics let GO
a promising material with improved properties for potential applications in many research
fields, including photocatalysis, as shown in Figure 2b [9,24,25]. It has an average band gap
of 2.2 to 4 eV, making it a semiconductor with a fluctuation from the ultraviolet (UV)-to
the visible region [25]. This property provides a base for its potential applications as a
photocatalyst, which can be tuned by introducing an appropriate oxidation level.
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Figure 2. Schematic representation of: (a) Lattice structure and corresponding energy band diagrams
of graphene, GO and rGO [26] (b) Multifunctional photocatalytic applications of GO in photocatalytic
degradation, photocatalytic hydrogen production and photocatalytic CO; reduction induced by
chemical doping in GO/rGO nanostructures [9].

Graphene structure is defect-free [19,20,27], whereas GO'’s structure is flawed due
to the addition of different functional groups, resulting in varied electrical and thermal
conductivities, specific surface areas, hydrophilicity, and hydrophobicity. When GO is
reduced and the number of functional groups is decreased, i.e., GO, the material behaves
similar to graphene but is not entirely graphene due to the existence of some functional
groups in its crystal structure [28-30]. rGO, as the modified form of GO, shows the greater
surface area as optoelectronic properties along with adjustable bandgap attributed to the
addition or deficiency of defects and oxygen groups [9,22]. Therefore, it is found that GO
has more potential to be tuned for functional applications. It has also been reported that
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GO can further be modified to enhance its photocatalytic activity by doping for different
applications, as shown in Figure 2b, as discussed in the literature [9]. The doping of GO
nanostructure allows control of the n- or p-type of character, charge transfer properties
along with tailoring of its band gap and eventually convert into rGO [9,21,31,32]. Therefore,
the study of both GO and rGO is important to understand the mechanism of photocatalytic
action of GO.

3. Mechanistic Insights into Graphene Oxide Driven Photocatalysis in Degradation of
Organic Dye Pollutants

3.1. Graphene Oxide as a Co-Catalyst

Metal oxide semiconductors such as TiO,, ZnO, etc., are the most used photocat-
alysts for different photocatalytic applications in the field of energy, environment, and
biomedical [33-39]. These are wide bad gap photocatalysts and absorb only UV radiation.
Furthermore, these photocatalysts exhibit a high recombination rate of the photogener-
ated charge carriers. These photocatalysts have been modified in several ways to narrow
their bandgap and suppress the charge recombination [6,8,10-12,16,40,41]. Particularly,
GO, when combined with these semiconductor photocatalysts forming nanocomposites,
prevents the recombination of photogenerated charge carriers separating photogenerated
electrons and holes [9,42]. This is attributed to the unique structure of GO, which is easily
hybridized with these photocatalysts providing a path for the separation/migration of
electrons [43]. In addition, due to the presence of the unpaired pi-electrons in the GO
structure as discussed above, it forms M-O-C bonds (Where, M = Ti, Zn, etc.) with metal
oxide semiconductor photocatalysts which further improve their visible light absorption
properties by band gap narrowing of the metal oxide semiconductors [24,44,45]. Figure 3a
shows schematics of how oxygenated functional groups on GO form covalent bonds with
TiO, semiconductor photocatalyst that eventually affects its electronic band structure
by introducing a localized state within the bandgap [24,44]. This leads to the band gap
narrowing of TiO, photocatalysts with enhanced visible light activity.

The various functional groups (i.e., unpaired pi-electrons) present in the GO sheet
facilitate and mediate the efficient and uniform assembly of the metal oxide nanoparticles
(NPs) onto the GO sheets leading to the excellent UV visible active nanocomposite pho-
tocatalysts [45-47]. Furthermore, in the case of photocatalytic degradation of organic dye
molecules using GO-metal oxide semiconductor nanocomposites, GO nanomaterials play a
promising role in enhancing the photocatalytic efficiency of the nanocomposites by strong
adsorption of dye molecules [9,48]. Nguyen-Phan et al. [49] studied the role of GO as an
adsorbent, electron transporter, and photosensitizer to enhance the photocatalytic activity
of TiO; in the photodegradation of dye molecules. Figure 3b shows the absorption spectra
of GO, TiO,, and GO-TiO; nanocomposites, demonstrating the role of GO in narrowing the
band gap of TiO, with increasing GO content. Figure 3¢c,d show the FT-IR spectra of GO,
TiO,, and GO-TiO; nanocomposites. It exhibits the formation of a Ti-O-C bond because
of the strong coupling between GO and TiO, leading to the strong chemical interaction
through the chemical bond formation. It was explained on the basis of shifting of the
strong absorption bands in the range of 400-1000 cm ! toward the lower region after
incorporation of GO [49].
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Figure 3. (a) Schematic shows Ti-O-C chemical bonding in GO-TiO, nanocomposites where GO
introduces localized state within the band gap of TiO; through formation of covalent bond with
TiO, [44]. (b) Absorption spectra of GO, TiO, and GO-TiO, nanocomposites. (c) Full FT-IR spectra and
(d) selected /zoomed spectra from (c). Reprinted with permission from Ref. [49]. Copyright 2011-Elsevier.

Recently, Shaheen et al. [45] demonstrated that GO-doped ZnO exhibited excellent
photocatalytic activities attributed to the narrowing of the band gap of GO-ZnO nanocom-
posites. This narrowing of the band gap was explained by the fact that GO acted as the
photoexcited electron acceptor from the CB of ZnO, which migrated through the func-
tional group, i.e., carboxyl groups on the GO-ZnO interface. This assembly provided an
efficient path by shortening the electron transport path to GO. Victor-Roman et al. [47]
demonstrated that surface chemistry of GO resulting from oxygenated functional groups
played an important role in interface coupling for establishing interface interactions with
ZnO leading to enhanced photocatalytic activities. They demonstrated that controlling the
surface chemistry of GO through oxidation and GO loading with ZnO could be a promising
way to tailor the photocatalytic properties of GO-ZnO nanocomposite. It was proposed that
the control of the oxidation degree and optimization of the loading fraction of GO could be
used to align the energy levels in nanocomposites resulting in the photoinduced electron
transfer from CB of ZnO to lower energy states of GO under the exposure of the UV light
(Figure 4a—d). It was attributed to the reduced recombination rate of photogenerated charge
carriers resulting in the enhanced photocatalytic activity.
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Figure 4. Schematic representation of energy levels of (a) ZnO, (b) GO and (c¢) ZnO-GO nanocompos-
ites including VB, CB, absorption edge, n—n* and 7—t* levels. (d) Schematic of GO-ZnO nanocom-
posite, interface interaction and degradation of MB dye molecules. Reprinted with permission from
Ref. [47]. Copyright 2020-Elsevier.

Lin et al. [48] synthesized ZnO-GO nanocomposites and demonstrated that vari-
ous oxygenated functional groups on GO served as anchor sites for the growth of ZnO
nanocrystals resulting in flake-like composites nanostructures. Furthermore, it was con-
cluded that enhanced photocatalytic activities of such nanocomposites as compared to
the bare ZnO were attributed to the synergetic effect of ZnO and the role of GO as a
catalysis carrier. Similarly, incorporating GO with ZnO led to the formation of ZnO-GO
nanocomposite with reduced band gap and enhanced photocatalytic activity as compared
to the ZnO [50]. Puneetha et al. [50] synthesized nanohybrid composites of GO-ZnO with
an energy band gap of 2.71 eV, which demonstrated higher photocatalytic activity with
99% photodegradation and rate constant found to be 0.01514 min~! of crystal violet (CV)
using visible-light-induced photodegradation. The GO-ZnO nanohybrid showed better
electron transport properties due to the incorporation of GO along with reduced charge
recombination of photogenerated charge carriers.

The general mechanism of GO as charge carrier or electron transport/migration in
GO-metal oxide nanocomposite can be described as shown in schematics of Figure 5a along
with the reactions shown therein. Under the influence of visible light, when the GO-metal
oxide photocatalyst becomes excited, first photogenerated electrons are excited from the
VB of the metal oxide semiconductor to its CB. Here, GO acts as an electron trap, and
these photoexcited electrons are transported to GO inhibiting their recombination with
photogenerated holes in the VB. These electrons transported by GO then react with the
surface oxygen leading to the production of reactive oxygen species (ROS), i.e., (O;) radicals.
On the other hand, the photogenerated holes in VB of metal oxide semiconductors react
with water molecules to form other ROS, i.e., hydroxyl (-OH) radicals. These radicals then
degrade the dye molecules adsorbed on the surface of nanocomposite photocatalysts [51].
Another mechanism of enhanced photocatalytic dye degradation activity of GO-metal-
oxide-based nanocomposites could be explained on the basis of effective charge transfer
by GO from dye molecules to metal oxide photocatalysts [52,53]. Tien et al. [52] proposed
that along with narrowing band gap of metal oxide semiconductor due to GO, dye induced
visible light absorption and effective charge transfer by the adjusted energy levels among
the dye molecule (i.e., MB). rGO and ZnO could be another possibility for the enhanced
photocatalytic activity, as shown in the schematic of Figure 5b, along with the general
chemical reaction mechanisms involved in effective charge transfer by GO. It was proposed
that due to the large surface area of GO, dye molecules could be adsorbed on the surface of
GO. If the dye molecules absorb the visible light radiation, then electrons from excited dye
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molecules can be transferred to CB of the metal oxide through GO. In some cases, GO has
been reported just as a better adsorbate for the dye molecules due to its large surface area,
which plays an important role in enhancing the photocatalytic performance of metal oxide

semiconductor photocatalysts [54].
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Figure 5. (a) The general chemical mechanism of photodegradation of dyes by GO-metal oxide photo-
catalyst showing the role of GO as a charge carrier or electron transport to enhance the photocatalytic
activity of GO-metal oxide nanocomposites. Reprinted with permission from Ref. [51]) Copyright
2017-Springer. (b) The schematic of effective charge transfer by GO from dye molecules to metal
oxide photocatalysts. Reprinted with permission from Ref. [52]) (MO = metal oxide semiconductor
photocatalyst). Copyright 2013-Elsevier.

Photocatalyst nanomaterials composed of plasmonic [55] with GO [9,42,56,57] and/or
with metal oxide photocatalysts have gained considerable attention because of the syner-
getic effect of surface plasmon resonance (SRP) and electron transport properties making
potential candidates in various fields [53,58-61]. Recently, the role of SPR of noble metal
NPs, i.e., Au or Ag, in photocatalysis has been emphasized because of their excitation under
visible light, which is promising for fabricating visible light active photocatalyst materials.
It enhances the activity and stability of the nanocomposite photocatalysts. SPR-induced
hot-electron transfer from noble metal NPs to host materials has received considerable
attention from researchers in different fields, including photocatalysis for utilizing so-
lar energy [62-65]. Bhunia et al. [66] studied the photocatalytic activity of rtGO-Ag NPs
nanocomposites under both UV and visible light. It was found that Ag NPs exhibited
visible-light-induced excitation of SPR-producing electron-hole pairs where the conduc-
tive rGO acted as an electron transport medium offering efficient charge separation. This
leads to ROS generation, followed by the oxidative degradation of the organic pollutants,
as shown in Figure 6a. Recently, Ikram et al. [67] demonstrated that Ag decorated rGO
nanoflakes exhibited excellent photocatalytic activity of Ag@rGO attributed to the en-
hanced charge separation due to the excellent charge transport property of rGO. Similarly,
Li et al. [68] studied GO-Au@Ag NPs based nanocomposites with plasmonic alloy NPs
having a unique hot carrier-driven ability. The resultant photocatalytic activity of the
plasmonic-based GO and nanoalloy composites were explained on the basis of the synergic
effect of alloys NPs and GO. It was proposed that alloy NPs produced high yield hot carri-
ers on their surfaces along with enhanced localized SPR property, whereas GO provided
support as a co-catalyst for photoinduced electron-transfer for promoting diverse oxidative
photochemical reactions. Au/g—C3N, nanosheets-rGO based for excellent visible-light
photocatalysts were presented by Li et al. [69] suggesting the similar mechanism where
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Au NPs exhibited the SPR effect, and rGO exhibited the electron mobility activity leading
to the enhanced photocatalytic activity. Very recently, Abd-Elnaiem et al. [70] studied the
various nanoarchitectures of GO and its composites with Au and ZnO. It was found that
the nanocomposites exhibited higher photocatalytic activity as compared to GO due to the
synergetic effect of metal and semiconductor NPs.

(@) A/

H,0 + CO,

Figure 6. (a) Schematic of photocatalytic degradation mechanism by rtGO-Ag NPs nanocomposites un-
der visible light. Reprinted with permission from Ref. [66]) Copyright 2014-American Chemical Society
(b) Schematic representation of the photocatalytic degradation of MO dye over Ag/rGO nanocomposite
under visible-light irradiation. Reprinted with permission from Ref. [71]. Copyright 2019-Elsevier.

On the other hand, Haldarai et al. [72] and recently, Manglam et al. [71] demonstrated
visible-light-driven and reusable Ag@GO nanocomposite photocatalyst as an efficient
visible-light plasmonic photocatalyst. It was proposed that the dye was firstly excited to
dyex, followed by an electron transfer from the dyex* to GO. Then, the electron moved to
Ag NPs and was trapped by O, to produce various ROS. The dyee+ was finally degraded
by itself and/or degraded by the ROS (Figure 6b).

Recently, Manglam et al. [71] demonstrated a simple and facile method for the deposi-
tion of Ag NPs on rGO nanosheets. It can be seen in Figure 7a—c that GO nanosheets with
micron size having wrinkled structures are well deposited with Ag NPs (size-80 nm) due
to the strong electrostatic and electronic interaction between these nanostructures. The
formation of Ag-rGO nanocomposite was also confirmed by energy dispersive X-ray spec-
troscopy (EDX). Its photocatalytic studies revealed the excellent photocatalytic performance
of the nanocomposite in the degradation of MO with great photostability and excellent
reusability that was attributed to the excellent adsorption, conductivity, and controllability.
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Similarly, Haldarai et al. [72] studied the Ag@GO nanocomposite, which exhibited efficient
photocatalytic activity towards photodegradation of Rhodamine 123 dye, as shown in
Figure 7d—£. It was also found that after four recycles, the Ag@GO photocatalyst exhibited
similar results without any considerable loss of photocatalytic activity with excellent pho-
tostability (Figure 7g). Similarly, Kumar et al. [73] studied similar Ag-GO nanocomposites
for the oxidative coupling of benzylanines under visible light. These nanocomposites were
highly stable and exhibited excellent photoactivity with a consistent recycling ability for
several runs without any loss in activity.
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Figure 7. SEM image of (a) GO and (b) Ag/rGO nanocomposite and (c) EDX analysis of Ag/rGO
nanocomposite. Reprinted with permission from Ref. [71] Copyright 2019-Elsevier. (d) UV-visible
spectra of the Rhodamine 123 dye solution in the presence of photocatalyst under visible-light
irradiation, (e) photodegradation of the dye, (f) first-order kinetic model for the photodegradation of
dye and (g) photostability of the nanocomposite after four cycles. Reprinted with permission from
Ref. [72]. Copyright 2014-Elsevier.

It has been reported that plasmonic NPs boost the efficiency of photocatalysts and act
as an antenna for visible light absorption. Furthermore, GO, when coupled with plasmonic
NPs and metal oxide semiconductors, exhibits greater photodegradation efficiency as com-
pared to only metal oxide or GO-metal oxide [53,74]. In such cases, GO generally enhances
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the photocatalytic activity by increasing the adsorption capacity of the nanocomposites,
whereas the plasmonic NPs-metal oxide interface acts as a barrier to recombination of
photoexcited charge carriers [53,74]. Al-Rawashdeh et al. [53] studied the photocatalytic
activity of GO-ZnO nanocomposites with embedded Ag NPs towards photodegradation
of MB dyes. It showed a better photocatalytic response after the addition of Ag NPs,
which was attributed to the synergetic effect of SPR and electron mobility GO. Further,
100% photodegradation was achieved online in 40 min using this GO-ZnO nanocompos-
ite embedded with Ag NPs. Figure 8a—d show the SEM micrographs of GO-ZnO and
GO-ZnO-Ag NPs and corresponding absorbance spectra of MB dye molecules showing
the better photodegradation of GO-ZnO-Ag nanocomposites. They suggested various
mechanisms that could be responsible for the enhanced degradation. The large surface
area of GO enhanced the adsorption of dye molecules along with the formation of 7—m*
interaction between the MB dye molecules that contributed to the effective adsorption.
The plasmonic NPs doping effect could minimize the recombination of photogenerated
charge carriers, increasing the formation of ROS. It also led to the narrowing of the band
gap of metal oxide. The mechanism is shown in Figure 8e. On the other hand, Sarkar
et al. [75] studied rGO-ZnO-Ag nanocomposites and found that enhanced photocatalytic
activity of this nanocomposite as compared to ZnO, Ag-ZnO or rGO-ZnO was due to
an efficient charge transfer process from ZnO to both Ag and rGO as shown in Figure 8f.
Very recently, Gea et al. [76] synthesized ZnO-Ag nanocomposite supported by GO with
stabilized bandgap and wider visible-light region absorption for promising photocatalyst
treatment of organic and textile wastewater.

Similarly, Several GO-TiO,-Ag NPs nanocomposites systems have been studied with
emphasis on the synergetic role of the GO and Ag NPs in the enhancement of photocatalytic
activity [77-81]. Chen et al. [77] suggested that in photocatalytic activity of RGO-Ag-TiO,
nanocomposites, generally visible-light-induced SPR excited electrons are injected into the
CB of TiO,, which participate in producing ROS for dye photodegradation. Furthermore,
the photogenerated electrons on the CB of TiO, are further captured by RGO due to
its extended m-conjugation structure, preventing the recombination of photogenerated
charge carriers and extending their lifetime for effective generation of ROS. That is the
mechanism of the overall enhanced photocatalysis activity of such nanocomposites, as
shown in Figure 8g. Similarly, Qi et al. [79] exhibited that the higher performance of
the Ag/GO-TiO, nanocomposites towards photocatalytic degradation of RhB might be
attributed to its higher visible-light absorbance resulting from SPR of Ag NPs and GO.
Similarly, Leong et al. [81] demonstrated the simple synthesis of rGO-Ag wrapped TiO,
nanohybrids with controlled uniform Ag NPs. It was proposed that the wrapped rGO
nanosheets triggered the electron mobility and extended the absorption of visible light
absorption enhancing the photocatalytic activity in the degradation of bisphenol A due
attributed to the synergetic effect of Ag NPs and rGO.

Along with the important role of GO as electron migration from the plasmonic pho-
tocatalysts containing plasmonic NPs and metal oxide photocatalyst, GO nanostructures
have also been reported to play an important role in the growth of nanostructures in syn-
thesizing excellent photocatalysts. Recently, Wang et al. [80] fabricated the GO-Ag-TiO,
nanorods nanocomposites and studied the effect of GO interlayer on the growth of these
nanostructures, surface adsorption capacity, and visible light photocatalytic activity along
with SERS detection. In a recent study, Kisielewska et al. [82] studied the role of GO and
rGO in in situ photocatalytically fabrication of Ag NPs embedded GO-TiO, and rGO-TiO,
nanocomposite photocatalyst. It was proposed that there were two factors responsible for
the growth of Ag NPs due to photogenerated electrons in TiO; in the presence of GO/rGO.
The first factor was the number of oxygen groups on GO and rGO sheets which acted as the
centers for the adsorption and nucleation of Ag ions. The other factor was the difference in
the mobility of electrons within the sp and sp? domains in GO and rGO sheets responsible
for the growth of Ag NPs.
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Figure 8. SEM images and corresponding photocatalytic activity of GO-ZnO (a,b), GO-ZnO-Ag (c,d)
in degrading the MB dye molecules. (e) Schematic representation of mechanism of the photocatalytic
degradation of MB dye molecules in case of GO-ZnO-Ag nanocomposites [53] (f) mechanism repre-
senting the charge transfer from ZnO to Ag NPs and rGO. Reprinted with permission from Ref. [75]
Copyright 2013-Royal Society of Chemistry. (g) Mechanism of photocatalytic degradation of dye by
RGO-Ag-TiO, nanocomposites. Reprinted with permission from Ref. [77]. Copyright 2018-Wiley.

3.2. As a Sole Photocatalysts

As discussed above, GO and rGO have been extensively used in photocatalysis as
co-catalysts to enhance the photocatalytic activities of metal oxide photocatalysts, metals,
or their nanocomposites. On the other hand, these have also been studied and researched
for their sole applications as a photocatalyst and found to be a promising future sole
photocatalyst material [9,23,83]. Particularly, GO and rGO have exhibited considerable
results in the photodegradation of organic dye pollutants with emphasis on their utilization
as standalone photocatalysts [84,85]. For example, Krishnamoorthy et al. [83] long ago
investigated the photocatalytic behavior of GO by observing the change in color during the
reduction of resazurin into resorufin as a function of UV irradiation time. It was observed
that GO showed excellent photocatalytic activity with pseudo-first-order reaction kinetics.

In the last few years, a lot of research has been conducted to study the photocatalytic
response of GO/rGO and to investigate their photocatalyst activity in the photodegradation
of dye pollutants [21,23]. For example, Kumar et al. [22] chemically derived GO nanostruc-
tures through chemical oxidation of graphite for possible application in photodegradation
of MB dye molecules. It showed good photocatalytic activity with a photodegradation
efficiency of 60% (Figure 9a,b). It was explained that GO nanosheets exhibited a larger
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surface area for the adsorption of dye molecules. It was proposed that when light interacted
with a solution containing dye molecules and GO nanosheets as photocatalysts, photoex-
cited electrons and holes were produced due to a -7t excitation in the 7-conjugated sp?
domains of GO. These photogenerated electrons and holes simultaneously reacted with
oxygen and water molecules to produce ROS. Eventually, ROS degraded MB dye molecules
into CO, and H,O molecules (Figure 9¢c) [22,86]. The overall reaction mechanism of GO
as the sole photocatalyst is shown in Figure 9d. As can be seen in Figure 9d, when GO
acts as a semiconductor, then due to the light absorption, electrons in the VB are jumped
into the CB. Then photogenerated electrons and holes in CB and VB respectively produce
ROS, as explained above, which further participate in photochemical degradation pro-
cesses. Another mechanism could be dye induced photocatalytic mechanism similar to
as explained in Figure 5b. The dye molecule can absorb the light, and excited electrons
from the dye molecules can be transferred to the CB of the GO, which participates in ROS
formation [22,23]. Similarly, Singh et al. [87] studied the photocatalytic activity of GO
towards congo red dye along with the antibacterial activity.
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Figure 9. (a) Absorption spectra of aqueous solution of MB dye containing GO under direct sunlight
at different irradiation times (b) photodegradation rate of pure MB dye solution and MB dye + GO as
photocatalysts under direct sunlight irradiation. (c) Mechanism for photocatalytic degradation of MB
dye with GO. Reprinted with permission from Ref. [22]. Copyright 2016-Elsevier. (d) Chemical reactions
mechanism of photocatalytic action of GO in degradation of dye molecules (e) Schematic mechanism for
MB photodegradation by G-0 (GO) and G-2 (rGO at optimized solvothermal process) [84].

Siong et al. [84,85] studied the photocatalytic activity of GO/rGO for the photodegra-
dation of MB dye molecules and found that these GO nanostructures showed excellent
photocatalytic performance as a metal-free photocatalyst. The higher charge carrier den-
sity, better ability to separate charge carriers, and higher photocurrent density, as well as
reduced band gap, were found to be responsible for enhanced photocatalytic performance
after reduction of GO to rGO. In a study, rGO was prepared at an optimized reduction
temperature of 160 °C and exhibited partial restoration of the sp? hybridization resulting
from the deoxygenation of the GO surface. It exhibited increased surface area and reduced
band gap. These characteristics made it a better adsorption surface and photocatalyst,
achieving more than 30% photodegradation of MB dye. It was further demonstrated that a
greater adsorption removal, i.e., more than 87%, and photocatalytic degradation, i.e., more
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than 98% could be achieved when 60 mg of catalyst, 50 ppm of dye at pH 11, and 60 W m 2
of UV-C light source were used. Similarly, in another study, tGO prepared at the optimized
autoclave solvothermal reduction from GO was found to be exhibited 2.5 times greater
photocatalytic activity as compared to that of GO. It was found that the band gap energy
was reduced from 3.75 (GO) to 3.10 eV (rGO) due to the deoxygenation of GO resulting in
defect production, as shown in Figure 9e. Similarly, Wong et al. reported the photocatalytic
degradation of reactive black five dye molecules by synthesizing rGO from GO with better
photoactivity [88].

However, many studies also reveal that GO does not always seem to be an efficient
photocatalyst in dye degradation but shows a better effect as a co-catalyst, as experimentally
shown by several reports [21,48,53,89,90]. It may be due to the wide band gap and fast
recombination of photogenerated charge carriers [21]. Therefore, to overcome these issues
and to make GO more efficient catalysts, doping with metal and non-metal elements
has been found to be a promising technique that improves not only its charge transfer
characteristics but also enhances photocatalytic performance [21,23,91]. Only a few studies
have been reported modifying the photocatalytic properties of GO by doping. For example,
recently, Junaid et al. [92] studied the effect of B doping in GO for enhanced optoelectronic
properties and found that doped GO showed a tunable band gap from 2.91 to 3.05 eV
along with enhanced electrical conductivity. It was attributed to B-induced defects, which
could be promising for several applications. Singh et al. [91] demonstrated the B doping
in GO and studied its photocatalytic activity for MO and MB dye photodegradation. It
was found that after doping, the photocatalytic performance of GO was improved. B
doped GO exhibited greater photocatalytic activity as compared to the pristine GO for
MB dye molecules, as shown in Figure 10a,b. The B doped GO was found to possess
semiconducting/p-type properties. These modified properties of B-doped GO were found
to be more favorable for the degradation of MB (cationic dye) than MO (anionic dye).
The enhanced photocatalytic performance of B doped GO was attributed to the increased
density of states near Fermi level as shown in Figure 10c. Similarly, Tang et al. [93] discussed
B doping in GO producing B doped rGO as visible light active nanostructures and studied
its photocatalytic mechanism for the degradation of RhB dye molecules. It was found that
B doped rGO exhibited better photocatalytic performance as compared to undoped GO.
The RhB dye photosensitization was found to be responsible for the enhanced photoactivity
of B doped rGO, where electron migration was taken place from the excited dye molecules
to the B doped rGO lead to the efficient photocatalytic performance.

Recently, Tai et al. [94] demonstrated that oxygenated B groups in B doped GO could
be useful for excellent photodegradation of the volatile organic compounds attributed to
the high hole carrier density and p-type characteristics. In another work, the photocatalytic
activity of GO was studied in the presence of an electron scavenger, which exhibited a band
gap between 3.19—-4.4 eV, and photocatalytic efficiency was reported three times greater
than the pure GO [23]. Doping GO with transition metals could be another promising way
to promote the photocatalytic activity of doped GO resulting from the enhanced charge
separation and transfer induced by the interface formed between metal co-catalyst and
light-harvesting GO nanostructures [21]. Khurshid et al. [21] studied the GO nanostruc-
tures doped with transition metals (Fe, Co, Ni, and Cu). It was observed that doping of
metals significantly enhanced the photocurrent and also the photocatalytic activities of
metal-doped GO as compared to the pristine GO. The photocatalytic mechanism of MO
degradation under UV irradiation by metal doped GO photocatalysts has been shown
schematically in Figure 10d. It was also concluded that Co and Ni doped Go showed excel-
lent photocatalytic efficiencies (more than 80%) with rate constants (k = 13 x10~3 min~!
and 16 x 1073 min 1), respectively, as shown in Figure 10e [21]. In this work, GO worked
as a photocatalyst which showed improved activity after metal doping.
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Figure 10. (a) Variation of concentration and (b) degradation efficiency with irradiation time for MB
dye. (c) Schematic representation of the complete degradation process. Reprinted with permission
from Ref. [91]. Copyright 2018-Elsevier. (d) Photocatalytic mechanism of MO degradation under
UV irradiation by metal doped GO photocatalysts (e) MO degradation vs. time curves showing
first-order pseudo kinetics, degradation efficiencies, and rate constants of GO/Fe, GO/Co, GO/N;i,
GO/Cu, and pristine GO. Reprinted with permission from Ref. [21] Copyright 2021-Elsevier.

The above discussion reveals that GO is not only a potential candidate to act as a
co-catalyst but also has great potential to be an efficient sole photocatalyst. A comparative
of photocatalytic activity of GO-based photocatalysts and different roles of GO along with
important achievements/mechanisms in photodegradation of organic dye pollutants have
been summarized in Table 1 from the latest research results in the literature. All these are
attributed to the excellent surface and optoelectronic properties of GO contributing to a
better charge transfer mechanism, which makes it a more attractive photocatalyst, as shown
in the schematic of Figure 11.

Table 1. A comparative of photocatalytic activity of GO based photocatalysts and different roles of
GO along with important achievements/mechanisms in photodegradation of organic dye pollutants.

Uv/Visible

S. No GO Based Role of GO Radiation/Other Organic Dye Result.s/?hotocatalytlc Ref.
Photocatalysts " Pollutants Efficiency/Rate
Conditions
Metal doping improved the
properties resulting in high
Co and Ni-modified Sole . photocurrent, photodegradation

L GO photocatalyst UV light MO efficiency ~84%. Rate (21

constants = 13 x 1073 min~!

and 16 x 1073 min~1).
Sole s Photodegradation

2. GO nanosheets photocatalyst Visible light MB efficiency 60%. [22]
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Table 1. Cont.

Uv/Visible . .
S. No GO Based Role of GO Radiation/Other Organic Dye Result.s/?hotocatalytlc Ref.
Photocatalysts o Pollutants Efficiency/Rate
Conditions
Band gap =3.194.4 eV,
Single layer GO Sole photocatalytic efficiency was
3. modified by UV light MO 24% and enhanced 3 times [23]
photocatalyst .
electron scavenger greater in presence of
electron scavenger
Under the dark.ness ZnO-GO nanocomposites
ZnO-GO ultrasound-driven exhibit stronger piezoelectric
4. . Co-catalyst piezoelectric MB, RhB and MO . o ) [43]
nanocomposites : catalytic activity compared with
catalysis effect, t
. - the pure ZnO, formation of ROS
visible light
Excellent photoactivity due to
5. GO-ZnO nanorods Co-catalyst UV light MB strong interface coupling [45]
between ZnO and Go
Higher photocatalytic
GO-TiO, : Near-UV/Vis and degradation efficiency as ,
6. nanocomposite Co-catalyst visible light. bpP compared to bare TiO, and rate [46]
0f83.9 x 1073 min !
Photodegradation efficiency
~80% in 70 min, interface
7 GO-ZnO . Co-catalyst UV light MB interactions, phpto-mdt.lced [47]
nanocomposite charge transfer interactions,
high performance
and recyclability
Photodegradation efficiency
8. Zn0-GO Co-catalyst UV light MB 97.6% in 90 min and the [48]
nanocomposite first-order reaction rate
0.04401 min~".
Adsorbent, Photodegradahol} efficiency of
GO-TiO clectron 90 and 95% with rate of
9. 2 UV and visible light MB 72.25 x 1073 and [49]
nanocomposite acceptor and I P
hotosensitizer 23.66 x 107° min~" for under
P UV and visible light respectively
Photodegradation efficiency 85%
TiO)—rGO for RhB in 90 min, 100%
10. 2 . Co-catalyst Visible light RhB, phenol degradation of phenol in 150 [51]
nanocomposites ) : .
min, strong interfacial contact
and charge separation.
. . Catalytic activity of 84% (Cu)
11. GO-ZnO Cu/.Ag Co-catalyst Sunlight MB 100% after 40 min (Ag) rate [53]
nanocomposite in-1
constant of 0.1112 min
% degradation up to 100% in
12. Grgsgiﬁg(f;?f Both Visible light MB 120 min. rate 0.1300min—! (GO)  [67]
p to 0.7459 min—! (Ag@rGO)
Au@Ag/GO - . tetracycline 99.36% photodegradation in
13. nanocomposite Co-catalyst Visible light hydrochloride 70 min. [68]
s Photodegradation rate 6 times
14. Au/g-C3Ny/rGO Co-catalyst Visible light MB higher than pure g-C5Ny [69]
porous GO, Highest Photodegradation
Au-RGO, and Porous GO as s . efficiency 97% for porous GO
15. GO-Au-ZnO sole catalysts UV-visible light MB with rate constant [70]
nanocomposite 20.0 x 107 min™
Photodegradation rate for
16. GO and Ag/rGO Co-catalyst Visible light MO Ag/rGO was 0.048 min~! and, [71]
for GO it was 0.02 min~!
17. Zn0O-Ag-GO Co-catalyst Visible light - Band gap of 2.75 eV [76]
Ae-modified 100% RhB removal in 180 min
18. & Co-catalyst Sunlight RhB with rate constant of [79]

GO-TiO,

4.65 x 107 min™
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Table 1. Cont.

GO Based

S.No Photocatalysts

Uv/Visible
Radiation/Other
Conditions

Organic Dye
Pollutants

Results/Photocatalytic

Role of GO Efficiency/Rate

Ref.

19. rGO nanosheet

Band gap = 3.10 eV, the
pseudo-first order rate constant
. of rGO was 0.070 h~! which was
UV-light MB remarkably 2.5 times higher [84]
than the pristine GO with rate

0.028 h~1.

Sole catalyst

20. rGO nanosheet

Photocatalytic degradation
efficiency of 98.57% with rate [85]
0.711h~!

Sole catalyst UV-light MB

21. GO nanosheet

Photodegradatin efficiency more
than 90% in 120 min with rate [87]
constant of 0.0359 min~!

Sole catalyst UV-light Congo red (CR)

22. B doped GO

Band gap of GO and B doped
GO was 2.8 eV and 3.00 eV
respectively. MB dye
degradation 100% in 50 min by
doped GO while 70% by GO.
MO degradation 100% in 100
min by doped GO while 50%
only by GO.

Sole catalyst UV-light MB and MO [91]

23. B doped GO

Remove 80% of the VoCs within

VoCs 6h (0283 h~1)

Sole catalyst UV-light [94]

24. B doped rGO

B doped rGO showed
RhB significantly higher
photocatalytic activity than
non-doped RGO

Sole catalyst Visible light [93]
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Figure 11. Schematic of various charge transfer mechanism of GO in photocatalytic degradation
of dye pollutants including role of GO as a co—catalyst with metal oxide photocatalysts for charge
separation and as a sole photocatalyst with semiconductor characteristics.
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4. Summary and Future Prospects

Photocatalyst nanomaterials are promising for various processes in the environment
utilizing sunlight, and photocatalytic degradation of organic dye pollutants is one of the
important aspects of wastewater treatment. In the last few years, a lot of progress in this
field has been made, including synthesis techniques, the development of new photocata-
lysts nanomaterials, and the mechanism of their photocatalytic action. GO is one of such
nanomaterials which has been studied in many aspects of photocatalytic degradation of
dye pollutants. Here, particularly, mechanistic insights into GO-driven photocatalysis as
co-catalyst (with most used photocatalysts, i.e., TiO; and ZnO, or with plasmonic nanocom-
posites) have been discussed in the degradation of organic dye pollutants. Furthermore, it
has emerged as a potential sole photocatalyst nanomaterial with semiconductor features.
It has shown fascinating photocatalytic properties and a simple mechanism for photocat-
alytic degradation of organic dye pollutants, which have been discussed in the present
review article.

Recent developments in research related to the photocatalytic activity of GO show its
potential to be an efficient photocatalyst material. It has been emerging as a carbon-based
photocatalyst with a metal-free characteristic that could be explored to serve as a sole
photocatalyst. Based on the current status of GO in the field of photocatalysis, it can be
assumed that continuous research on these materials will lead to providing more tunability
in its semiconducting properties. This is still a great challenge, along with the stability
for GO, which needs to be explored in future research. It has been used potentially as
a co-catalysts only to enhance the performance of the other semiconductors. Even as a
co-catalyst, it has not been explored as a co-photocatalyst that does not exhibit its potential.
It has tunable characteristics, especially the band gap, which makes it a more efficient
photocatalyst. In combination with other metal oxide photocatalysts, it could add to the
photocatalytic activity by the synergetic effect of photocatalytic action as well as co-catalyst
by producing and transporting photoexcited electrons, respectively. This is another scope
for GO nanostructures to be explored in future research. In this context, chemical doping
is one of the simple techniques to boost the photocatalytic efficiency of the GO. It also
needs to be explored from a photocatalytic point of view to enhance the photocatalytic
activity of GO as a sole photocatalyst as well as in the role of a co-catalyst. The band gap
engineering of GO will definitely enhance its optoelectronic properties, which will enhance
its potential application as not only a sole photocatalyst but also its co-photocatalyst activity.
It will strengthen the understanding of the role of GO in photocatalytic action from a more
fundamental point of view, which could be explored in a more excellent way. The author
thinks that this review will provide a more basic understanding of the photocatalytic action
of GO. It is also expected that the scientific community will explore the mode of action of
GO and GO-based photocatalyst nanocomposites to the next level of understanding.
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