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The discovery of the 2D nanostructure of graphene was in fact the beginning of a new generation of
materials. Graphene itself, its oxidized form graphene oxide (GO), the reduced form of GO (RGO) and
their numerous composites are associates of this generation. Out of this spectrum of materials, the
development of GO and related hybrid materials has been reviewed in the present article. GO can be
functionalized with metals (Ag and Mg) and metal oxides (CuO, MgO, Fe,O3, Ag,O, etc.) nanoparticles
(NPs), organic ligands (chitosan and EDTA) and can also be dispersed in different polymeric matrices
(PVA, PMMA, PPy, and PAn). All these combinations give rise to nanohybrid materials with improved
functionality. An updated report on the chronological development of such nanohybrid materials of
diverse nature has been delivered in the present context. Modifications in synthesis methodologies as
well as performances and applications of individual materials are addressed accordingly. The functional
properties of GO were synergistically modified by photoactive semiconductor NPs; as a result, the GO-
MO hybrids acquired excellent photocatalytic ability and were able to degrade a large variety of organic
dyes (MB, RhB, MO, MR, etc.) and pathogens. The large surface area of GO was successfully
complemented by the NPs so that high and selective adsorption capacity towards metal ions and
organic molecules as well as improved charge separation properties could be achieved. As a result, GO—-
MO hybrids have been considered effective materials in water purification, energy storage and
antibacterial applications. GO-MO hybrids with magnetic particles have exhibited selective destruction
of cancerous cells and controlled drug release properties, extremely important in the pharmaceutical
field. Chitosan and EDTA-modified GO could form 3D network-like structures with strong efficiency in
removing heavy metal ions and organic pollutants. GO as a filler enhanced the strength, flexibility and

functional properties of common polymers, such as PVA and PVC, to a large extent while, GO-CP
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supercapacitors, and MEMS as well as efficient photothermal therapy agents. In summary, GO-based

DOI: 10.1039/d1ra06731a hybrids with inorganic and organic counterparts have been designed, the unique properties of which are

rsc.li/rsc-advances exploited in versatile fields of applications.

1 Introduction: from graphene to (CNTs) and can be stacked into three dimensional (3D)
’ . ) graphite. It is graphene, the first 2D material (monolayer),

graphene oxide (GO) which is the thinnest and hardest material ever known.>* Since

its discovery, this material has drawn scientists from various
disciplines to work on it and a great deal of research from both
fundamental scientific and technical points of view has been
accumulated on this material to explore its properties and
applications.

As a result of extensive research over the last fifteen years, it
is now known that this wonderful material is a zero band gap
semiconductor gifted with a unique crystal structure,* incred-
ibly large surface area (ca. 2630 m* g~ '),° as well as flexibility
and mechanical strength (Young's modulus of ca. 2.4 £+ 0.4 TPa
“A/515, H. B. Town, Purbayan, Sodepur, Kolkata 700110, West Bengal, India with a breaking strength of 42 N-m™).*" Its thermal conduc-
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Town, Kolkata, 700156, West Bengal, India. E-mail: camrg@iacs.res.in of ca. 10° Acm™~ and pretty hlgh electron mOblhty of ca. 10 cm

The single-atom thick planar carbon sheet with perfect honey-
comb lattice arrangement has mesmerized the field of science
and technology since its discovery in 2004." Professor Andre
Geim and Professor Kostya Novoselov of The University of
Manchester, who won the Nobel Prize almost immediately, were
the pioneers who isolated this unique material. This 2D sheet
[Fig. 1] can be wrapped up into zero dimensional (0D) fuller-
enes, rolled up into one dimensional (1D) carbon nanotubes
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Fig. 1 Honeycomb structure of graphene: scanning probe micro-
scope image [this figure has been adapted/reproduced with permis-
sion from https://www.flickr.com/photos/armymaterielcommand/
6795812766].

v~ 57! (ref. 8-10) have made it suitable for application in
electronic devices. Graphene absorbs 2.3% light over a broad
wavelength range for each layer, which makes it transparent
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and suitable for specific optoelectronic applications."*> All
these unique properties have allowed people to design light-
weight composites with extremely high strength and flexibility
and nanocomposites with large surface area and reactivity.
Graphene and its composites and nanocomposites have got
widespread applications in solar cells,*® capacitors,* batteries,*
flexible displays,'® water purification systems'”** and biomed-
ical devices."?®

Properties and applications of graphene have been regularly
reviewed over the last decade and good numbers of extensive
reviews are available on different aspects of graphene in general
or in particular.”**® From these reviews, the span of the material
can be assumed and the extent to which it has occupied the field
of materials science can be estimated.>° In spite of all these
unique properties high production cost of graphene added to its
hydrophobic nature and strong tendency to agglomerate or even
to be restacked into graphite (due to van der Waals interaction)
has rendered its application difficult. To overcome these prob-
lems an alternative to graphene has been found out by forming
graphene oxide (GO). GO is a monolayer of graphite oxide,
which can be obtained by exfoliating graphite oxide into layered
sheets through sonication or mechanical stirring. The
graphene-based lattice and existence of various oxygen-
containing groups (mainly epoxy and hydroxyl groups)
endowed GO with ample fascinating properties.*** Structurally,
graphene oxide is very much similar to graphene with its basal
plane decorated by oxygen containing groups like epoxy,
hydroxyl, carbonyl, etc. (shown in Fig. 2), which act as effective
anchoring sites to immobilize various active species.

These oxygen containing functional groups have high
affinity for water molecules, which makes graphene oxide

RUESS

Fig.2 Different structural aspects of GO including functional groups present [this figure has been reproduced from ref. 32 with permission from

RSC, Copyright 2010].
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Table 1 Overview of Graphene-based materials included in the text
Material/composition Focus Important outcome Ref.
Graphene Synthesis, characterization Dimension, surface area, breaking strength, 1-10
Young's modulus, conductivity, electron
mobility
Application Capacitors, batteries, water purification system, 11-23
biomedical devices
Graphene oxide Synthesis, characterization Hydrophilic nature, dispersible in water, 24-30 and 38
inorganic and organic solvents
Applications Biomedical 59-64
Supercapacitor 65-73
Li-ion batteries 74-79
Harmful gases removal 80-90
Reduced graphene oxide Synthesis, characterization Structure and physical properties 31-34
GO-metal, semimetal, metal oxide Applications (reviews) Energy storage, antibacterial and antioxidant 94-104
composite property, biosensors
GO-CuO/Cu,0 Synthesis (hydrothermal, Biosensor, photocatalytic and antibacterial 107-116
solvothermal method) and property
application
GO-AgO/Ag,O Synthesis and application Antibacterial and photocatalytic efficiency 117-142
GO-ZnO Synthesis and application Photocatalyst and antibacterial agent 144-158
GO-iron oxide Synthesis (in situ, solvothermal Photocatalyst, targeted drug delivery 159-185
methods) and application
GO-NiO Synthesis and application Photocatalyst 186-190
GO-CdO Synthesis and application Photocatalyst 191
GO-ZrO, Synthesis and application Removal of heavy metal (As, Cr) from water, 192-198
photocatalyst
GO-TiO, Synthesis and application Photocatalyst 199-205
GO-MgO Synthesis (hydrothermal and Photocatalyst 206-215
solvothermal method) and
application
GO-EDTA Application Removal of Cu, Ni 216-219
GO-chitosan, GO-porphyrin Application Adsorption, dye removal 220-231
GO-polymer (i) Synthesis (solution blending), (i) Improved strength, elongation, durability (i) 233-248
performance

(i) PVA, PMMA, epoxy, etc. (ii) Synthesis, application

(if) Conducting polymers (PAn,
PPy, MO)

hydrophilic in nature and increases the interlayer distance of
graphene oxide.>** By this way graphene oxide can be easily
dispersible in water and other organic and inorganic
solvents,>*?° few of which are stable for weeks. Furthermore, GO
possesses tuneable electronic properties. Typically, GO is insu-
lating due to the large portion of sp* hybridized carbon atoms
bonded with the oxygen-containing groups, which results in
very high sheet resistance. However, after reduction, the sheet
resistance of reduced GO (namely, rGO) can be degraded by
several orders of magnitude, hence transforming the material
into a semiconductor or even into a graphene-like semimetal.
While rGO is more electrically conductive than GO (has fewer
oxidative functional groups on the basal plane), the carrier
mobility is substantially lower than that of pristine graphene
because of highly distorted sp® bonds left behind after the
reduction step. It has been demonstrated that the band gap of
GO can be tailored by controlling the coverage, arrangement,
and relative ratio of the epoxy and hydroxyl groups.’**

5688 | RSC Adv, 2022, 12, 5686-5719

(i) Improved performance, application in
energy storage, biosensing, PTT

(ii) 249-270

Therefore a highly attractive solution to get rid of the
production cost as well as other drawbacks of graphene while
preserving its excellent properties is to use an oxidized
precursor such as GO (instead of graphene itself). Obviously, GO
became a very attractive material immediately after its discovery
and has drawn a large pool of research effort targeting its
versatile application. The synthesis technique of GO has been
revised from time to time and significant characteristics have
also been revealed. On the other hand, GO has been combined
with different functional materials to give rise to a series of
nanocomposites of diverse nature and application. Based upon
their application potential, GO and related nanocomposites
have been reviewed several times over the last few years.>**¢ The
different methods of functionalization of GO and applications
of the resulting materials have also been reviewed very
recently.’” However, an updated chronological report on the
development of GO based materials viewed from their compo-
sitional perspective is not yet available. In the present article,
the evolution of this group of materials with respect to their

© 2022 The Author(s). Published by the Royal Society of Chemistry
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composition has been reviewed thoroughly. Starting from the
GO itself, the development of different hybrid materials in
which metal oxides, metal-organic frameworks, organic ligands
and polymers have been combined with GO has been included
in the review [Table 1]. Significant properties of the hybrids and
their applications have also been mentioned in proper context.

2. GO at a glance: synthesis,
properties and applications

2.1. Synthesis

GO is commonly prepared using the modified Hummers'
method.*® This method combines chemical functionalization
with physical exfoliation through vigorous stirring or sonication
of commercially available graphitic precursors. During this
procedure, structural defects containing oxygen functional
groups decorate the surfaces and edges of the individual sheets
of graphene.** The resulting GO nanosheets are naturally
functionalized with numerous oxidative functional groups
including hydroxyls, epoxides, and carbonyls as mentioned
earlier. Due to the extensive oxidation during the modified
Hummers' method, GO is turned into an insulating and more
hydrophilic material having poor thermal conductivity than
graphene. Electrical and thermal conductivity, hydrophobicity
and other properties could be partially restored by reducing GO
to another form called reduced GO (rGO/RGO). Conversion of
graphene to GO and RGO is schematically shown in Fig. 3. Poor
thermal and electrical conductivity of GO is accounted for the
large portion of oxygen functional groups present in the system,
creating a barrier to electron transport as well as creating
thermally insulating ‘air pockets’. Reduction of GO to RGO
partially restores the carbon structure of graphene and its
characteristics as well.* Properties of both GO and RGO are,
however, largely dependent on the oxidation/reduction process
and the nature of the reagents used.

GO has attracted the attention of researchers immediately
after its synthesis as works of versatile interest were started
using GO instead of graphene itself. The synthesis techniques
were also modified in parallel. Jasim et al.** have described the
synthesis of graphene oxide from different graphitic materials
like graphite powder (GO-p), graphite flakes (GO-f) and ground
graphite (GO-g) using a modified Hummers' method and found
the effect on the yield and structural characteristics of GO
sheets. They found that the GO obtained from graphite powder

View Article Online
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(GO-p) shows the largest lateral dimension and maximum effi-
cient yields among all. Kotchey et al** reported the redox
method of preparation of GO films and extensively charac-
terised the same; they introduced a new way of oxidation of
graphene oxide catalysed by a combination of horseradish
peroxidase (HRP) enzyme and hydrogen peroxide (~40 pM). It is
found that HRP with its active ‘heme’ site comes closer to GO
than reduced GO (RGO) and preferably binds to the basal plane
of graphene oxide compared to the edges; this promotes the
oxidation of the basal plane of GO, leading to the formation of
holes in the basal plane of GO. Several authors have reported*
the preparation of GO sheets by the modified Hummers'
method. It was prepared from graphite flakes by the modified
Hummers' method and the obtained product was dried at 60 °C
to form GO sheets, which exhibited a very thin lamellar layer
structure, good photoresponse in the UV and visible range and
excellent thermal stability with increased opportunities for
application.

2.2. Properties

As the journey with GO went on, different unique properties and
relevant applications of GO were found out.** Besides its general
properties GO also displays excellent optical and mechanical
properties for a wide landscape of applications. Dutta et al.** for
the first time mentioned a broad UV fluorescence of modified
GO, which is dependent on the excitation wavelength and pH of
the medium. With the increase in pH a 32 nm blue shift
occurred when excited at 240 nm and a 12 nm blue shift
occurred when excited at 280 nm due to an increase in the value
of band gap. This phenomenon can be applied in optoelectronic
devices and pH sensing materials. The optical transmittance of
GO films can be regularly tuned by varying the film thickness or
the extent of reduction.*® Generally, an aqueous suspension of
GO films is dark brown to light yellow in colour, depending on
the concentration, whereas that of reduced graphene oxide
(RGO) thin films (with a thickness less than 30 nm) is semi-
transparent.”” The optical absorption of GO is dominated by the
m-* transitions, which gives rise to an absorption peak
between 225 and 275 nm (4.5-5.5 eV). During reduction, the
strength of optical absorption increases, while the plasmon
peak shifts to ~270 nm, reflecting an increased w-electron
concentration and structural ordering.*®* Mechanical properties
of GO depend on the specifics of sample viz. the degree of
oxidation and thickness.**> The reported Young's modulus

Graphene O

Graphene

xide (GO) Reduced Graphene Oxide (rGO)

Fig. 3 Structure and relationship between graphene-based materials: graphene, GO and rGO [this figure has been reproduced with permission

from ‘Nanografi’, Copyright 2021].
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and breaking strength of GO sheets show a wide range of
distributions of 6-42 GPa and 76-293 MPa, respectively.** More
details about the fundamental physical properties of GO can be
found in a review article and a book.**** Spectral characteristics
of GO have also been investigated by some researchers. Luo
et al.> reported a visible broad photoluminescence peak of solid
graphene oxide and the changes in photoluminescence with
reduction of GO were accounted for the change in band gap and
m-electron removal of GO. Konkena et al.*® reported that fluo-
rescence spectra of dispersion (aqueous) of GO are pH depen-
dent; for example, at pH 2.5, 5.5, 7.5 and 10.5 emission peaks
were observed at 550 nm (as no functional groups ionised),
428 nm (due to ionisation of the carboxylic group), 515 nm
(emission from COO™ groups) and 470 nm (due to ionisation of
phenolic groups) respectively. The reason for this variation
originates from the oxygen containing groups present in GO
and ionization of carboxylic and hydroxyl groups. Shang et al.*
reported the reason for fluorescence of aqueous dispersion of
GO as the effect of electron-hole recombination and electronic
transition between oxidized carbon (carboxylic and carbonyl)
and non-oxidized carbon. pH-dependent fluorescence spectra
of GO as a result of the presence of quasi-molecular fluo-
rophores were reported by Galande et al.>®

2.3. Applications

2.3.1. Biomedical. Fascinating properties of GO and GO-
based composites have been exploited for applications in
different sectors viz. energy storage/conversion, environment
protection, medicine and biomedical fields. Wu et al.* in their
review described in detail the applications of GO specifically in
nanomedicine, which include drug delivery, antibacterial
activity, cytotoxicity, cancer therapy, tissue engineering, etc.
Large surface area (which determines the loading capacity),
biocompatibility and low toxicity are three advantages of GO on
which the drug delivery system depends; these properties are
suitable for clinical tests and easy release of drugs in
a controlled manner to target tumour cells achieving success of
therapy. Moreover GO can protect DNA from enzymatic cleavage
and thus is applied in gene delivery. It is also used to detect
cancer cells by different imaging techniques namely Magnetic
Resonance Imaging (MRI) and Computed Tomography (CT)
imaging. Initially the researchers used to follow the colony
counting method, which determines the number of bacteria
killed by GONPs for monitoring the anti-bacterial activity of the
GO hybrids. Krishnamoorthy et al.®® prepared GO nano-sheets
and found their antibacterial activity by this method. The
mechanism of antibacterial activity was determined by
measuring the formation of reactive oxygen species (ROS) by
electron spin resonance (ESR) spectroscopy and it was found
that the prepared nanosheets were more efficient antibacterial
agents towards Gram positive bacteria than Gram negative
bacteria. This result indicates the nanosheets to be used in the
field of nanomedicine in future.

Later on the antibacterial activity of GO was revealed using
spectrophotometry by some researchers such as Nanda et al.**
who used Raman spectroscopy to describe the mechanism of
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interaction of GO with the bacteria Escherichia coli (E. coli) and
Enterococcus faecalis (EF). From their studies it was found that
GO can trap the inner and outer membrane of the bacterial cell,
which results in an increase in adenine and protein concen-
tration in the culture medium due to bacterial death. As a result
the Raman band intensified and this way the antibacterial
activity of GO was determined. Similarly Ning Zhang et al.®> in
a contemporary work used mass spectroscopy to check the
antibacterial activity of GO instead of the time consuming
colony counting method. They determined the mass spectra of
extracted metabolites of different bacterial strains of E. coli with
GO before and after incubation. They correlated the metabolism
disorder of bacteria that is the release of phosphatidyl etha-
nolamine, phosphatidyl glycerol and glutathione, which indi-
cates the bacterial death and antibacterial activity of GO. Gupta
et al.®® on the other hand investigated the antibacterial activity
of GO NPs against Gram positive and Gram negative bacteria
Bacillus subtilis (BS), Staphylococcus epidermidis (SE), Pseudo-
monas aeruginosa (PA) and Enterobacter aerogenes (EA). They
determined the antibacterial activity of GO (100 pug ml™') by
measuring the zone of inhibition and compared the value with
the same concentration of the standard antibiotic drug strep-
tomycin. The highest inhibition zone (12 mm) is observed when
GO is treated against EA and SE, whereas a lower value of
inhibition zone is found in the case of BS (9 mm) and PA (7
mm). They proposed the formation of hydrogen bonds between
lipopolysaccharides of the bacterial cell and oxygen containing
functional groups of GO as the reason for cytotoxicity of GO-NPs
against bacteria, which resist the nutrient uptake of the bacteria
cell, resulting in the damage and death of the cell. Barbolina
et al.** explored a new factor on which the antibacterial activity
of GO was dependent. They found that the purity of GO plays
a very important role in its antibacterial activity; for example,
a highly purified or gently washed GO sample had no effect on
the inhibition or stimulation of growth of E. coli or SA bacteria
of concentration 1 mg ml~". However, an insufficiently purified
GO sample mainly due to the chemical impurities and acidic pH
showed significant antibacterial activity. Moreover in their
studies they found no effects of GO on the growth of E. coli when
the lateral sizes of GO flakes are varied. So, they suggested
a standard protocol of washing the GO sample to study the
biological properties and to avoid erroneous results.

2.3.1. Energy storage

(a) Hydrogen storage. There have also been a lot of efforts in
developing GO-based materials for various kinds of Li batteries
and supercapacitors, whereas there are also certain activities on
hydrogen generation/storage as well as purification of water and
air using GO-based materials. Owing to its cleanliness and
renewable property hydrogen energy and its storage have
become very important. The storage happens in two ways: (i)
chemical storage, i.e. by forming hydrides and (ii) physical
storage, i.e. by adsorption. In the former method storage content
is high but release is unsatisfactory, while in the latter method
storage capacity is poor.®® To overcome these deficiencies gra-
phene and graphene derivatives (GO) played vital roles. Guo
et al.®® reported hierarchical graphene with micropores, meso-
pores and macropores of 0.8 nm, 4 nm and 50 nm, respectively,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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which showed an enhanced hydrogen storage capacity
compared to that of pristine graphene sheets reported by S.
Patchkovskii et al.*” Storage of molecular hydrogen into the GO
frameworks was reported by Chan et al.®® In their study different
GO frameworks named GOF-6, GOF-28, GOF-66 and GOF-120
have shown hydrogen uptake of ca. 0, 6.33, 2, and 1.68 (Wt%)
respectively. Maximum hydrogen storage capacity as shown by
GOF-28 is accounted for by the presence of benzene diboronic
acid between the graphene sheets; the latter provides porous
spaces and mechanical support to the molecular structure as
well as higher binding energy to the stored hydrogen molecules
compared to the other GO frameworks.

The hydrogen storage capacity was improved further when®
thermally annealed multilayered GO with 6.5 A interlayer
distance was used under an optimum condition. Similarly Kim
et al.”® reported that the hydrogen storage capacity of GO and
RGO (surface pore size 6.7 A) was enhanced to 5% upon
annealing at ~300 to 600 °C (GO) and 400 °C (rGO). Moreover
decorations of a metal on the GO surface where lot of metal
cations and oxygen anions are present also increase the
hydrogen storage capacity and hydrogen binding energy. Chu
Chen et al.”* reported the Mg-doped GO composite for hydrogen
storage. Usually an electric field is produced around the metal
ion and oxygen to adsorb hydrogen molecules; the metal site is
more active to adsorb hydrogen than oxygen sites and the
hydroxyl group present on the GO surface lowers the hydrogen
storage due to formation of water. In this study hydroxyl is
reduced by Mg metal and the -(C-O)-Mg bond increases
hydrogen storage. When eight hydrogen molecules are adsor-
bed by Mg-doped GO, a high value of (5.3 wt%) hydrogen
storage is reached at 200 K without external pressure. Wang
et al.”””* reported that GO decorated with Pd enhanced the
hydrogen storage capacity compared to pristine GO. Moreover
transition metal oxides dispersed on GO like GO/V,0s
(1.36 wt%) and GO/TiO, (1.26 wt%) also have increased the
hydrogen storage capacity compared to that for bare V,Os
(0.16 wt%) and TiO, (0.58 wt%). The Ti-GO composite was also
reported, in which the hydroxyl group of GO was combined with
metallic Ti; the composite exhibited an increase in the hydrogen
storage capacity.

(b) Li ion batteries. GO and rGO based composite materials
can act as a cathode and anode and show good electrochemical
performances in lithium ion battery, which is an important
energy storage device. Mn;0,/RGO and Zn,GeO,/GO compos-
ites for example show large specific capacity, and good cycling
stability.””® On the other hand due to small sizes and synergetic
effects the FeS/RGO nanocomposite shows better conductivity
than bare FeS-NPs.”” Moreover due to the structural defects and
the oxygen containing functional groups present in GO and
RGO, the latter shows high adsorption of sulphur, which leads
to high reversible capacities of Lithium sulphur batteries.””®
GO based materials, e.g. GO/MnO,, can also be used as good
supercapacitors and show higher (84.1%) retention of super
capacitance than pure MnO, nanoparticles (69%).*

2.3.2. Harmful gas removal. Owing to the large surface area
and presence of oxygen containing groups, GO itself and GO-
based materials can capture and entrap CO, and a few other

© 2022 The Author(s). Published by the Royal Society of Chemistry
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gases in their structure; this property has been successfully
utilized by scientists to design materials capable of removing
harmful gases. A good portion of the related literature has been
covered by M. Seredych et al., who had started the work by
revealing the ammonia absorption capability of exfoliated GO
itself.** They have shown that NH; gas is adsorbed on the GO
surface (dry and moist) under ambient conditions through
intercalation between layers as well as via acid-base reaction
between carboxylic acid and NH;. Maximum adsorption was
achieved under dry conditions with little amount of water,
which favours acid-base reaction via dissociation of carboxylic
groups. In the presence of a large amount of water, adsorbed
ammonia has to compete with water for active sites which
decreases the ammonia absorption capacity. Later on the same
group of investigators reported the fabrication of a series of
materials in which GO has been combined with oxides and
hydroxides of Mn, Zn and Zr and different metal-organic
frameworks (MOF) for efficient adsorption of SO,, CO, CO,, NO,
and H,S.5>%

T. Yumura et al.*® used density functional theory to investi-
gate the energetics of the migration of carbon dioxide within
graphene oxide (hydrated or anhydrated). This study revealed
that when carbon dioxide enters into anhydrous GO, repulsive
electrostatic interaction takes place, which increases the inter-
layer spacing of GO layers; this repulsive interaction is lowered
by insertion of water into GO containing carbon dioxide due to
the presence of attractive hydrogen bonds among water mole-
cules. In a different approach L. Wang et al.*” have used DFT
based techniques to model GO decorated with Ti for adsorption
of CO. After studying the adsorption properties of a group of
four gases viz. CHy, N,, CO, and CO, they have shown maximum
adsorption energy and adsorption concentration for CO
(70 k] mol " and ~7 mmol g ') on Ti sites, which is much above
those of the other three gases. This was attributed to the p-
d hybridization between CO molecules and Ti. Similarly Chen
et al® have reported DFT based techniques to simulate the
adsorption of acidic gases like CO,, SO,, and NO, on GO
decorated with light metals (Li and Al). In contrast to GO/Ti, GO/
Li exhibits a comparable adsorption ability and binding energy
of acidic gases, but a much smaller interaction with O,. 2.85-
3.98 eV lowering in binding energy is observed for O, which
implies that GO/Li and GO/Al may be useful and promising for
collection and filtration of exhaust gases. Moreover GO has
adsorption capacity of different heavy metal (Cd, Co, Au, Pd,
and Pt) pollutants from waste water. Zhao et al.*® showed that
adsorption of Cd(u) and Co(u1) on GO nanosheets is maximum at
PH 6.0 = 0.1 and at 303 K due to the presence of oxygeneous
groups, which can be applied for cleaning up of heavy metals as
pollutants.

In addition to gaseous and metallic pollutants GO can also
remove different organic contaminants, e.g. dyes and patho-
gens, from water. S. T. Yang et al®® reported excellent dye
(methylene blue, MB) removal efficiency of GO from aqueous
solution at low temperature and high pH of the medium, which
can be applied for treating contaminated water and industrial
effluent. In another report, G. K. Ramesha et al.** showed the
adsorption efficiency of Exfoliated GO (EGO) and reduced GO
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(rGO) towards different cationic and anionic dyes such as
Rhodamine B (RB), MB, Methyl Orange (MO) and Methyl Violet
(MV) from aqueous solution. It is seen that EGO having
hydroxyl, epoxy, ketone and carboxyl groups in its basal as well
as edge planes is more effective towards cationic dyes, while
rGO is an efficient adsorbent towards anionic dyes.

3. GO-metal oxide (MO) based
nanocomposites

Metallic and metal oxide nanoparticles (NP) having high surface
area, unique electrical and optical properties are also very
important inclusions in materials science. They have been
applied in various fields like catalysis, energy storage, chemical
sensing, and nanomedicine and also as antibacterial agents. It
is known that GO can be exfoliated under appropriate treat-
ment, forming quasi-two-dimensional carbon nanosheets.
These exfoliated GO sheets possess large surface area and thus
may act as potential support materials to load NPs. In addition,
the oxygenated functional groups in GO can also be utilized as
nucleation centres to anchor NPs. Therefore, it is feasible to
synthesize graphite oxide-nanoparticle composites (GONP) by
depositing the NPs onto GO sheets, leading to a possible inte-
gration of the properties of the two components (GO and NPs)
in the new materials. Numerous composites of graphene and
GO with a spectrum of metal and metal oxide (MO) nano-
particles viz. ZnO, CuO, TiO,, MgO, NiO, ZrO,, etc. have so far
been synthesized. Very often it is found that some metal oxides
acquire improved reactivity in nanostructures compared to the
bulk phase.”” At the same time these NPs can bring about
modifications to the properties of preformed nanostructures
such as zeolite, montmorillonite (MMT) clay, and also to gra-
phene and GO. Structure and properties of the graphene and
GO nanocomposites with intercalation of metal and metal oxide
NPs have created a separate section in the unit of graphene
based materials.

3.1. Applications of GO-MO in general

Different synthesis techniques, properties and applications of
graphene/GO based hybrid materials have been regularly
upgraded and reviewed by different groups of scientists.”*** It's
quite obvious that the frontier of the graphene based nano-
composites is ever-expanding, due to their uniqueness in
combining complementary properties of a wide variety of the
building blocks for targeted applications. All these applications
could be broadly classified into three major sectors (with several
subsections of each) viz. water purification, pharmaceutical and
energy storage applications as collectively shown in Fig. 4. In
the present article the current status of the GO based materials
with diverse composition has been reviewed; the role of the
individual composites towards different applications will be
discussed in proper context.

Due to large surface area GO has high drug loading capacity
and presence of several groups on the plane of GO enhanced the
possibilities of forming bonds with different drug molecules
like folic acid, transferrin, doxorubicin (an anticancer drug), etc.
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Moreover GO with the drug can be applied to targeted drug
delivery systems so that it becomes more effective on affected
cells (cancer or tumour) than normal healthy cells.” Graphene
based materials (GM) themselves have demonstrated a broad
range of antibacterial activity toward bacteria, fungi and
viruses. These antibacterial activities are attributed mainly to
the direct physicochemical interaction between GMs and
bacteria that causes the destruction of cellular components, viz.
proteins, lipids, and nucleic acids. In fact, GMs have a high
affinity for the membrane proteoglycans where they accumu-
late, leading to membrane damage. Similarly they can also
interact with bacteria RNA/DNA, interrupting their replication.
Moreover, GMs can indirectly determine bacterial death by
activating the inflammatory cascade due to active species
generation after entering in the physiological environment.* All
these activities of GO/GM itself are favoured by the embedded
MO-NP via the synergistic effect of GO-MO combination,
resulting in more effective antibacterial activity in the latter.®>*”
For example in GO-TiO, the antimicrobial activity can be
derived using various mechanisms viz. (i) electron-hole pair
generation on the TiO, surface, via the reaction of photo-
generated holes with the adsorbed H,O or —-OH, (ii) producing
highly reactive hydroxyl radicals, and (iii) destruction of
microorganisms by active oxygen species, attached to the TiO,
surface. In GO-ZnO, on the other hand, the antibacterial
mechanism may take place through two pathways: (i) Reactive
Oxygen Species (ROS) production and (ii) the interruption of the
membrane and cellular functions as a result of accumulation of
ZnNP on the bacterial surface and/or inside the bacterial cyto-
plasm. Richtera et al® have prepared a GO based metal/
semimetal (Mn, Zn, Ag, Cu, and Se) nanocomposite to exhibit
an antimicrobial effect on different bacterial strains such as
Staphylococcus aureus (SA), E. coli and methicillin-resistant SA
(MRSA). Identical concentrations (300 pM) of the composites
were applied to all strains, out of which GO-Se nanocomposites
were found to show maximum inhibition (87.4%) against the
growth of SA. With the increase in concentration of GO/Se
composite increasing antibacterial effect on Gram positive
bacteria (SA and MRSA) was found but interestingly in the case
of Gram negative bacteria (E. coli) the antibacterial effect was
found at the highest applied concentration. With the help of
these antibacterial studies researchers found applications of
GO in nanomedicine, drug delivery and also for designing
antibiotics. In a very recent report Ahmed et al.*® synthesised
a GO-metal oxide (TiO,) nanocomposite and showed its scav-
enging ability/anti-oxidant property by either donating elec-
trons or giving hydrogen atoms to react with 2,2-diphenyl-1-
picrylhydrazyl (DPPH) free radicals; they also explored the
anti-inflammatory property for the first time by incorporation of
metal oxide on GO and suggested its application in improving
protein denaturation inhibition ability.

Most of the semiconductor NPs exhibit high photosensitivity
but poor visible-light response, due to which their photo-
catalytic efficiency is not satisfactory. Because of their higher
band gap excitation of electrons from the valence band to the
conduction band requires high energy so that photoexcitation
in those materials is not possible in the visible light region.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Three most important groups of applications of GO and GO-MO hybrid materials at a glance.

Efficient intercalation of various tuneable band gaps semi-
conductor NP in GO shows a significant enhancement of pho-
tocatalytic efficiency of the semiconductor NP (CuO, ZnO, MgO,
TiO,, Zr0,, etc.) and successful use of the hybrid materials in
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Fig. 5 Synergistic effect exhibited by the GO—-MO nanocomposite and the photocatalytic degradation of organic pollutants.
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heterogeneous catalysis especially in photocatalytic degrada-
tion of organic dyes.”>'* Both GO and rGO can be utilized to
fabricate photocatalysts via formation of some binary or ternary
heterojunctions. Embedded MO-NP very often undergoes
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electron transfer to the support GO matrix under UV-vis radia-
tion; this interaction creates free radicals, which can result in
degradation of organic molecules. Owing to this synergistic
effect between the components, as shown schematically in
Fig. 5, these nanocomposites possess unique electronic, pho-
tocatalytic and optoelectronic properties that have attracted
significant attention over the last few years. Development of
such nanocomposites and their utilization in photo catalytic
degradation of some toxic organic dyes/molecules for water
depollution have been reported by different authors,'*"'*
details of which will be discussed in respective sections.

On the other hand fabrication of chemical sensors, electro-
chemical biosensors and energy storage devices has also been
possible with GO/M and GO/MO hybrid materials, representa-
tive examples of which are cited'**~'°® here. An interesting report
was published by Wei Cui et al.'® describing the fabrication
strategy of an ‘artificial nacre’ via cross linking of GO sheets by
dopamine. The nacre prepared by an evaporation-induced
process exhibits tensile strength 1.5 times and toughness
twice that of natural nacre along with its excellent electrical
conductivity. This type of material with excellent strength and
toughness can be widely used in aerospace as well as in devel-
opment of artificial muscles, supercapacitors, etc. Apart from
modifying the properties, the NPs also act as stabilizers against
the aggregation of the graphene layers. Continuous efforts for
seeking new strategies to synthesize graphene-based nano-
composites are therefore indispensable. Henceforth the
discussion will be continued with the development of indi-
vidual GO-MO nanocomposites.

3.2. GO-CuO nanocomposites

Among all metal oxides CuO has been reported to be one of the
best metal oxides that can be grown on graphene sheets. CuO is
a narrow band gap (E; ~ 1.2 eV), p-type semiconductor having
large surface area, ability to promote electron transfer reaction,
excellent solar light absorbance, photocatalytic properties and
good electrochemical activity. It has manifold applications in
solar energy transformation, electronics, sensors, batteries, etc.
Initially chemical synthesis and microwave assisted techniques
were followed for synthesis of highly reduced graphene oxide
(HRG)-CuO hybrids where GO (HRG) was a unique support
material to prevent the breakdown of the CuO (or Cu,0) anode
in high performance Lithium Ion Batteries (LIB).”>’%'*” Later on
facile hydrothermal synthesis techniques were introduced to
hybridize graphitic materials with CuO and the resulting
composites were found to offer efficient catalytic and biosens-
ing (glucose sensing) activity.’®® Zhu et al.'*” were the first to
report a simple (template free) chemical technique for prepa-
ration of GO-CuO nanocomposites in water/isopropanol mixed
solvent. They could obtain well-ordered nanocomposites with
spherical and spindle shaped CuO nanoparticles (diameter 40-
60 nm) decorating the GO surface. Intercalation or adsorption
of Cu®>" on GO sheets followed by the growth of CuO leading to
the exfoliation of GO is the underlying mechanism behind the
nanocomposite formation. The material exhibited excellent
catalytic activity for thermal decomposition of ammonium
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perchlorate. A similar work was also published by A. Pendash-
teh et al.*®® who used the sonochemical precipitation method
followed by thermal treatment to grow CuO nanoparticles on
GO sheets. The composite was observed to have improved
supercapacitive behavior and lower charge transfer resistance
than its components in terms of cycle ability and rate capability.
It also shows better specific capacitance (245 F g~ ') at a current
density of 0.1 A g~ compared to the pure components (125 F
g~ ! for CuO and 120 F g~ * for GO). In a contemporary work the
hydrothermal technique (in which CuO NPs were prepared at
120 °C, 150 °C and at 180 °C for 10 h) was introduced by Song
et al.** who prepared GO-CuO nanocomposites with different
fractions of loading of CuO NPs. They investigated the influence
of hydrothermal temperature, GO sheet, and fraction of CuO on
the particle size and structure of CuO as well as biosensing
activity of the composite in detail. The growth of the CuO NPs
was partly prevented by the presence of GO, which was helpful
to their monodispersion. The as-prepared samples were used to
construct nonenzymatic glucose sensors, with the CuO/GO
modified electrodes that exhibited greater potential for bio-
sensing. The optimal CuO/GO composite was found to exhibit
high sensitivity and a larger linear range compared to the other
samples and also showed high stability, good reproducibility,
excellent selectivity, and measurement accuracy in vitro and also
invivo. The improved sensing properties for CuO/GO (compared
to pure CuO) could be attributed to the increased electroactive
surface area of CuO-NPs on GO sheets and the synergistic effect
of CuO NPs and GO. Schematic representation of the
construction of the biosensor and its amperometric response to
glucose are shown in Fig. 6.

Pseudomonas syringae pv. tomato (Pst) is a bacterium that
causes bacterial speck disease of tomatoes and destroys huge
production of tomatoes every year. In the year 2017 a group of
researchers Yadong Li et al.™® found antibacterial activity in
GO-CuO nanocomposites against Pst. They compared the
activity of the prepared nanocomposite with a reference Kocide
3000 and found that GO-CuO NPs are devoid of phytotoxicity
and were a 16 times more efficient antibacterial agent than
Kocide 3000. From experiments it is seen that the nano-
composite damaged the bacterial cell structure, reduced the
DNA content, and increased the reactive oxygen species level.

In a contemporary work S. R. Kirankumar et al.'** prepared
a GO-CuO nanocomposite (NC) via the hydrothermal method.
They prepared a bare carbon paste electrode (BCPE) by mixing
graphite powder and silicone oil and modified carbon paste
electrode (MCPE) by mixing NCS with graphite powder and
silicone oil. The NCS shows remarkable reproducibility of the
voltammetric response after 20 successive cyclic voltammetric
scans. The MCPE can be used to construct simple electro-
chemical devices for the diagnosis of dopamine (DA) deficiency
via observation of oxidation peak potentials of DA at the BCPE
and MCPE. Antibacterial activity of the prepared NCS was also
examined against different pathogens like SA, BS (Gram positive
bacteria), E. coli (Gram negative bacteria) and strains of fungi (4.
flavus and C. albicans). It was further observed that the NCS is
very toxic to human cancer cells but non-toxic to normal cells.
From these works it is obvious that electrochemical response of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the GO-CuO composite has improved over time and has been
exploited for fabrication and upgradation of biosensing devices.

Very important pharmaceutical application of CuO-GO was
reported by Ganeshan et al'*> who could impart both anti-
cancer property and photocatalytic dye degradation property
to the nanocomposite. They have synthesized CuO via a unique
‘green’ method using Acalypha Indica leaves and incorporated it
into GO following simple co-dispersion and stirring. The ob-
tained nanocomposite was found to exhibit photocatalytic
degradation of MB up to 83.20%. It has also shown appreciable
cytotoxicity (~65%) against human colon cancer cells (HCT-
116) with a concentration of 35 ug ml~'. In a contemporary
report Zhang et al.™ prepared a CuO-GO nanocomposite and
found its high catalytic activity to the reduction of nitro-
aromatics to amino aromatics. The nanocomposite was first
applied to the reduction of 4-nitrobenzene with aqueous NaBH,
solution and the yield of the product 4-aminobenzene was 98%.
Comparing the catalytic activity of the nanocomposite in case of
various nitroaromatics (p-nitroaniline (PNA), o-nitroaniline
(ONA), 4-bromonitrobenzene, etc.) very high yield of product
(more than 90%) was found. Surprisingly from the experiment it
was found that the catalyst (NC) selectively reduces the nitro
group to the amino group, leaving other functional groups
unaffected. The activity of the CuO-GO nanocomposite was less
than that of the other noble metal (Pt and Pd) based heteroge-
neous catalysts. But considering the low cost of copper with
appreciable reusability of the nanocomposite after six consec-
utive cycles and high yield (85%) of product it can be used as
a very effective catalyst. This work has been succeeded by

© 2022 The Author(s). Published by the Royal Society of Chemistry

Bhattacharjee et al.*** who could synthesize a GO-CuO nano-
composite via a greener method under microwave irradiation
using sugar cane juice. The composite exhibited excellent anti-
oxidant ability as well as efficiency towards reduction of
aromatic nitro compounds viz. PNA, ONA, p-nitrophenol (PNP),
and 2,4,6-trinitrophenol (TNP). The synergistic effect of GO and
MO and the mechanism of degradation of any organic pollutant
(dye or microorganism) are schematically shown in Fig. 5. In
a recent report GO-CuO nanocomposites, synthesized from GO
and copper acetate precursors, via a wet chemical process have
been utilized for removal of Pb(u) pollutants via photocatalytic
oxidation."* Photocatalytic property and concomitant degra-
dation capability of different GO-MO nanocomposites are
collectively shown in Table 2, all of which will be discussed
gradually.

In a relatively different approach'® GO-coated CuO nano-
particles have been exploited for functionalization with anti-
inflammatory drugs viz. acetylsalicylic acid (ASA/aspirin) and
diclofenac (DC) using the ultrasonic method (20 kHz, 18 W
cm?). These flower-like nanoparticles (mean diameter < 340
nm) are positively charged consisting of a pure CuO phase.
Ultrasound causes complexation of each drug with these
nanoparticles, and as a consequence, new advanced pharma-
ceutical nanocomposites, ASA-GO-CuO and DC-GO-CuO, are
formed. The surface composition and electronic molecular
structure of these nanocomposites involving Cu-O, C-H, and H-
bond formation with the ~-COOH and -CO- groups of ASA, DC,
and GO are found to vary with pH (1 to 8).
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Table 2 GO-MO hybrids with degradation/adsorption/photocatalytic properties to organic molecules (dyes or others) and metal ions

Composition Synthesis method, characteristics Target molecules/metal ions Ref.
GO-CuO (i) Hydrothermal synthesis (i) Brilliant green (i) 112
(ii) CuO/Cu,O heterostructure (10-15 nm) (i) Tetracyclin, MOr (ii) 116
(iii) Catalytic property (iii) Reduces -NO, to -NH, (iii) 113
GO-AgO/Ag,0 (i) Synthesized by electrostatic interaction (i) RhB (i) 134
(ii) Electrostatic interaction (ii) MB (ii) 137 and 141
(iii) In situ green synthesis method (iii) MB, RhB (iii) 138
(iv) GO-Ag/V/Mo heterostructure via (iv) RhB (iv) 139
precipitation method
GO-ZnO (i) Chemical method, ZnO (~15-20 nm) MB (i) 144, 146 and 147

(ii) Solution method

(iii) Flower like morphology of ZnO
GO-Fe,0;, GO-Fe;0,

are present

(ii) In situ chemical deposition

(iif) Core-shell structure (10-15 nm Fe;0,)

GO-NiO (i) Hydrothermal method, solution mixing
(ii) Radiofrequency sputtering
(iii) In situ reduction, particle size ~20 nm
GO-CdO Solution phase method without surfactant
GO-ZrO, Hydrothermal and co-precipitation method
GO-TiO, Eco friendly synthesis using green alga
GO-MgO Hydrothermal and solvothermal method
GO-MgO Co-precipitation
GO-EDTA Chemical (silanization) reaction

GO-chitosan Self-assembly, formation of 3D network

Chemical oxidation with APS
Electrochemical deposition

GO-PAn
GO-PPy

Very recently mixed oxides or double oxides have also been
combined with GO for different purposes. The hydrothermal
synthesis technique was followed by Zhang et al.™’ for in situ
synthesis of CuO-Cu,0-GO (10-15 nm) from Cu(OAc),. The
material has shown excellent dual function catalytic ability for
the rapid catalytic oxidation of tetracycline (TC) and methyl
orange (MOR). The degradation ratios of TC and MOR reached
90% and 95% after 120 min (under visible light), respectively.
The high catalytic activity could be attributed to the excellent
photogenerated electron-hole transfer properties of the NC. On
the other hand the electrochemical method was followed for
deposition of a Cu,O film on GO-modified ZnO, which formed
an efficient heterojunction solar cell."*® The modification of the
ZnO/Cu,0 interface with GO nanosheets and annealing treat-
ment results in improved interface properties, varying
morphology and defects in the ZnO lattice that further lead to
enhanced performance of the proposed solar cells. The results
indicated that the properties of the GO coating could be tailored
for improved performance of the heterojunction and a syner-
getic effect of the GO addition and annealing treatment on the
photoelectric properties is also achieved.

3.3. GO-Ag,0 nanocomposites

Ag is a noble metal and Ag,0 is a very important metal oxide due
to its smaller band gap, which results in increased visible light
absorption properties at higher wavelength. High photocatalytic

5696 | RSC Adv, 2022, 12, 5686-5719

(i) Impregnation process, both o and y phases

(ii) 151 and 152

(iii) 145

166, 167, 169, 170, 172,
174, 175, 178 and 183

RhB, 4-nitrophenol, MB, Cu*",
fulvalic acid, NH,ClO,, AO7, Cd*,

Pb2+

MB, 2-chlorophenol, methyl violet 186-190

(M)

MB, RhB 191

RhB, MB, As, Cr 195, 197 and 198
Congo red, crystal violet 202 and 203
Congo red, phenol ozonolysis 206, 212 and 215
Pb*, cu** 207 and 214
Pb**, Cu**, Ni**, Hg*" 217-219

Pb**, Cu®>*, MB, RhB, Congo red, 223-226

eosin Y

Cd** adsorption 260

Ag', cu*, Pb**, cd*, Fe** 270

adsorption

activity of silver halides,"">"° Ag;PO,,"*"'** and Ag,0'* ">
resulting in oxidation of water and photodecomposition of
organic dyes (e.g. MO) in aqueous solution under visible light
irradiation along with very efficient antibacterial property was
reported by different groups of investigators. All these proper-
ties of Ag and Ag-based compounds led the scientists to
combine GO with them. Xu et al.**® were the first to report the
synthesis method of water soluble Ag-RGO nanocomposites
without any additional surfactants, which results in better
antibacterial activity than pure silver nanoparticles or antibac-
terial drug ampicillin. The efficiency and biocompatibility of the
prepared nanocomposite as an antibacterial agent were inves-
tigated by a skin irritation test both in vitro and in vivo on
Sprague Dawley (SD) rats; the nanocomposite exhibited an
excellent inhibition property against bacterial growth and no
obvious skin irritation was observed. In a contemporary work
Jizhen Ma et al.**” prepared GO decorated with Ag nanoparticles
by the glucose reduction method in the presence of ammonia at
room temperature and the prepared nanocomposite has shown
high antibacterial activity against E. coli bacteria. J. Cui
et al."*®"° prepared GO/Ag nanocomposites and nanowires and
found antibacterial activity and cell compatibility against Xan-
thomonas oryzae pv. Migration of Ag nanoparticles from the GO-
Ag (33 wt%) nanocomposite to other carbon frameworks viz. GO
or multiwalled carbon nanotubes was reported for the first time
by KAS Fernando et al.***

© 2022 The Author(s). Published by the Royal Society of Chemistry
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In a different synthesis method Vi et al.*** have prepared GO-
Ag NPs via grafted thiol (g-SH) groups and found AgNPs
attached to GO layers having a quasi spherical shape. They
prepared GO-Ag composites with different concentrations
(0.1 M, 0.2 M, and 0.25 M) and checked their antibacterial
activity against MRSA. The nanocomposite with the highest
antibacterial activity exhibited 48.77% bacterial inhibition after
4 hours of incubation. The synthesis method was further
modified to exclude reducing agents or stabilizers™** and the
product GO-Ag-g-SH exhibited antibacterial activities on both
SA (Gram-positive bacteria) and PA (Gram-negative bacteria).
Varying the concentrations of AgNO; solution Ag content in
nanocomposites was varied; out of these nanocomposites one
with 43% Ag was found to exhibit the highest antibacterial
efficiency. 10 ppm, 20 ppm and 100 ppm of the sample could
result in ~8%, ~49% and ultimately almost 100% bacterial
inhibition of both Gram-positive (SA) and Gram negative (PA)
bacteria, which are much higher than that of pristine GO. In
a contemporary work S. Jaworski et al.*** used ultrasonic tech-
nologies to prepare polyurethane foil coated with GO, AgNPs
and GO-Ag NPs respectively. They checked the antibacterial
activity of the composites against E. coli, SA, SE, and C. albicans
(Yeast strain) and found that GO-Ag nanocomposite coated foil
exhibited stronger antibacterial activity (up to 88.6% for E. coli)
than GO and bare Ag NPs. Antibacterial activity of GO based
nanocomposites of diverse composition is tabulated in Table 3
and will be discussed in respective sections.

In parallel with AgNP, combination of GO with other silver
compounds has also been studied. Q. Liang et al.*** reported the
preparation and enhanced photocatalytic efficiency of GO-
Ag;PO, towards the degradation of rhodamine B (RhB) under
visible light irradiation. Silver halides (AgBr) in combination
with AgNP were reported by Zhu et al. and Wang et al."*>**¢ to
result in formation of GO/Ag/AgBr plasmonic photocatalysts
(which are energized by the sunlight) via oil/water and water/oil
emulsion and their photocatalytic efficiency was explored for
dye (MO) degradation. The GO-Ag,0 nanocomposite prepared
by Z. Ji et al'® via electrostatic interactions was found to
possess photocatalytic activity towards degradation of Methy-
lene Blue (MB). The same GO-Ag,0 nanocomposite was also
prepared by Ahmad et al.**® via an eco-friendly in situ synthesis
method. They prepared GO nanocomposites with different
volume fractions ranging from 20% to 40% and compared their
photocatalytic activities. As per their observation the Ag,0/GO
nanocomposite AG-3 (35% Ag,0) has shown the maximum
photocatalytic efficiency under visible light irradiation towards
photodegradation of MB and RhB and it is found to be even
more efficient than the benchmark photocatalyst TiO, (P25).

The system became complicated gradually and multiphase
heterostructured nanocomposites viz. GO-Ag,0/Ag;VO,/AgVO;
or Ag,Mo0O,/Ag/AgBr/GO with enhanced photocatalytic activity
to the degradation of RhB and MO compared to the pure
nanoparticles were prepared by Ran et al.** and Bai et al.** via
a different approach. Recently*** a GO-Ag nanocomposite was
prepared via a sonochemical method by S. Kumari et al. and its
enhanced thermoluminescence property was explored by irra-
diation with gamma ray at 1 kGy. The sample also possesses
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enhanced dye degradation capacity towards MB. In a contem-
porary publication'** Wang et al. explored the anticancer activity
of the GO-Ag nanocomposite towards lung cancer and brain
tumour cells. The nanocomposite shows no cytotoxicity to
normal cells but can effectively kills the cancer cells through
formation of ROS. In another work N. El-Shafai et al'** have
compared GO-Ag, with two heterostructures GO-TiO,@ZnO
and GO-Ag-TiO,@ZnO in terms of their antibacterial activity
against two Gram-positive and two Gram-negative bacteria. The
results showed that both the nanocomposites could inhibit the
growth of adhered microbial cells, and consequently prevent
the process of biofilm formation in food packaging and medical
devices. To confirm the antibacterial activity the GO-
nanocomposites were examined through their interactions
with bovine serum albumin (BSA) and circulating tumor DNA
(ctDNA) by steady-state fluorescence spectroscopy (Fig. 7). Upon
addition of different amounts of fabricated GO-
nanocomposites, the fluorescence intensities of the singlet
states of BSA and ctDNA were considerably quenched. The
higher quenching was observed with the GO-Ag-TiO,@ZnO
nanocomposite compared with other control composites. This
result correlates with antibacterial activity via rupture of the
bacterial membrane leading to cell death by ZnO and TiO,
entities and the results suggest that the multiple hetero-
structure is more effective in this respect.

3.4. GO-ZnO nanocomposites

ZnO is a low cost and low band gap metal oxide with high
chemical, thermal and photostability. It has many other bene-
ficial properties viz. large electrochemical coupling coefficient,
high bond energy, electron mobility, wide radiation absorption
range, good transparency and luminescence at room tempera-
ture. Moreover ZnO is a semiconductor whose properties are in
the boundary region between covalent and ionic semi-
conductors. All these advantages of ZnO have been exploited in
fabrication of gas detectors, solar cells (the transparent
conductive coating), piezoelectric transducers, electronic and
optoelectronic devices. Therefore combining ZnO with GO/RGO
is considered to be a highly promising approach towards
development of a series of nanostructured materials with
widespread application potential.***

It is Wenbin et al'* who first prepared GO-ZnO nano-
composites by a simple chemical method; the lamellar graphite
oxide sheets in this composite were dispersed in ethylene glycol
and Zn-acetate under ultrasonication followed by heating (120
°C) and vigorous stirring. This made GO sheets exfoliated and
decorated randomly by in situ synthesized ZnO nanoparticles
(~20 nm). The GO-ZnO nanocomposites displayed good pho-
tocatalytic activity towards degradation of MB under UV light
irradiation. This work was followed by Li et al.*** who have re-
ported the synthesis of ZnO/GO by a facile chemical deposition
route resulting in the formation of flower like ZnO NP. They
performed the N, adsorption/desorption measurement and
pore size distribution plot of the GO/ZnO composite calculated
by the Barrett-Joyner-Halenda (BJH) method. The ZnO/GO
nanocomposite has a high surface area and hierarchical
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Table 3 GO-MO hybrids with pharmaceutical/antibacterial/biosensing applications
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Composition Synthesis, morphology, property Targeted bacteria/application Ref.
GO-CuO Solution method P. stutzeri, Staphylococcus aureus 110
Hydrothermal synthesis (SA), B. subtilis (BS), E. coli, fungi (A. 111
flavus, C. albicans)
CuO@GO Ultrasound assisted Anti-inflammatory pharmaceutical 114
functionalization, flower like applications
morphology (~340 nm diameter)
GO-AgNP (i) Glucose reduction method (i) E. coli, Xanthomonasoryaze 127-129
(ii) Grafted with —-SH group (ii) E. coli, SA, Pseudomonas 131-133
aeruginosa (PA), S. epidermidis, C.
albicans
GO-Ag-TiO,~ZnO Sonochemical method followed by Gram positive (SA), Gram negative 143
coprecipitation (E. coli)
GO-ZnO Co-precipitation method E. coli, Salmonella typhimurium, BS, 148, 149 and 153
E. faecalis
GO-Fe;0, (i) One-pot solvothermal process (i) Superparamagnetic NC with DXR (i) 169, 171 and 173
(drug) loading
(ii) Lactoferrin functionalised (ii) Anticancer drug (DOX) delivery, (ii) 176, 177, 179-181, 182 and 184
nanocomposite E. coli
(iif) NC particle ~260 nm (iii) Doxorubicin (drug) delivery
GO-EDTA Chemical (silanization) reaction BS 217
GO-chitosan Self-assembly, formation of 3D BS, E. coli 226 and 227
network
GO-PPy-Fe;0, Chemical oxidative polymerization Sensing of hydrazine 257-258
and co-precipitation PTT 259
GO-PAn-PAMPSA Layer-by-layer (LbL) Sensing of BSA, urea, penicilline, 261-268

GO-PAn-

porosity, which favours adsorption and mass transfer of dye and
oxygen species. The photocatalytic activity of the prepared ZnO/
GO nanocomposite was also measured and compared with that

Langmuir-Blodgett (LB), attached
with BSA, urease, penicillinase

ascorbic acid

600 600
(@) (b)
S S00f 3 500f
© ©
~ -~
> 400 Increasing > 400
. [Go-Ag] S Increasing
£ 300 \J 2 300 GO-Ag-Ti0,@Zn0
g £
— 200 = 200
3 =
Y 100 Y 400
-

Wavelength / nm

3.0

§75 600 625 650 675

of pure GO and ZnO particles with respect to the degradation of
MB. The ZnO/GO nanocomposite was found to show very
prominent photocatalytic activity (98.1%) after visible-light
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Fig. 7 Fluorescence quenching of ctDNA with different concentrations of (a) GO-Ag and (b) GO-Ag-TiO,@ZnO in Tris—HCl buffer; A, =
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irradiation for 60 min. Photocatalytic efficiency of the sample
could be further improved by annealing under a N, atmosphere;
97.9% photodegradation of MB was observed after 40 min
irradiation time. The nanocomposite has shown excellent
reusability after 5 repeated experiments. Later on, S. M. Jilani
et al."*® prepared a series of GO-ZnO composites by varying ZnO
loading from 5 wt% to 25 wt% into the GO matrix. The electrical
conductivity was found to vary with ZnO loading; at lower
fraction (5 wt%) of ZnO it behaved like a p-type semiconductor,
while with increasing fraction of ZnO n-type semiconductor
behaviour was observed. Therefore the electrical property of GO
in this work was changed from an insulator (pure GO) to a p-
type to n-type semiconductor with an increase in the amount
of ZnO. This unique electrical behaviour was accounted for by
the reduction of C-OH groups by increasing the fraction of ZnO.
The dye degradation (photocatalytic) efficiency of GO-ZnO has
been further improved and nicely demonstrated by R. Atchudan
et al.*"’

They have reported a wet chemical method combining nearly
spherical ZnO particles (~15 nm) with a wrinkled surface with
GO to get the nanocomposite. The photocatalytic activity of the
synthesized ZnO@GO composite towards the degradation of
MB was examined using UV-vis spectroscopy. Fig. 8 shows the
effect of the GO-ZnO (ZnO@GO) hybrid on the colour and time
dependent spectra of MB. After the addition of ZnO@GO to MB
under UV-light, the blue color and absorbance intensity of MB
at 612 and 664 nm decreased gradually (right side figure).
Without UV-light, the degradation of MB however did not occur,
but some adsorption of MB on GO takes place, resulting in little
lowering in the absorbance intensity of MB. With an increase in
irradiation time the solution turns colorless and the degrada-
tion efficiency of 92% and 98.5% were reached in 12 min and
15 min respectively. This result reveals that the synthesized
ZnO@GO composite shows excellent photocatalytic activity
towards the degradation of MB.

In a contemporary publication Wang et al.**® prepared two
composites viz. ZnO/GO-1 and ZnO/GO-2 (the mass ratio of

GO

ZnO@GO
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ZnO/GO was 3 :1 and 2 : 1 respectively) and found improved
antibacterial activity against E. coli compared to ZnO NPs. The
antibacterial efficiency of the composite was found to depend
on the ZnO content, while cytotoxicity of the prepared sample
(applied to HeLa cells) was quite low compared to that of equal
amount of pure ZnO nanoparticles. The nanocomposite is
therefore a highly prospective ingredient of any disinfectant to
inhibit bacterial growth and propagation on various substrates.
In the consecutive year Zhong et al.'*® prepared a ZnO/GO
nanocomposite with 15 nm ZnO nanoparticles by a low cost
high yield solution precipitation method. The composite was
found to show improved electrochemical response by showing
a redox peak at 0.025 mV (in cyclic voltammetry) due to
formation of covalent bonds between graphene oxide and ZnO
particles, which results in strong electron transfer at the redox
centres of GO. On the other hand no redox peaks appeared in
the potential range —0.15 V to +0.25 V in the case of bare Au-PCB
(gold printed circuit board) and Au-PCB/graphene oxide.
Improved electron transfer between ZnO and GO made the
composite show good antibacterial activity too. The electrons on
the GO surface absorb oxygen and form various Reactive Oxygen
Species (ROS) on the surface of composites and GO strongly
interacts with the lipid bilayer of the bacterial membrane. So
lipid molecules are separated from the bacterial membrane,
leading to the damage of the membrane and the death of
bacteria in turn. Minimum Inhibitory Concentration (MIC)
values for E. coli and Salmonella typhimurium were found to be
6.25 pug ml~, while for BS and EF this value was 12.5 ug ml ™"
and 25 pg ml~* respectively.

Later on Salih et al. ™ prepared a GO/ZnO nanocomposite
and used the same as the electrode to measure the electro-
chemical signal. GO/ZnO was found to show the highest elec-
trochemical signals compared to the unmodified electrode,
which might be the effect of conjugation of GO and ZnO
nanoparticles that increased the rate of electron transfer. This
characteristic was exploited to construct amperometric H,O,
sensors by monitoring the redox reaction of ferricyanide (FCN).

15 min

- —
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Zn0@GO
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Fig.8 Schematic diagram of the synthesis and time-dependent UV-vis spectra of MB in the presence of the GO-ZnO composite under UV-light
irradiation [this figure has been reproduced from ref. 147 with permission from Elsevier, Copyright 2016].
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Electrodes were prepared by changing the concentration of GO/
ZnO gradually from 5 to 20% (w/w) and at 10% (w/w) concen-
tration the signal was found to reach maxima (Fig. 9). The
electrochemical response was further increased with the
increase in the FCN concentration. The GO/ZnO composite
sensor shows a much higher response compared to the ZnO-
based sensor or bare carbon paste electrodes (CPEs). The
developed ZnO/GO modified CPE presents high sensitivity, low
potential and long-term stability towards the detection of H,0,,
which could be a promising approach for the development of
non-enzymatic H,O, sensors.

In two contemporary publications Hosseini et al.**>**> have
reported the preparation of a GO/ZnO composite by the solution
method and have applied the same for the removal of a dye (MB)
from water following adsorptive and photocatalytic techniques
respectively. In the first publication** adsorption efficiency was
monitored and nanocomposites were observed to exhibit the
highest (97%) efficiency of removal of MB at 5 ppm concentra-
tion under optimum conditions: pH 6, adsorption time 8.5 min,
and adsorbent dosage 0.02 g. But under the same conditions
ZnO, GO, pure carbon nanotube (CNT) and ZnO/CNT exhibit
5.165%, 78.82%, 95.42% and 17.13% removal of MB respec-
tively. Therefore, prepared GO/ZnO exhibits the highest dye
removal efficiency and it can be used for removal of industrial
dyes from waste water via adsorption. In the second publication
the same group of authors™ have investigated the photo-
catalytic activity of the GO/ZnO nanocomposite towards the
degradation of MB under UV radiation. Photocatalytic activity of
the synthesized GO/ZnO composite was again compared with
that of ZnO, GO and CNT/ZnO and the optimum condition for
removal of MB from waste water was found to be at pH 4.5. The
removal efficiency of MB was observed to increase with
increasing irradiation time and catalyst dosage. It must be
noted that under optimum conditions GO results in 56.25% MB
degradation but CNT alone shows no degradation at all. Other
materials of this series viz. ZnO, CNT/ZnO and GO/ZnO show
significant photocatalytic activity and cause 98.85%, 98% and
99% of degradation of MB. It is therefore quite obvious that
photocatalytic behaviour of these materials arises out of the
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presence of ZnO. From this study it was concluded that GO/ZnO
can be used as an efficient photocatalyst for the decolorization
process.

The synthesis technique of GO/ZnO was further modified by
Trinh et al.**®* who followed a co-precipitation method and
found its antibacterial activity against E. coli. After 80 min the
rate of growth of E. coli was found to be lowest in the case of
bacteria treated with GO/ZnO compared to that treated with GO
only. After 160 min the colony of bacteria treated with GO/ZnO
vanished, which suggests that the composite shows very high
antibacterial activity and can be used in various antimicrobial
applications in future. In a parallel publication Boukhoubza
et al.*** prepared a sandwich composite of ZnO nanorods (NR)
between two graphene oxide layers (GO/ZnO-NRs/GO) via
a hydrothermal method and confirmed the structure by XRD
and SEM. The prepared sample showed improved optical
properties, which can be used to develop different optoelec-
tronic devices. In the same year another group of researchers
Lee et al.*>® prepared a hierarchical ZnO/GO composite by an
echo friendly precipitation method and found that specific
capacitance of GO/ZnO is higher than that of the pristine GO
electrode. Capacitance retained up to 90.8% of its initial value
after 5000 cycles; this suggested high stability during charge/
discharge processes, which is in fact characteristic of good
supercapacitors.

In an almost recent publication Zehra Durmus et al.**® have
prepared a GO/ZnO composite by a two-step sol-gel deposition
method and checked the photocatalytic activity of the
composite by applying it to the degradation of basic fuchsin dye
under UV light. The activity of the nanocomposite depends on
various factors like concentration of dye, amount of catalyst,
temperature, pH, and mixing conditions. Catalytic properties of
the GO/ZnO nanocomposite showed an improved degradation
activity compared to GO and ZnO nanoparticles. In a very recent
report'” and one similar earlier report**® the as synthesized GO/
ZnO nanoparticles were combined with in situ grown PANP
(from PdCl,), AgNP (from reduction of AgNO;) and CuNP (from
reduction of CuSO,). While embedded CuNP resulted in almost
50% lowering of photocatalytic activity (measured via MB

(a)

Current (pA)

(b) 60
o —=— Zn0IGO -
7 *—Zn0 o
A CPE P o
40 4 ‘,»/
g.- Y o A
< 304 / o a7
€ M P
: g
S 204
A s A
I
10l v AN
./,
X
0+
T T T T T T A T T L) T T T T
08 1.2 20 40 60 80 100 120 140 160 180 200 220

1.0
Potential (V)

Fig. 9

Time (sec)

(a) Cyclic voltammogram obtained at GO/ZnO/CPE in the (a) absence and presence of (b) 1.5 mM, (c) 3 mM, and (d) 4.5 mM H,O,. The

inset is the corresponding calibration curve between the current response and concentration of H,O,. (b) Amperometric response of different
electrodes against H,O, GO-ZnO and use of the electrode material for the construction of a H,O, sensor [this figure has been reproduced from

ref. 150 with permission from Springer, Copyright 2016].
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degradation), both PdNP and AuNP resulted in a large
improvement of the capability. These foreign nanoparticles
inhibited the recombination of photogenerated electrons and
holes, resulting in improved photocatalysis. For PANP forma-
tion of Schottky contact with ZnO was another reason for
superior activity, while for CuNP low conductivity and larger
size distribution might have an adverse effect on photocatalytic
properties.

3.5. GO-Fe,0;/Fe;0, nanocomposite

Fe(mr) oxides and hydroxides, collectively known as Hydrous
Ferric Oxides (HFO), are known as excellent oxidizing agents for
several compounds; they are also n-type semiconductors pos-
sessing a band gap ranging from very low (<0.1 eV) to medium
high (2.2 eV) energy values, depending on the crystal structure,
crystallinity level and crystal size of the specific HFO.* It has
been demonstrated that HFO can be photo catalytically active'®®
in the visible light range. Out of the HFO series Fe,0; (2.2 eV)
has drawn the attention of researchers due to its extraordinary
physicochemical properties and has got application in various
fields like catalysis, water splitting,'®* lithium ion batteries,'*
electrochemical chromium sensing,'®*** etc. It is Singh et al.**®
who were the pioneers of the synthesis of GO-Fe,O; nano-
composite. The process was treatment of GO sheets with ferric
acetate followed by heat treatment and in situ exfoliation by
Fe,0;. The composite was found to contain both a and y phases
of Fe,O; with disruption of the layered structure of GO. Later on
Sheng Guo et al**® introduced the preparation of GO-Fe,O;
nanocomposites by an easy and scalable impregnation process
at low temperature (60 °C) and used the product as a heteroge-
neous catalyst for the photo degradation of RhB dye and 4-
nitrophenol in aqueous solution. They further evaluated the
effect of varying pH (2.09-10.09) on the degradation process of
RhB and found that the most efficient (90.9%) decolouration
occurs at pH 10.09. This is indicative of the fact that the catalyst
can overcome the limitation of a narrow pH range of homoge-
neous Fenton reaction. They finally checked the reusability of
the catalyst and found that even after seven recycles of RhB
degradation the catalyst shows 99% photocatalytic activity,
which indicates an excellent stability and potential of the
catalyst. Paulose et al.'* on the other hand could synthesize
a GO-Fe,0O3 hybrid with catalytic properties for decomposition
of NH,ClO,, a rocket propellant oxidiser. They studied the effect
of GO : Fe,0; ratio on the catalytic efficiency and a 3% addition
of the 1:1 hybrid was found to lower the decomposition
temperature by 45 °C.

The one-step in situ synthesis technique of the GO-iron oxide
composite became perfect when oxidation of graphite to GO was
complemented by reduction of Fe(vi) (from K,FeO,) to Fe(u)
(Fe,03) proposed by Mura et al.'*® Graphene oxide flakes with
a low oxidation degree, decorated with iron oxide were obtained
in a one-step reaction. The resulting nanocomposite was ana-
lysed to be a material for water depollution. Real water samples
containing different types of emerging pollutants (organic dyes,
pesticides, and pharmaceutical drugs) have been efficiently (up
to 99%) decontaminated in a few minutes. The nanocomposite

© 2022 The Author(s). Published by the Royal Society of Chemistry
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is paramagnetic and can be easily removed from water with
a magnet after depollution. The materials have shown one of
the best decontamination performances reported in the scien-
tific literature so far.

It is already discussed that GO has a wide range of functional
groups, such as epoxy, hydroxyl, and carboxyl groups, which
render it strongly hydrophilic and endow it with capabilities of
retention of metals, biomolecules, fluorescent molecules,
drugs, and inorganic nanoparticles. These properties of GO
when integrated with magnetic properties give rise to high
sorption capacity of GO and the separation convenience of
magnetic materials. Magnetite (Fe;O0,) is an important iron
oxide with low toxicity and strong magnetic nature that has
received wide application in medicine and biotechnology.
Extensive studies have proved that magnetite/graphene nano-
composites exhibit better performances in the removal of
contaminants from large volumes of wastewater. Moreover
when the size of magnetite reduces to 30 nm or smaller it loses
its ferromagnetic nature and becomes super paramagnetic.
This implies that the particles are not attracted to each other
any longer and there is no chance of agglomeration.'*® Combi-
nation of these functional nanoparticles with GO has become
a very promising material for different applications including
drug delivery and dye removal. X. Yang et al.*®® were the first to
report the synthesis of GO-Fe;O, nanocomposites following
a simple in situ chemical deposition method. A mixture of FeCls,
6H,0 and FeCl,, 4H,0 solution was added to the GO suspen-
sion under a N, atmosphere to get the superparamagnetic
composite, effective for loading and delivery of an anti-cancer
drug (DXR) (to a degree as high as 1.08 mg mg'). The
synthesis method was further modified by the use of FeSO,-
-7H,0 in the presence of ammonia solution to get the multi-
functional nanocomposite capable of removing Cu®>* and fulvic
acid (FA)."”° Later on Shen et al.’”* have followed a one-pot sol-
vothermal process for fabrication of graphene/Fe;O, and GO/
Fe;0, hybrid materials and studied their superparamagnetic
behaviour, which makes them excellent materials for future
application in nano-biotechnology. In a parallel work He et al.*”>
discussed the attachment and covalent bonding between the
GO nanosheet and Fe;0, nanoparticles. They also found the dye
adsorption capacity of the nanocomposite using neutral red and
MB dyes. After two years Ma et al. could functionalize the GO-
magnetite hybrid (GO-IONP) with polyethylene glycol (PEG)
and could utilize it to design a nanocomposite stable under
physiological conditions, suitable for high drug loading and
magnetically targeted drug delivery.'”® In another contemporary
work'® a GO-Fe;0, nanocomposite with well dispersed Fe;O,
NP was synthesised and used as a heterogeneous Fenton-like
catalyst for the degradation of acid orange 7 dye (AO7)."”* The
reaction was systematically investigated under various experi-
mental conditions viz. nanocomposite dosage, pH, tempera-
ture, oxidant and dye concentrations. The best results showed
a fast 80% AO7 degradation in ~20 min, whilst ~98% degra-
dation was observed after 180 min reaction time. Later on the
same group has highlighted the synergistic effect between
structural and functional of GO and Fe;O4
components.
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The GO-Fe;0, nanocomposites synthesised by co-
precipitation resulted in formation of two distinct structures
dependent upon the GO loading. In low GO loading (up to
10 wt%) intercalation of GO within Fe;O, nanoparticles was
possible, resulting in higher surface area up to 409 m® g~ *. High
GO loading (beyond 10 wt%) led to the aggregation of Fe;0, NP
and the undesirable stacking of GO sheets. The presence of
strong interfacial interactions (Fe-O-C bonds) between both
components at low GO loading leads to 20% higher degradation
of AO7 than the Fe;0, nanoparticles in heterogeneous Fenton-
like reaction. In the consecutive year Yang et al.'”® prepared
a GO-Fe;0, composite and described its application in pH
dependant targeted drug delivery to the tumour cells following
controlled release of an anticancer drug doxorubicin hydro-
chloride (DOX). Initially a superparamagnetic (SPM) GO-Fe;0,
nanohybrid was prepared via a simple and effective chemical
precipitation method. Then folic acid was conjugated onto
Fe;O0, nanoparticles via the chemical linkage with amino
groups of the 3-aminopropyl triethoxysilane (APS) modified
SPM-GO-Fe;0,4 nanohybrid, to give the multi-functionalized GO
as shown in Fig. 10A. The drug loading capacity of this multi-
functionalized GO is as high as 0.387 mg™" and the drug
release depends strongly on pH values as shown in Fig. 10B(i).
Cell uptake studies indicate that the multi-functionalized GO
can specifically transport the drugs to tumor cells and show
toxicity to HeLa cells after loading Dox. All these results make it
possible to use GO as an ideal multi-functionalized drug-carrier
for tumor combination therapy (Fig. 10B(ii)). After few years
Urbas et al.'”” prepared a GO-Fe;0, nanocomposite and found
its superior biocompatibility to pristine GO and iron oxide
nanoparticles in hyperthermia treatment. Very shortly Jiao
et al."”® introduced a novel method of preparation of GO-Fe;0,
by utilising the physical affinity of Fe;O, nanoparticles for sul-
phonated GO. The product nanocomposite showed nearly 60%
and 100% removal of cationic RhB and MB after the 6™ cycle, so
the material stands as a very efficient dye adsorbent suitable for
removal of cationic dyes (MB and RhB) from water.

Later on, GO-Fe;O, magnetic nanocomposites were
designed by Y. Dong et al'’® who demonstrated intrinsic
peroxidase-like activity of the NC and its enhanced affinity
toward H,0,. The nanocomposites retain their magnetic prop-
erties and can be effectively separated using a magnet. Signifi-
cantly, they were proved to be novel peroxidase representatives,
which could quickly catalyze the oxidation of the peroxidase
substrate 3,3,5,5-tetramethylbenzidine (TMB) in the presence of
H,0,, producing a blue colored solution. Song et al.** added
a new dimension to the nanocomposites as they used an iron
transporting protein lactoferrin (Lf) as a targeted ligand to
prepare a Lf-GO-Fe;0, composite; the product was used as
a targeted drug delivery system for delivering an anticancer
drug DOX to the tumourous cell of the brain. The release of the
system was pH dependant (as before) and DOX@Lf-GO-Fe;0,
was found to show higher efficiency than free DOX and
DOX@GO-Fe;0,. Afterwards El-Shafai et al.*®* further modified
the system by combining with ZrO, and prepared two nano-
composites: (a) GO-Fe;0, and (b) GO-Fe;0,-ZrO,. The nano-
composites have smaller band gap compared to GO, resulting in

5702 | RSC Adv, 2022, 12, 5686-5719
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increased adsorption properties and photocatalytic activity
towards decomposition of the cationic dye RhB. From the
experiments it was observed that 80%, 90% and 98% of RhB dye
degradation were observed in the presence of GO, Fe;0,4, and
Fe;0,-ZrO, respectively. Therefore introduction of ZrO,
certainly improved the dye degradation efficiency of the mate-
rial and the value obtained is much higher than other reported
values. Antibacterial activity of the prepared samples was
examined and GO-Fe;0, was found to possess a significant
inhibitory effect against E. coli, while pure GO and GO-Fe;0,-
ZrO, had not. None of these nanocomposites had any antibac-
terial activity against staph bacteria (Staphylococcus variety).

Functionality of GO could be improved'* by combining it
with super paramagnetic Fe;O, NP so that it could serve as
a biocompatible magnetic drug delivery agent and magnetic
resonance contrast agent for MRI. The synthesized GO-Fe;0,
hybrid has an average particle size of 260 nm and shows low
cytotoxicity compared to GO. Fe;O, nanoparticles provide
superparamagnetic properties for magnetically targeted drug
delivery of non-covalently conjugated hydrophobic doxorubicin,
allowing simple manipulation by the magnetic field and
magnetic resonance imaging. GO-Fe;O, shows successful
fluorescence-tracked transport of the drug with substantial
loading and 2.5-fold improved efficacy. GO-Fe;0, retains pH-
sensing capabilities of GO wused in this work to detect
cancerous versus healthy environments in vitro and exhibits
visible fluorescence for bioimaging.

The superparamagnetic property of GO-Fe;0,
composites was further utilized for removal of cadmium ions
(Cd*") from water.’® The material was fabricated via a co-
precipitation method with different precursor ratios, from
which a suitable ratio of Fe;0,/GO for Cd*" ion adsorption
(4 : 1) was selected. The composite was found to be a highly
efficient Cd>" adsorbent from water with a BET specific surface
area of 180.84 m> g~ '. GO nanosheets in the material were
found to be decorated with Fe;O, nanoparticles (10-15 nm).
The adsorption data of the sample followed pseudo-second-
order kinetics and Langmuir isotherm models with the
maximum adsorption capacity of 52.083 mg g ' at pH 8.
Recently (2020) Wang et al.’®* reported a high magnetization
(58.42 emu g~ ') of the GO/Fe;0, nanocomposite even after
coating of Fe;O, with GO; appreciable drug (temozolomide)
loading capacity and satisfactory drug release (under slight
acidic conditions) were also obtained. In a concentration range
40-120 pug ml ! the GO-Fe;0,4 hybrid shows no toxicity against
C6 glioma cells but shows a good inhibitory effect on the rat
glioma cells when complexed with temozolomide. This result
indicates its successful application in targeted drug delivery to
cancerous cells. Another group of researchers'® investigated
two kinds of GO-magnetite nanocomposites with a similar
core-shell structure but having different interactions (electro-
static or covalent) between cores and shells. This difference in
interaction has an effect on regeneration performance and
adsorption-desorption of MB and Pb(u). It is seen that the
composite with electrostatic interaction shows lower regenera-
tion performance than the composite with covalent interaction.

nano-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(A) The preparation of the multi-functionalized GO-based anticancer drug-carrier with dual-targeting function and pH sensitivity. (B) (i)

The release of Dox on GO-FezO4-FA at different pH values. (ii) Relative cellular viability of Hela cells after treatment with GO, GOFezO4, Dox,
GO-Fez04—Dox and GO-FezO4—FA-Dox [this figure has been reproduced from ref. 176 with permission from RSC, Copyright 2011].

3.6. GO-NiO nanocomposite

Nickel oxide (NiO) has attracted the attention of researchers due
to its large surface area, low cost, good chemical stability, large
band gap (3.6-4 eV), and excellent optical, magnetic and eco-
friendly characteristics. Preparation of NiO is a multi-step
process in which nickel acetate, urea, PEG-600, and water are
stirred at room temperature followed by autoclaving for 12 h at
160 °C to get a solid precipitate; the latter is then centrifuged,
washed and dried under vacuum followed by calcination at
600 °C to get the NiO in hand. There are many works on

© 2022 The Author(s). Published by the Royal Society of Chemistry

graphene based NiO materials and their application in various
fields. But very few works are reported on graphene oxide-NiO
composites. It is only in the year 2015 when Rong et al.*® first
prepared the GO/NiO nanocomposite via the hydrothermal
method. In this method separate dispersions of GO (prepared
by the Hummers' method using natural graphite powder) and
NiO were mixed and heated at 85 °C to get the NiO/GO nano-
composite in hand. They applied the material for the removal of
MB dye from water. Very high (97.54%) removal efficiency under
visible light irradiation was observed in 120 min at pH 8. An
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optimum dose of nanocomposite of 20 mg was found to have an
important application for the waste water treatment containing
MB dye. The synthesis was further modified by Jilani et al.**”
who reported a new technique for preparation of GO/NiO by
spin coating and radio frequency sputtering. They prepared
different nanocomposites by changing deposition time and
compared their photocatalytic activities with that of pure NiO
nanoparticles towards degradation of an organic pollutant 2-
chlorophenol (2-CP). From the experiments it was seen that the
GO/NiO nanocomposite obtained after 400 seconds deposition
time exhibits the highest efficiency compared to others and
shows good reusability after three cycles; the product might
have application in purification of wastewater.

In a different approach'®® NiO-NP (~50 nm) were in situ
grown on GO sheets following a chemical reaction of Ni(NO;),
with NaOH and hydrazine hydrate. The GO-NiO nanoparticles
were further combined with polyaniline (PAn) via the interfacial
polymerization technique to make a solid with very special NH;
sensing properties. PAn itself has inherent NH; sensing capa-
bility, which is much improved in the composite. Following the
improved electrical conductivity and UV-vis studies it can be
assumed that the NiO-GO component takes part in electron
delocalization of PAn, which is the reason behind the improved
NH; sensing capability too. GO-NiO (~20 nm) combined with B-
cyclodextrin (CD) can also make a very good photocatalyst for
degradation of cationic dyes, e.g. MB and methyl violet (MV),**
under sunlight. Here, B-CD enhances interaction with the dye
molecules by intercalation in its cup-shaped framework. NiO
and ZnO have been simultaneously combined with GO via the
co-precipitation technique to give rise to a novel hybrid meso-
structure in a recent report by Obodo et al' The specific
nanostructure offers a large conductivity and remarkable
supercapacitance due to the presence of GO and a high active
surface area due to a strong synergistic effect from NiO and ZnO
interactions. There was also an improvement in the specific
capacitance and conductivity of the nanocomposite due to the
addition of GO.

3.7. GO-CdO, GO-ZrO, and GO-TiO, nanocomposite

Cadmium oxide is an n-type semiconductor with a large band
gap of 2.27 eV, a good catalyst for dye degradation. There are so
many reports on different metal oxide based GO nano-
composites and their application but it is only recently some
researchers selected CdO for preparing GO/CdO nano-
composites for the first time. J. Ahmad et al* reported
enhanced photocatalytic activity of a series of CdO/GO nano-
composites for the degradation of organic pollutants like MB,
RhB and methyl orange (MO) compared to pure CdO nano-
particles so that they can be used for removal of organic
pollutants from waste water.

ZrO, is a very important material due to its low production
cost, low toxicity, good photothermal and chemical stability,
and excellent corrosion resistance, which promotes its use in
various fields like removal of fluoride ions,'* electrochemical
and biochemical sensors,"* degradation of organic pollut-
ants,"* etc. It can be applied as a heterogeneous catalyst with
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both oxidizing and reducing properties. Luo et al.*** were the
first to prepare a graphene oxide-hydrated zirconium oxide
nanocomposite and applied the same to remove As(mr) and As(v)
simultaneously from drinking water. Mudila et al.**® prepared
GO/ZrO, and found its good thermal stability, cyclic ability,
specific capacitance and its application as a good super-
capacitor. Applications of different GO-based nanomaterials in
energy storage/supercapacitors are collected in Table 4. In the
consecutive year B. Prasanti and T. Damodharam™’ prepared
the same nanocomposite by the hydrothermal method in short
time and applied it for waste water treatment by removing
(98%) chromium(vi) with excellent adsorption capacity under
UV light. Another group of researchers™® followed the co-
precipitation method for preparing a GO-ZrO, nanocomposite
and investigated its significant photocatalytic activity under
visible light irradiation towards RhB and MB. The photo-
catalytic efficiency of the synthesized GO-ZrO, NC and ZrO, was
evaluated using RhB and MB dye solutions as model organic
pollutants. Comparative photo degradation ability of pure ZrO,
and GO-ZrO, NC towards degradation of RhB and MB dye
solution under visible light irradiation is also studied by them.

TiO, is the most common and cheapest photocatalyst. Hong
et al.™ first prepared GO-V,05 and GO-TiO, by simple mixing
of aqueous dispersions without using any additional agents.
These nanocomposites show an increased hydrogen storage
capacity compared to pristine GO, V,05 and TiO,. In a remark-
able work on this topic Stengl et al** prepared a GO-TiO,
nanocomposite and found its photocatalytic activity towards
the photodegradation of butane in the gas phase. Later on
improved photocatalytic activity of TiO,~GO nanocomposites
was reported by two contemporary publications. Yadav et al.***
followed the solvothermal method to prepare an anatase TiO,
loaded GO nanocomposite (GOT) with different fractions (%) of
GO loading; among all these nanocomposites GOT-0.25 with
0.25% GO showed the highest photocatalytic activity towards
photo-degradation of benzene gas.

Membrane separation is an efficient technology for purifying
water without damaging the contaminants. Hierarchical
membranes can operate in a continuous manner and have
promising catalyst exposure and catalyst immobilization. Nair
et al**” prepared a TiO, nanosheet-GO nanocomposite in
hierarchical membranes for the first time and investigated its
enhanced photocatalytic activity towards removing Congo red
dye from polluted water. Sharma et al>*® reported a simple,
economic and eco-friendly synthesis method to prepare TiO,
using a green alga (Chlorella pyrenoidosa) loaded on GO sheets.
The prepared nanocomposite was applied to the photo-
degradation of crystal violet dye in water under visible light. The
nanocomposite exhibited photocatalytic efficiency even higher
than that of pure TiO, with a good reusability of a number of
cycles as shown in Fig. 11 and can be applied for water purifi-
cation via removal of environmental contaminants.

In a parallel stream of work Liu et al.>*** reported the prepa-
ration of the film of a black titania-graphene oxide nano-
composite, which was wrapped expandable
polyethylene (EPE) foam surface and used for solar steam
generation. The nanocomposite was exhibited as a highly

over an
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Table 4 GO-MO hybrids with catalytic and energy storage properties (solar cells, supercapacitors, H-storage, and Li ion batteries)

Composition Synthesis/structure Utility Ref.
GO-Mg -C-O-Mg bond Hydrogen storage via adsorption 71 and 72
GO-Pd Hydrothermal method Non-linear optical device

GO-MgO

GO/V,0s5, GO/TiO, GO decorated by metal oxide nanoparticles Hydrogen storage 73 and 74
GO/Zn,-GeO, Li-ion batteries 76
GO/MnO, Supercapacitor 80
GO-CuO Sonochemical precipitation method Supercapacitor with good specific capacitance 108
GO-ZnO/Cu,0 Electrochemical deposition technique Heterojunction solar cell 115
GO-ZnO nanorod GO-ZnO-NR-GO sandwich structure Optoelectronic property 154
GO-ZnO Hierarchical nanocomposite Supercapacitor 155
GO-ZnO/NiO Co-precipitation, novel mesostructure Good supercapacitance 190
GO-PAn, GO-PPy Chemical oxidative polymerization Energy storage, supercapacitor 255, 262-264 and 269
Nanofilm LbL and LB technique

efficient solar absorber, which enhanced the efficiency of pho-
tothermal conversion to 69.1% under the solar illumination of 1
kW m™> Moreover the system exhibited remarkable cycle
stability. PMMA is a very important polymer due to its optical,
electrical and mechanical properties and good thermal stability.
Alamgir et al.*® selected PMMA to embed TiO, and graphene
oxide as fillers to prepare two composites viz. PMMA/GO and
PMMA/GO/TiO, and found the latter composite to exhibit better
elastic properties and better hardness than the former, which

improved its efficiency in dental application.

3.8. GO-MG/magnesia/MgO nanocomposite

Molecular hydrogen adsorption by carbon nanomaterials,
including graphene, GO, fullerene and CNT, has so far been
studied widely. H, adsorption capability of GO frameworks has
already been discussed.”””* As for the metal-doped GO, there
are a lot of positively charged metal atoms and negatively
charged oxygen atoms on the graphene sheets. Usually an
electrical field is developed around the metal ion and oxygen to
adsorb hydrogen molecules; the metal site is more active to
adsorb hydrogen than oxygen sites and the hydroxyl group
present on the GO surface lowers the hydrogen storage due to
the formation of water. It is Chu Chen et al.”* who reported the

Mg-doped GO composite for hydrogen storage. H, can be
strongly adsorbed on Mg-doped GO with a binding energy of
0.38 eV/H, because Mg and O can jointly produce a stronger
electric field and polarize H, along almost the same direction.
In this theoretical study reduction of hydroxyl by Mg metal and
the formation of -(C-O)-Mg bonds have been shown to increase
hydrogen storage. When eight hydrogen molecules are adsor-
bed by Mg doped GO [Fig. 12] a high value of (5.3 wt%) hydrogen
storage is reached at 200 K without any pressure.

Later on Liu et al.>*® prepared a Mg (OH),-GO composite via
a hydrothermal method and applied it as the adsorbent to
remove Congo red from water. The physical adsorption of
Congo Red (CR) dye took place on the nanocomposite and it
happened due to electrostatic interaction between the moieties
with opposite charge. In 2018 D. Huang et al.>*” prepared double
oxide of Fe-Mg hydroxide nanoparticles and uniformly loaded it
on GO by the co-precipitation method. The prepared nano-
composite showed high adsorption capacity to heavy metals
and selectivity towards Pb*>" and Cu”". This magnetic adsorbent
can be used for separating the heavy metals from polluted
water.

Magnesium oxide (MgO) is an easily available alkaline earth
metal oxide with a high surface reactivity, high adsorption
capacity, and ease of production. Over time MgO nanoparticles
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Fig. 11

(a) Photodegradation efficiency of CV dye using TiO, nanoparticles and TiO,—-GO nanocomposites, (b) pseudo-first-order kinetic model

for the photodegradation of CV dye and (c) reusability of TiO,—-GO nanocomposites up to 3 cycles [this figure has been reproduced from ref. 203

with permission from Elsevier, Copyright 2019].
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Fig. 12 Structural representation of the adsorption of eight H,
molecules (white balls) on the GO surface [this figure has been
reproduced from ref. 71 with permission from American Chemical
Society, Copyright 2013].

(MgO NPs) have been used for the removal of organic molecules
viz. catechol, phenol, fluoride, formaldehyde and dyes from
waste water.?**?'° Thus, considering the decoration of MgO NPs
over the GO platform and the resulting synergistic advantage
GO/MgO nanocomposites can be considered as a potential
adsorbent for removal of pollutants. M. Heidarizad et al.>'* were
the first to introduce a GO-MgO nanocomposite with
a substantial dye (MB) absorption property. Following a simple
impregnation technique they could insert MgO NP (~20 nm) in
the GO structure. The GO-MgO nanocomposite with a ratio of
5: 1 exhibited a maximum dye adsorption capacity of 833 mg
g~', which is higher than that of any previously reported GO-
based materials; this makes it a promising adsorbent for
wastewater treatment. Later on the same group has explored**?
the catalytic property of the nanocomposite for ozonation of
phenol in a laboratory scale batch reactor. The results showed
that the catalytic ozonation significantly improved the miner-
alization of phenol compared to that without the catalyst. In
parallel the hydrothermal method was followed by Kimiagar
et al*® to combine MgO with GO. The effect of growth
temperature on the structural, linear, and nonlinear optical
(NLO) parameters was investigated. The third-order NLO
susceptibility of MgO-GO nanocomposites was measured in the
order of 10° esu. The results showed that MgO-GO structures

View Article Online
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have negative nonlinearity and they possess potential applica-
tions in NL photonic devices.

Solvothermal and sol-gel synthesis techniques were
combined to synthesize a GO-MgO nanosorbent in the presence
of polyethylene glycol (PEG). This nanosorbent was used to
remove Cu”" ions from aquatic media and then the parameters
that affect the elimination process were perfectly used.*** Very
recently”® GO/MgO nanocomposites have been prepared via
a simple solvothermal method and have exhibited good
absorption capacity to CR. Adsorption (%) and absolute quan-
tity were found to be 97.84% and 684.85 mg g~ ', respectively,
which are superior to those of other adsorbents.

4. GO based composites with organic
counterparts

4.1. GO-EDTA

Ethylenediamine tetraacetic acid (EDTA) is a common hex-
adentate ligand that can form stable chelates with the metal
ions. So it can be suitably used for removal of metal ions from
water. When EDTA is combined with GO its removal efficiency is
significantly increased. In a report Madadrang et al.>*® linked
EDTA with GO by silanization reaction in which N-trimethox-
ysilylpropyl EDTA (EDTA-silane) reacts with the hydroxyl groups
present in GO. The prepared GO-EDTA becomes a very good
adsorbent for removing Pb(1); an adsorption capacity as high as
479 4+ 46 mg g~ * was reached within 20 minutes and at pH 6.8
[Fig. 13]. Moreover, it can be reused after treatment with HCI,
which suggests that the GO-EDTA material can be applied for
removal of toxic heavy metals and to clean up the environment
very efficiently.

After two years Carpio et al*’ prepared GO-EDTA and
studied its absorption capacity towards heavy metal ions. For
the first time they applied the material as a Cu®>" adsorbent and
as an antibacterial agent against Gram positive (BS) and Gram
negative (Cupriavidus metallidurans) bacteria. The material was
found as a very efficient adsorbent of Cu(u) and Pb(u) metals
under different conditions like concentration, pH and contact
time. The material showed higher adsorption capacity than
activated carbon and better antibacterial activity against Gram-
negative and Gram-positive bacteria than GO alone. However,

O = Pb%, Cu?*, Ni2* Cd**, Hg?* ...

Q 'OOC\ Q@ooc
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N ~
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Fig. 13 Structure of GO-EDTA and interaction with metal ions [this figure has been reproduced from ref. 216 with permission from ACS,

Copyright 2012].
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no toxicity to human cells was observed, which offers potential
multifunctional use of the material in fabricating devices for
biomedical, catalytic, water treatment, microbial control, and
metal binding applications.

Later on Zhao et al**® prepared ETDA modified GO (GO-
EDTA) and amine-silane modified GO (GO-amine) and investi-
gated that the prepared derivatives are very good adsorbents for
removing Ni(un) from water. The incorporation of amine and
EDTA groups significantly increase the adsorption capacity of
GO and the derivatives can be used to control water pollution by
removing Ni(u) ions as shown in Fig. 14. In the same year Cui
et al.** for the first time synthesised Fe;O, loaded on GO, i.e.
magnetic GO (mGO), and anchored it with EDTA. The prepared
EDTA-mGO showed excellent adsorption properties and
removal efficiency of heavy metals Pb(u), Hg(u) and Cu(u). It was
observed that EDTA-mGO displayed higher adsorption ability
than EDTA-GO, mGO and EDTA-Fe;0,. Even after five recycles
the material largely retains its removal efficiency, which
suggests the material as an efficient adsorbent for removing
heavy metals.

GO was also used as a semiconductor functionalized with
various photosensitizers, among which porphyrin (PP) deriva-
tives and their corresponding metal complexes offer several
advantages, including their strong absorptivity in a visible
region, thermal stability, photostability and versatile modifica-
tion with GO through covalent and noncovalent interactions.
The synthesis of these hybrid structures based on graphene
materials and porphyrins follows the fundamental concepts of
the interaction both between the aromatic platforms of
components and functional substituents grafted to the
porphyrin ring and carbon substrate. Self-assembly of such
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functionalized porphyrin derivatives gives rise to ordered
porous surface structures or metal-organic frameworks (MOF)
through metal ion-organic ligand coordination. In a series of
works tetraphenyl and tetrakis-hydroxyphenyl derivatives of PP
(TPP and THPP) along with their Co and Zn-complexes have
been used to design metal-organic frameworks with improved
performance compared to GO towards photocatalytic, fuel cell
and gas separation applications.?* In a series of works tetra-
phenyl and tetrakis-hydroxyphenyl derivative of PP (TPP, THPP)
along with their Co and Zn-complexes has been used to design
metal-organic framework with GO having improved perfor-
mance than GO itself towards photocatalysis, electrocatalysis,
fuel cell, methane sorbent and gas separation applications.**

4.2. GO-chitosan

Chitosan (CS) is a linear polysaccharide that is composed of
randomly distributed p-glucosamine (deacetylated unit) and N-
acetyl-o-glucosamine (acetylated unit). Chitosan is a renewable
natural biopolymer, which has excellent biodegradability,
biocompatibility and antibacterial property due to the presence
of various chelating groups like amino and hydroxyl groups.
With the help of such groups it has strong efficiency of
removing metal ions and anionic dyes by electrostatic interac-
tion. On the other hand due to the presence of oxygen con-
taining groups GO has strong affinity towards positively charged
ions and organic compounds and very low affinity for anionic
dyes due to repulsive electrostatic interaction. Combination of
CS with GO modifies the absorption ability of GO as the
prepared GO-CS composite material exhibits strong adsorption
capacity for removing both anionic and cationic dyes and at the
same time for metal ions. This eco-friendly composite hydrogel
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Fig. 14 Structure of EDTA-silane, EDTA-G, amine-silane and amine-GO [this figure has been reproduced from ref. 218 with permission from

Elsevier, Copyright 2015].
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can be widely used to depollute water by removing contami-
nants and toxic heavy metal ions. It can also be used for water
purification by the filtration method.

Yang et al.>** first reported a simple method of preparation of
a GO-chitosan composite in an aqueous medium via self-
assembly. In this method aqueous GO dispersion is mixed
with chitosan solution in aqueous acetic acid and stirred for
24 h, after which the homogeneous GO/CS mixture was poured
into a glass plate to form a film. The prepared composite with
1% (w/w) of GO showed improved tensile strength and Young's
modulus and increased elongation at break compared to pure
chitosan. In another work Han et al*** prepared a GO-CS
composite film by mixing the aqueous solution of both in the
presence of dilute acetic acid.

The prepared composite film showed enhanced strength and
thermal stability compared to pure chitosan. Interestingly in
this report the composite film showed higher tensile strength in
the wet state (3 times) than in the dry state (1.7 times) compared
to pure chitosan. Preparation of GO-CS films was further
modified by Zuo et al.**® through the formation of amide linkage
between carboxylic acid groups of GO and amine groups of CS.
This is a sort of crosslinking that made the composite film
exhibit increased tensile strength (2.5 folds) and Young's
modulus (4.6 folds) respectively compared to the pristine chi-
tosan composite. Glass transition temperature of the GO-CS
film (158 °C) also becomes higher than that of pure chitosan
(118 °C), indicating higher thermal stability of the composite,
which was important for its application in biosensors, water
treatment, drug delivery and food packaging.

The crosslinking between GO and CS was further improved
by Chen et al.*** who could design a 3D network by mutual
crosslinking of GO and CS [Fig. 15]. The composite was
synthesized in the form of a mechanically strong hydrogel due
to hydrogen bonds and electrostatic interactions between GO
and CS. This eco-friendly composite hydrogel was applied for
the first time to remove organic dyes, both cationic (MB) and
anionic (eosin Y) origin showing a very high adsorption capacity
(>300 mg g7 ).

It was also used as an adsorbent of heavy metal ions viz.
Cu(u) and Pb(u) from water. In future it can be used in water
purification columns for removing toxic dyes and metal ions. In
the successive year Zhao et al.**® prepared a GO-CS composite
hydrogel and found its good removal efficiency towards three
organic dyes namely Congo red, rhodamine B and methylene
blue, which indicates its promising application in waste water
treatment and for removal of toxic dyes. As GO-CS has evolved
from a film to a 3-D hydrogel like material, the dye uptake
property might have a relationship with the structure and
morphology of the GO-CS, which was explored by the group
of M Abolhassani et al**® in consecutive years. They have
prepared two types of GO/CS composites, one with granular GO
of diameter 0.3-0.7 pm and another with nanoscale GO of
90 nm diameter. In both the composite the ratio of CS/GO was
5:1 w/w and the morphology and behaviour of the composite
towards cationic and anionic dyes were depending on the size of
GO. It is found that for the cationic dye (MB) 95% removal
happened with both composites, while for the anionic dye
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Fig. 15 Chemical structure of GO, CS, MB and eosin Y [this figure has
been reproduced from ref. 223 with permission from RSC, Copyright
2013].

(MOR) sorption happened largely (68-99%) for granular GO,
while only 29-64% adsorption occurred for nano sized GO. It
was also observed that composites with variable morphology
and increased surface area possess much higher adsorption
capacity than GO towards MB dye. Thi et al**’ synthesised
a chitosan/GO composite and found its adsorption ability
towards methylene blue. Crosslinking of GO via CS at an
elevated temperature (120 °C) resulted in improved mechanical
strength and thermal stability and good antimicrobial proper-
ties against Gram positive bacteria (B. subtillis) and Gram
negative bacteria (E. coli) as observed by Grande et al.?*® Later
on, Sabzevari et al.** prepared a GO-chitosan composite with
variable morphology and increased surface area and found its
much higher adsorption capacity than GO towards MB dye.

The modifications in the hydrogel and relevant improvement
in properties are still prevalent. Very recently another group of
researchers prepared GO-CS hydrogels and found their high
adsorption ability towards both cationic dyes and anionic dyes.
They investigated good removal efficiency of the prepared
composite against two cationic dyes — MB and RhB and two
anionic dyes — MOR and CR; after four successive uses the
ability of the composite remained unaltered.”** One very
important modification to GO-CS has been carried out very
recently (2020) when Croitoru et al.*** have introduced EDTA to
the GO-CS composite and prepared a GO/CS/EDTA composite
film that exhibited very high adsorption ability towards Pb>".
This composite could be used for removal of both dye and metal
ion contaminants from water.

Recently Arun G. K. et al.>** prepared polymer laminates with
an E-glass fibre reinforced graphene oxide composite by varying
the amount of graphene oxide (1, 1.5, 2, 2.5 and 3 by weight (%))

© 2022 The Author(s). Published by the Royal Society of Chemistry
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in composites. The laminate containing 2.5 wt% of graphene
oxide showed improved mechanical properties compared to
other laminates having different weight percentages. The
laminate (with 2.5 wt% GO) exhibited higher ductile property,
tensile strength, and elongation and was also the hardest
material compared to other laminates.

5. GO-polymer composite

In the GO based composites as discussed so far, GO due to its
large surface area and the functional groups present acts as
a dispersant, stabilizer and/or crosslinker, etc. However, there is
a separate class of composites in which GO is used as a filler.
These are GO-polymer composites without which the discus-
sion on GO-based composites cannot be complete.

Because of their good conductivity, thermal stability, and
excellent mechanical strength, graphene and its derivatives are
considered as important filler materials for polymer compos-
ites. The properties and performances of graphene-polymer
composites not only depend on the quality of the graphene filler
and polymer matrix, but also on the dispersity of the filler, the
bonding between the filler and matrix, and the ratio of the filler
to matrix. These factors are mainly determined by the fabrica-
tion processes. Similar to the conventional polymer processing,
the methods applied for the fabrication of graphene-polymer
composites are also classified as (i) solution mixing, (ii) melt
blending, and (iii) in situ polymerization. The three techniques
have their own advantages and limitations but they were fol-
lowed for combination of a large variety of polymers with GO.

5.1.
PVC

GO with engineering polymers: PVA, PU, PMMA, and

The solution mixing technique is one of the most commonly
used methods for preparation of polymer-GO composites since
this is a straightforward and user friendly technique that needs
no special instrumental support. Only major concern in this is
the solubility of the polymer and dispersity of the GO in the
polymer solution. As GO has a good dispersity in water, it is easy
to mix up aqueous GO dispersion with water soluble polymers
such as poly vinyl alcohol (PVA), poly vinyl acetate (PVAc),
poly(2-acrylamido-2-methyl-1-propanesulfonic acid) (PAMPS),
etc. following simple solution blending as well as vacuum
filtration techniques to form GO based composites.>***” PVA is
a very important, low cost, water soluble polymer, which is
available in a wide range of molecular weight and has versatile
applications. Imparting good mechanical strength to this
polymer without hampering its qualities has remained a chal-
lenge to the materials scientists over ages. Xu et al.>** have fol-
lowed the vacuum filtration technique to prepare a strong and
ductile PVA-GO composite with a layered structure. The tech-
nique was found to be suitable for organizing GO sheets in
a near-parallel manner so that a layered structure is evolved. 3%
GO in this report was found to be enough for improvement of
both yield strength and elongation (%) at break (flexibility) of
the pristine PVA film to a good extent. Afterwards Hwang et al.>**
prepared a composite film of PVA and polydopamine-treated
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GO (dG-0) and found great enhancement of tensile strength,
elongation at break and Young's modulus of PVA after incor-
poration of dG-O. The composite was applied for humidity
sensing.

Structure and mechanical properties of dGO-PVA composite
films and their application as a humidity sensor measured
through the variation in resistance are shown in Fig. 16. Later
on R. Mahendran et al.*®® used the ultrasonication method
followed by mechanical stirring to prepare a GO/PVA/PAMPS
(graphene oxide/poly vinyl chloride/PAMPS) composite by
solution casting and using deionized water as the solvent.
PAMPS is a highly water soluble material with poor mechanical
stability. So, PAMPS was blended with PVA to prepare a flexible,
thermally stable material with improved mechanical stability.
By adding very little quantity (0.5 wt%) of GO into the PVA/
PAMPS matrix Young's modulus was found to be enhanced by
four times that of the pristine PVA/PAMPS matrix. Moreover the
proton conductivity and ion exchange capacity were also
increased by loading GO on the polymer matrix. Cheng et al.**®
added hydroxyapatite (HA) to the GO/PVA system to prepare
a GO/HA/PVA nanocomposite with much higher tensile
strength, elongation and Young's modulus than the HA/PVA
matrix. The GO/HA/PVA composite was applied as a good
biomedical coating material for bone implants, dental
replacements and other surgical purposes.

Considering the poor dispersity of GO in organic solvents,
combining organo-soluble polymers with GO has long been
a challenge. This problem was overcome to some extent by
forming a metastable dispersion of GO in some co-solvents of
polymers (e.g. DMF or THF) using the ultrasonication method to
get the composite film. The latter method was successful for
preparing composites of GO and poly (e-caprolactone) (PCL),>**
polyurethane (PU),>* poly methyl methacrylate (PMMA)*” and
polyaniline (PAn).>* It was however important to modify the GO
sheet itself by intruding different functional groups so that its
dispersity is improved and/or its reaggregation could be pre-
vented. For example, functionalization of GO with phenyl
isocyanate improved its dispersity in polystyrene (PS) solution
in DMF. In two parallel publications***** Huang et al. had
developed a specially designed polyelectrolyte (PFVSO;) with
charged -SO; groups and a triblock copolymer (PEG-OPE) that
is attached to the GO and makes it soluble in different polar
solvents (DMF, THF, alcohols, etc.) including water.

Polyvinyl chloride (PVC) is another very important widely
used polymer due to its low cost, chemical stability, easy proc-
essability, low flammability and wide applications in material
industry like plastic molds, pipes, fibers, electric cables, etc. The
combination of graphene oxide with PVC can open up possi-
bilities to make nanocomposites with improved physicochem-
ical properties. Deshmukh et al.>** have prepared a GO/PVC
composite by solution blending in THF; surface properties
and wettability of the nanocomposite as a function of GO
loading were studied by determining the contact angle of
composite films. It was seen that the surface roughness, work of
adhesion and surface energy are increased with an increase in
GO loading and contact angle values were decreased with
increasing fraction of GO. Joshi et al*** prepared a GO
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Fig. 16

(A) Photograph and proposed structure of the dGO-PVA composite film; (B) stress—strain curves of (a) neat PVA, G-O/PVA, and dG-O/

PVA composite films at 0.5 wt% G-O or dG-O loading and (C) variation of resistance of dGO—-PVA films with respect to (a) stepwise dehu-
midification and (b) linear humidification for different dG-O loadings [this figure has been adapted from ref. 238 with permission from American

Chemical Society, Copyright 2014].

reinforced polyvinyl chloride composite by the solution
blending method and confirmed the homogeneity of GO/PVC
using an optical microscope where Q-factor was analysed
using an impedance analyzer. They found that the magnitude of
Q-factor of virgin PVC was rapidly increased to 2200 (from ~100)
on loading 0.5% GO, indicating high degree of EMI response of
GO. When higher amount of GO is loaded on PVC the Q-factor
becomes as high as 10 000. They also observed a shift of reso-
nance frequency from 30 MHz of virgin PVC to 100 kHz as
a function of loaded GO, which is considered as a great

5710 | RSC Adv, 2022, 12, 5686-5719

achievement and that makes the material suitable for various
electronic applications. For their anticorrosive nature these
nanocomposites were found to be more useful for marine and
naval applications. In the consecutive year Lee et al.>*® prepared
a flexible PVC film using functionalized graphene oxide-
hyperbranched polyglycerol as a reinforcing filler and the
prepared PVC/HGO (poly vinyl chloride/functionalized gra-
phene oxide) nanocomposites showed a great improvement in
tensile strength, durability, toughness and gas barrier proper-
ties compared to those of only plasticized PVC. As a result the
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nanocomposites become excellent materials for electrical
cables, roofing covers, food wraps, blood storage bags, and
synthetic leathers. Another important engineering plastics viz.
polyethylene terephthalate (PET) was combined with rGO at
285 °C under high shear in a melt blending technique to give
the PET-graphene composite.>*® However, melt compounding is
not as effective as the solution mixing method, in terms of the
ability to achieve good dispersity and distribution of the filler
materials in the matrix. In addition, the use of high shear forces
can sometimes break the filler materials, such as carbon
nanotubes and graphene sheets.**”

5.2. Combination with insoluble polymers: epoxy resins and
conducting polymers

The solution blending technique, although has a wide appli-
cability, cannot encompass two special categories of polymers
viz. epoxy resins and conducting polymers. The former are a sort
of thermally crosslinked polymers, which cannot be solubilized
or melted. Conducting polymers (CP) on the other hand are also
a very especial group of polymers with a conjugated backbone
with little or no solubility in any common solvent. Combination
of GO with these polymers cannot therefore be made possible
using the solution (or melt) blending procedure. In the cases of
these polymers an in situ synthesis technique is followed for
combination with GO or similar materials. For example GO was
directly mixed up with a clear epoxy resin in 1.5-6.0 vol% at
room temperature followed by the addition of the curing agent
as reported by S. I. Abdullah et al**®* The solvent was then
removed under vacuum to get the composite in solid (desirably
film) form with improved thermal and mechanical properties.
With only 1.5 vol% loading of GO, different mechanical
parameters (Young's modulus, elongation at break, etc.) were
found to improve by 30-60%.

On the other hand PAn is synthesized in the presence of the
GO suspension to grow the composite in situ. Since the poly-
merization of PAn is an oxidative coupling process, the oxidative
agent, such as ammonium persulfate, is added to the solution
containing aniline and GO to initiate the polymerization as
followed by Zhang et al>* and Yan et al**° In addition to
solution-based oxidation, the graphene-PAn composite can also
be prepared via an in situ anodic electropolymerization method
introduced by Wang et al.>>*** In the later method graphene
paper (obtained via reduction of thermally expanded GO, fol-
lowed by filtration and vacuum drying) is used as the working
electrode (anode) of the three-electrode electrochemical cell
containing the electrolyte with aniline monomers. PAn was then
electrochemically deposited within the graphene paper (anodic
oxidation polymerization) to produce the composite film on the
electrode.

All these CP based nanocomposites obviously exhibit
improved physical properties compared to the components and
therefore possess upgraded application potential. For example
by coating graphene nanosheets (GNS) with ~2 nm PAn nano-
particles, a high capacitance of 1046 F g ' was achieved
compared to the 115 F g~ ' for pure PAn.>* In addition to PAn
nanoparticles, PANI nanofibers have also been incorporated
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into GO sheets, which exhibited a specific capacitance of 531 F
g~ at a mass ratio of 100 : 1 for PANI : GO.>*" In another report,
the flexible graphene paper-PAn composite has exhibited
a good electrochemical capacitance of 233 F g ', and 135 F
cm? for gravimetric and volumetric capacitance, respectively.
It surpasses many carbon-based flexible electrodes as a prom-
ising candidate for supercapacitors.>*> Later on a facile strategy
to prepare a GO/PANI nanocomposite by in situ polymerization
with the assistance of supercritical carbon dioxide (SC-CO,) has
been reported by Xu et al.>®® The GO/PANI nanocomposite
exhibits better specific capacitance and cycle stability than pure
PANI and GO (or the physical mixture of both) owing to the
synergistic effect of GO and PANI nanoparticles, making it
promising for application in electrochemical devices. In
another publication Gui et al. have synthesized®* three PANI-
GO nanocomposite based electrode materials from aniline
(ANI), GO, and ammonium persulfate (APS) in ice water by
chemical polymerization varying the mass ratio (ANI: GO).
These composites were found to possess exciting potentials for
high performance supercapacitors or other power source
systems. In a relatively different approach GO was added to
a system consisting of surfactant-wrapped/doped polyaniline
(PANI) and divinylbenzene (DVB). The nanocomposites
prepared this way were fabricated by a simple blending, ultra-
sonic dispersion and curing process. The new composites show
higher conductivity (0.02-9.8 S cm™") than the other reported
polymer systems filled with PANI (10™° to 10~ S cm ™).
Graphene oxide based nanocomposites were prepared
through the in situ polymerization of aniline and pyrrole to
study the interaction of graphene oxide with polyaniline (PANTI)
and polypyrrole (PPy) separately by Pal et al.>** It was observed
that the specific capacitance of PPy coated GO improved by
~122.73% compared to pristine GO. Moreover, the binding
energy of polypyrrole-graphene oxide was found to be higher
than that of polyaniline-graphene oxide because of the absence
of oxygen containing functional groups. In addition, the storage
capacity was effectively improved due to the synergistic effect of
the polypyrrole coating on graphene oxide. Later on Saha
et al.**® have reported interesting pH dependent tuneable pho-
toluminescence of the GO-polyaniline nanocomposite. In one
report Yang et al.>*” have described a one-pot synthesis of the
PPy/GO@Fe;0, magnetic nanocomposite following a chemical
oxidative route followed by co-precipitation; Fe(m) played the
role of an oxidizing agent as well as the precursor of Fe;0,4. The
material could be used for electrochemical sensing of hydrazine
(detection limit 1.4 pm). Later on Nezhad et al. have introduced
a modified chemical method to construct a magnetic nano-
composite (polypyrrole/GO@Fe;0,). First, the GO nanosheets
were fabricated through the modified Hummers' method, and
then, the Fe;O, nanoparticles and polypyrrole were decorated
on the surface of the GO nanosheets by co-precipitation of
ferrous salts and pyrrole monomer in the GO suspension.”*® In
the successive year a nanocomposite with a similar composition
was reported by Getiren et al.>** who have explored the photo-
thermal property of the same, having application in photo-
thermal therapy (PTT). The temperature of the PTT agents was
found to reach 55.5 °C, 72.3 °C and 83.1 °C under the irradiation
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with an 808 nm NIR laser for 10 min under specified conditions.
The GO-PAn nanocomposite was very often prepared by simple
chemical oxidative polymerization using APS as shown in
Fig. 17; the same was explored as a good adsorbent for Cd*" by
Farajvand et al.>*

By employing the above mentioned methods, GO sheets are
mostly randomly stacked in the polymer matrix. To enhance the
directional mechanical strength of graphene-polymer
composites, layer-by-layer (LbL) assembling has been carried
out to prepare free-standing composite membranes. This LbL
fabrication was conducted using the Langmuir-Blodgett (LB)
technique to transfer GO sheets onto multilayer films of poly-
electrolytes viz. poly(allylamine hydrochloride) (PAH) and pol-
y(sodium 4-styrene sulfonate) (PSS).>** The resulting composite
membrane showed a huge improvement in the elastic modulus,
from ~1.5 GPa for the pure polymer membrane to ~20 GPa for
8 vol% graphene loading. These polyelectrolyte-based
membrane materials are conductive, flexible and exhibit good
mechanical properties, which can be useful in fabricating
capacitive pressure sensors, supercapacitors, chemical sensors
and micro-electromechanical systems (MEMS).>*?* The
combination of graphene with PAn has been proved to be very
fruitful in fabrication of biosensors. Large surface area of gra-
phene and GO combined with electrical conductivity and redox
activity of PAn results in effective enzyme loading and efficient
wiring to the electrode. Fabrication of a glucose biosensor from
GO-PAn is schematically shown in Fig. 17. In a significant work
Wei et al.**® have incorporated GO-PAn in a thermoresponsive
hydrogel (PAMPSA) to design a NIR-responsive biosensor that
reversibly absorbs and releases Bovine Serum Albumin (BSA) in
the absence and presence of light (808 nm). In a recent publi-
cation Morteza et al. have synthesized methacrylate function-
alized GO (MeGO) and has combined the same with PAn; this
combination has been applied for fabrication of a highly effi-
cient biosensor for determination of ascorbic acid.>*%2¢”

In a very recent article Danio et al.>*® have reported the GO-
PAn nanofilm formed by LbL self-assembly of functionalized
GO (PAH:GO) and PAn (PANI:PAAMPSA) on the Si/SiO,
surface. Two different enzymes (urease and penicillinase) are
separately immobilized on the top of a five-bilayer stack of the

C,H;OH
CO,+H,0
i
ucose 102
e -
Display

GO-Polyaniline

GO-Polyaniline +
On sensor electrode

Fig. 17 Synthesis of GO-PAn and immobilization of glucose oxidase
(GOD) on GO—-PAn for the fabrication of a glucose biosensor.
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PAH : GO/PANI : PAAMPSA-modified electrolyte-insulator—
semiconductor (EIS) chip, forming a biosensor for detection of
urea and penicillin, respectively. A 15% increase in the average
sensitivity of the modified biosensors (EIS-nanofilm-enzyme) is
found compared to the EIS-enzyme electrode. The nanofilm
therefore acts as a stable bioreceptor onto the EIS chip,
improving the output signal in terms of sensitivity and stability.

Earlier it was observed that GO-PPy can form flexible and
binder-free electrode materials for the fast development of
smart supercapacitor devices.”® In a simple and effective
strategy a flexible composite membrane of reduced graphene
oxide and polypyrrole nanowires (RGO-PPy) was fabricated via
in situ reduction of GO and self-assembly of the component. By
direct coupling of two membrane electrodes, symmetrical
supercapacitors could be fabricated without the use of a binder
and conductive additive. The supercapacitor was able to offer
large areal capacitance (175 mF cm ?) and excellent cycling
stability (~93% capacitance retention after 5000 charge-
discharge cycles). In a recent work a polypyrrole/graphene oxide
(PPy/GO) composite electrode was prepared by one-step elec-
trochemical codeposition on a nickel foam electrode.>”® Spher-
ical PPy particles were found to be deposited on the surface of
GO and the GO-PPy composite was used as the cathode for the
capacitive deionization (CDI) process for removing different
heavy metal ions, with adsorption capacity in the order Ag" <
Cd** < Cu®" < Pb*" < Fe**. Therefore, the PPy/GO composite
electrode is proved to be a promising high-performance mate-
rial for CDI. Further research and development is going on to
incorporate PAn, PPy and other conducting polymers in GO (or
vice versa) more effectively in order to improve the properties
and to find out new applications.

6. Conclusion

It is therefore obvious that since the arrival of GO, the field of
GO-based nanohybrids has flourished enough to present
a separate class of materials. Over the last one decade this sector
has been regularly enriched with inclusion of novel hybrid
materials with improved functionality and application. Soon
after the discovery of GO, different research groups have jum-
ped into the field and have tried combining a broad spectrum of
external materials with GO sheets. Most of the attempts were
successful because of the flexibility of GO to be combined with
materials of versatile origin. As a result, a large variety of
hybrids were designed after incorporating different metal and
metal oxide NP, organic ligands, etc. into GO as well as after
incorporation of GO itself into polymeric matrices. Most of
these combinations have successfully complemented the
properties of GO and hence within few years the frontier of GO
based nanohybrid materials was largely expanded and novel
applications were suggested. This review has carefully wit-
nessed the progress in this field and has taken into account all
these developments chronologically.

After the thorough survey of the materials developed in this
field it can be concluded that the synthesis technique in each
case has been gradually modified over time with a parallel
improvement in performance of the materials. On the other
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hand multicomponent hetero-structures with improved func-
tionalities also evolved in which two or three different oxides
were combined with GO. Although GO is endowed with large
surface area, it has hardly been exploited as an inert support to
the functional NP and the latter was also hardly used for
increasing surface area only. Rather an obvious synergistic
effect has taken place between the GO and the NP components,
which is the key to the evolution of these hybrid materials with
improved performance. The coupling of GO with photoactive
metal oxide semiconductors synergistically enhances the pho-
tocatalytic activity of metal oxides for the degradation of various
waterborne pollutants viz. a wide range of organic dyes and
pathogens. The large surface area of GO is however retained and
even expanded in the 3D networks formed in the ligand modi-
fied nanocomposites viz. GO-EDTA and GO-CS. Adsorption of
heavy metal ions and organic molecules via electrostatic or
chemical interactions, and drug loading/delivery are also facil-
itated by the large surface area of GO based hybrids discussed
here. Effective PTT and biosensing applications added to the
antibacterial and dye degradation are also based on such
mutual interaction between the GO and PAn/PPy.

Summarily, the unique properties of GO, in combination
with MO-NP, ligand and polymers induce high adsorption
capacity, extended light absorption range and improved charge
separation properties, which are exploited in water purification,
biomedical fields and energy storage devices. Therefore GO
based hybrids until now appear to be very promising materials
although lots of limitations are yet to overcome for optimizing
their performance. In order to reach the field of commercial
application GO-based hybrids have to compete with the existing
materials, which requires easy and cost effective synthesis of the
materials. For the adsorbents and sensors, selectivity criteria
must also be improved. Therefore complete understanding of
various phenomena and properties related to GO is needed to
design more efficient devices. However, research in this field is
yet in an initial stage and confined/limited in the laboratory
regime only. This review can be an input to the sum of efforts for
understanding various phenomena and properties related to
the GO-based nanohybrids, which include external components
of diverse nature.

While the earlier authors have very often reviewed the GO-
MO based materials with respect to their applications, the
present review has taken a different approach. It is focused to
the chronological development of individual materials viz. GO,
GO-MO (CuO, MgO, ZnO, etc.), GO-ligand (GO-chitosan/EDTA)
and GO-polymer (PVA, PMMA, PAn, and PPy) hybrids. Updated
account of the evolution of the synthesis methodologies,
properties and applications of individual materials (since their
arrival up to very recent time) has been discussed in the present
literature, which is not available until now. It is not possible to
cite all published works in this field; we have however tried to
cover most of the important and highly cultivated materials and
their evolution in this context. We hope this exhaustive review
will be quite helpful to the scientists working in the relevant
fields.
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7. Abbreviations

GO Graphene oxide

RGO Reduced graphene oxide

MO| Metal oxide

NP Nanoparticles

EGO Exfoliated graphene oxide

RB Rhodamine B

MLB Methyl blue

MOR Methyl orange

MB Methylene blue

NCS Nanocomposites

EDTA Ethylenediaminetetraacetic acid
Cs Chitosan

Pst Pseudomonas syringae pv. tomato
SA Staphylococcus aureus

BS Bacillus subtilis

E. coli Escherichia coli

X. oryzae Xanthomonas oryzae

P. aeruginosa Pseudomonas aeruginosa

DOX Doxorubicin hydrochloride

BSA Bovine serum albumin

PMMA Poly methyl methacrylate

PVA Polyvinyl alcohol

PVC Polyvinyl chloride

PET Polyethylene terephthalate

PPy Polypyrrole

PAn Polyaniline

MEMS Micro-electromechanical systems
PPT Photo-thermal therapy
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