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Abstract: The focus of current research in material science has shifted from “less efficient” single-
component nanomaterials to the superior-performance, next-generation, multifunctional nanocom-
posites. TiO, is a widely used benchmark photocatalyst with unique physicochemical properties.
However, the large bandgap and massive recombination of photogenerated charge carriers limit its
overall photocatalytic efficiency. When TiO, nanoparticles are modified with graphene quantum
dots (GQDs), some significant improvements can be achieved in terms of (i) broadening the light
absorption wavelengths, (ii) design of active reaction sites, and (iii) control of the electron-hole (e ~-h*)
recombination. Accordingly, TiO,-GQDs nanocomposites exhibit promising multifunctionalities in a
wide range of fields including, but not limited to, energy, biomedical aids, electronics, and flexible
wearable sensors. This review presents some important aspects of TiO,-GQDs nanocomposites as
photocatalysts in energy and biomedical applications. These include: (1) structural formulations
and synthesis methods of TiO,-GQDs nanocomposites; (2) discourse about the mechanism behind
the overall higher photoactivities of these nanocomposites; (3) various characterization techniques
which can be used to judge the photocatalytic performance of these nanocomposites, and (4) the
application of these nanocomposites in biomedical and energy conversion devices. Although some
objectives have been achieved, new challenges still exist and hinder the widespread application
of these nanocomposites. These challenges are briefly discussed in the Future Scope section of
this review.

Keywords: TiO,-GQD nanocomposites; photocatalysis; photoelectrochemical sensor

1. Introduction

Smart and multifunctional materials are rapidly transforming the energy and biomedi-
cal fields [1-3]. The ability to combine atoms, molecules, structures, and processes in new
and exciting ways has led to materials that possess advantageous combinations of physico-
chemical, biological, optical, electrical, and mechanical properties [4-6]. Multifunctional
materials “activated” by light (photocatalysts) show promise for use in renewable energy
technologies, H, generation, solar cell battery systems, and environmental remediation [7,8].
In addition, these materials can also be designed to provide new functions associated with
antibacterial activity, self-cleaning, self-healing, super-hard, and solar reflectivity for de-
sired end-use applications [9-12]. Some of the applications of multifunctional materials in
revolutionizing energy and biomedical research are shown in Figure 1 [13].

The promise of multifunctional materials for catalysis is vast; however, integrating
different properties and functions into a single-material system is a fundamental challenge
that needs to be repeatedly overcome for the advancement of photocatalysis [10,14,15].
For example, titania (TiO;) is one of the most widely used photocatalysts in the field of
environmental applications due to its wide bandgap, photochemical stability, nontoxic
nature, and low cost [16,17]. However, the inherent optical and electronic properties of
TiO, are insufficient to achieve adequate catalytic efficiency for energy harvesting and
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contaminant removal [18]. The insufficient catalytic efficiency of TiO; is attributed to (1) its
very limited capability to use solar energy and (2) the rapid recombination of its photo-
generated electron-hole pairs during catalytic processes [19,20]. Similarly, carbon-based
nanomaterials (CNMs) have been at the frontier of materials science over the last few
decades. Examples of impactful carbon-based nanomaterials include carbon nanotubes
(CNTs) and graphene-inspired nanomaterials [graphene sheets, graphene oxide; graphene
quantum dots and reduced graphene oxide; (RGO)] [21,22]. Among all the carbon-based
materials, immense efforts related to photonics have been focused on graphene quantum
dots (GQDs) because they have a great combination of characteristics observed in graphene
and carbon dots (CDs) [23,24]. GQDs possess many unique properties, such as high surface
area, tunable photoluminescence, aqueous dispersion, chemical inertness, and low toxic-
ity [25,26]. Despite these characteristics, GQDs are not efficient in delivering some of the
key characteristics required for catalysis, such as possessing a wide bandgap; having the
ability to maintain high electron-hole pair separation and transfer efficiency; exceptional
heat transfer and electron transport properties (as in TiO; and ZnO semiconductors); and
having the capability to donate metal ions (as in Ag+) for biocidal applications [27,28].
Hence, the homogeneous combination of at least two dissimilar nanomaterials, such as
TiO, and graphene-based materials, with diverse properties and complementary function-
alities, holds great promise for addressing the growing needs of energy and biomedical
applications [29-32]. Such materials, which are formed by the mixture of two or more
components (non-gaseous), in which at least one of them has a nanoscale structure, are
called nanocomposites.
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Figure 1. Applications of multifunctional nanocomposites.

In particular, TiO, in combination with GQDs highlights new perspectives in the field
of photocatalysis for its large specific surface area, flexible structure, extraordinary mobility
of charge carriers at room temperature, high thermal and electrical conductivities, and
high chemical stability [33,34]. In addition to these, combining these materials leads to
the quantum confined bandgap narrowing mechanism. Through this, absorption of these
UV absorbers (namely GQDs and TiO;) can be easily extended into the visible range [35].
Such mechanisms may be of great importance for environmental remediation and solar
fuel production. Moreover, the utilization of GQDs to modify TiO, nanoparticles can lead
to interesting materials that are beneficial for many biomedical applications, such as tissue
engineering, biosensing, molecular imaging, and drug and gene delivery [36]. Hence, in
this review, we summarize the recent research advances of TiO,-GQDs nanocomposites
as one of the most promising new generations of multifunctional materials. We begin
by explaining the basic properties and applications of pure TiO, and GQD nanoparticles.
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Then, we focus on some important aspects of TiO,-GQD nanocomposites, such as their
synthesis methods, characterization techniques, and applications.

2. TiO, Nanomaterials

TiO, has received much attention since 1972, when Fujishima and Honda discov-
ered the photocatalytic splitting of water on a TiO, electrode under ultraviolet (UV)
light [37]. Over the past few decades, TiO, has served as a “benchmark photocatalyst”
for the degradation of a wide range of organic compounds and microorganisms in the
UV range [38,39]. TiO, has a number of unique characteristics, such as strong oxidizing
abilities, superhydrophilicity, chemical stability, long durability, nontoxicity, biocompatibil-
ity, photocorrosion-free, low cost, and transparency to visible light [40]. These qualities
make it and its composites ideally suited to many applications in photocatalysis, including
self-cleaning, sensing, bioimaging, and drug delivery [41-44].

In addition, it has the following advantages:

e TiO, can be fabricated with interesting morphologies, such as nanospheres, nanorods,
nanofibers, nanotubes, and nanosheets. This enables it to attain unique chemical,
physical, and electronic properties, increasing its photocatalytic efficiency [45,46].

e TiO, can be supported on various substrates, such as glass, fibers, stainless steel,
inorganic materials, sand, and activated carbon, which allows its continuous reuse [42].

e TiO; nanomaterials can be prepared at large scale, at mild temperatures and conditions.
Some of the synthesis methods are listed in Figure 2 [47,48].

Co-Precipitation Method

Sol-Gel Method

Hydrothermal Method
Solution Phase Micelle and Inverse Micelle

Combustion Method
TiO2
Sonochemical Method
Synthesis Methods

Microwave Irradiation Method

Chemical Vapor Deposition
Gas Phase Physical Vapor Deposition

Spray Pyrolysis Deposition

Figure 2. Synthesis methods for TiO, nanomaterials.

Besides the advantages listed above, later research on the nanofabrication of TiO,
found that the synthesis conditions (temperature, pressure, use of surfactant, polymers
and their concentration, and post-synthesis treatments) could be optimized to produce
TiO, nanostructures with a variety of morphologies. Montecelo et al. have reported the
fabrication of TiO, nanotubes using alkaline conditions in hydrothermal synthesis [49].
They have used NaOH pellets and anatase TiO, powder (~10 nm) as a precursor for
hydrothermal synthesis. Zhang et al. used tetramethylammonium hydroxide solution
(25 wt % in water) with a mixture of ethylene glycol and titanium isopropoxide in a hy-
drothermal reaction to produce single-crystalline anatase TiO, nanorods laterally bounded
by the {101} crystal planes [50]. Further, they have optimized the solvent compositions
to obtain nanorods with different sizes/shapes and surface parameters. Hsu et al. have
designed copolymers for the synthesis of porous TiO, microspheres [51]. These polymers
consist of hydrophobic (styrene, methyl methacrylate, vinylbenzyl chloride, or vinylbenzyl
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ethyl ether) and hydrophilic (vinylbenzyl alcohol) repeating units. Due to the appropriate
polarity and amphiphilic property produced by these copolymers, TiO, microspheres
are obtained in a single-step emulsification process of these polymers. Tang et al. have
developed a low-temperature (~4 °C) synthesis method for the preparation of large-sized
TiO, nanosheets [52]. This synthesis involves two steps. The first step is the hydrolysis of
tetrabutyl titanate in a dil. nitric acid (at 2 °C), forming white precipitates. After that, the
hydrolysate system is kept at 4 °C for peptizing and ripening to form a transparent sol
and finally TiO, nanosheets. Ghosh et al. demonstrated the formation of mesoporous TiO,
nanofibers with controlled diameter, crystal size, and anatase versus rutile crystal struc-
tures [53]. In this synthesis, the sol-gel precursors of TiO, (polyvinylpyrrolidone and tita-
nium isopropoxide) are further treated by a gas jet fiber spinning process to form nanofibers.
These nanofibers are then heated at 500-700 °C to obtain mesoporous TiO; nanofibers.

2.1. Drawbacks of TiO;
Besides the aforementioned inherent advantages of TiOj, it has the following drawbacks [19]:

e  Thelarge bandgap of TiO, (~3.2 eV for anatase and brookite, ~3.0 eV for rutile) requires
an excitation wavelength that falls in the UV region. Given that less than ~5% of the
solar flux incident at the Earth’s surface lies in this spectral regime (solar light consists
of ~5% UV, ~43% visible, and ~52% harvesting infrared), only a very small portion of
the solar light could be used by pure TiO, photocatalysts;

e  Massive recombination of photogenerated charge carriers limits its overall photocat-
alytic efficiency.

Thus, designing, fabricating, and tailoring the physicochemical and optical properties
of titania is needed to utilize a large fraction of the solar spectrum and to increase the
overall photocatalytic efficiency.

2.2. Strategies to Modify TiO, Nanomaterials

Various strategies have been adopted for improving the photocatalytic efficiency of
TiO,. Some of them are listed in Figure 3 [20,54].

Light
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Figure 3. Types of chemical modifications in TiOp,

TiO, modification strategies are aimed at improving one or more of the following
light-induced catalytic process steps: light absorption, charge carrier generation, charge
separation, and their utilization for energy conversion reactions [55]. Various methods
have been adopted for improving the photocatalytic efficiency of TiO, and a few are
mentioned here.

Surface modifications, such as increasing the surface roughness, enable broader light
utilization by photon scattering and trapping. Surface hydrogenation is a bandgap engi-
neering strategy to improve the light absorption of TiO, [55]. Sensitization strategies of
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TiO, with organic and inorganic compounds expand the absorption spectrum range of
the photocatalyst [20]. Exfoliation by chemical and mechanical processes and quantum
engineering aimed at size reduction are some of the most extensively researched strategic
methods aimed at increasing the number of catalytic active sites. Coupling and doping
of TiO, with metal, nonmetal, ions, or other semiconductors provides trap sites and aids
in efficient charge carrier separation. In this review, we will be focusing on the doping,
co-doping, and coupling of TiO, nanomaterials with GQDs [20].

3. Graphene Quantum Dots (GQDs)

Graphene quantum dots (GQDs) are zero-dimensional (0D) derivatives of graphene
with a diameter of up to ~10 nm (Figure 4) [56]. Combining the structural characteristics
such as the atomically thin, planar shapes of graphene with quantum confinement and
surface/edge effect of CDs, GQDs possess many unique properties, such as high surface
area, tunable photoluminescence, aqueous dispersion, chemical inertness, biocompatibility,
and low toxicity [57-60].

-

W

. ——— ad

~10 nm
Graphene layer Graphene quantum dots

¥ Epoxygroup @ Hydroxyl group . Carboxyl group Carbonyl group
Figure 4. Structure of graphene and graphene quantum dots.

3.1. Synthesis Methods

Methods of GQDs synthesis can be categorized into two main groups, namely bottom-
up and top-down production methods, as shown in Figure 5. Top-down procedures
include chemical oxidation, electrochemical exfoliation, laser exfoliation, and chemical
exfoliation [61,62]. These are applied by incising large graphene sheets, CNTs, carbon fibers,
or the graphite into smaller segments of graphene sheets. These methods are considered
the most appropriate methods for mass production. Bottom-up methods consist of GQDs
synthesis using polycyclic aromatic compositions or molecules with aromatic structures
such as fullerenes via pyrolysis or carbonization [63].

Chemical oxidation

Electrochemical exfoliation

Top-down

Electron beam lithography

method
Ultrasonication exfoliation

GQD
Synthesis Methods Chemical oxidation

Pyrolysis or carbonization

Bottom-up Microwave-assisted method

methods Hydrothermal or solvothermal

Template method

Figure 5. Synthetic approaches for Graphene Quantum Dots (GQDs).

3.2. Optical Properties of GQDs

The optical properties of GQDs have been thoroughly investigated using UV-Vis and
PL spectroscopy [64].
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3.2.1. UV-Visible Spectroscopy

The basic properties of GQDs are mainly dependent on the shape, size, and edge
structures, which play an active role in the positioning of absorption peaks in UV-Vis
spectra. The other influential factors include functional groups, solvent exposure, and
temperature exposure. As observed from multiple studies, GQDs show stronger optical
absorption in the UV zone (260 to 320 nm) due to the p-p* transition of the C=C bonds,
while the tail of its absorption spectra extends to the visible region [23]. Various GQDs
demonstrate a sharp peak ranging between 270 and 390 nm, which shows a probable
contribution from the n-p* transition of the C=0O bonds.

3.2.2. PL Spectroscopy

The GQDs hold the graphene core and indeterminate chemical groups on their surface
and thus the photoluminescence is organized together by the graphene core and neighbor-
ing chemical groups. GQDs exhibit greater quantum yield than the other carbon-based ma-
terials, which is due to the presence of layers in their structure and better crystallinity [65].

GQDs emit different colored photoluminescence contingent on their different synthesis
methods, sizes, layered structures, chemical functionalization of their surfaces, and better
crystallinity [23]. Figure 6a shows the fluorescence spectra of the GQDs at different pH
levels. The other major contributing PL sites on the sample can vary while the wavelength
of the excitation light changes, which can be clearly seen in Figure 6b. Many researchers
report that the bandgap of GQDs is induced by their size and hence it can alter their PL.
As the size of the GQDs decreases, the bandgap increases. The color of the PL spectra
given in Figure 6c¢ is associated with the sizes of GQDs and Figure 6d represents the energy
bandgap with respect to different sizes of GQDs. Figure 6e reveals the PL emission of the
GQDs in distinct liquid solvents. The peak shifted from 475 to 515 nm in tetrahydrofuran
(THF), acetone, Dimethylformamide (DMF), and water, respectively. It is believed that the
dielectric constant of the solvent from the GQD determines its emission efficiency in the
solvent medium.
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Figure 6. Fluorescence spectra of GQDs at (a) different pH levels, (b) different excitation wavelengths,
(c) and (d) different sizes of GQDs and bandgap energy, and (e) different solvents. Reprinted from [23];
Published by The Royal Society of Chemistry.



Catalysts 2021, 11, 319

7 of 48

3.3. Applications of GQDs

The wide-ranging properties of GQDs make them suitable for use in diverse areas,
among which biomedical, sensing, and energy applications can be mentioned. The specific
applications in all these areas are listed in Figure 7 [56,66].

Graphene Quantum
Dots Applications

|

( Biomedical Applications )( Sensing )

Bioimaging

Drug/Gene
Delivery

PL sensing Solar Cells

 Electrochemical ‘ Supercapacitors

Electrochemiluminescence

Figure 7. Applications of GQDs.

4. TiO»-GQDs Nanocomposites

TiO,-GQDs nanocomposites exhibit remarkable properties and superior performance
compared to pristine GQDs and TiO, nanoparticles. In this review, we present a timely
survey of the synthesis aspects and photocatalytic mechanisms of the TiO,-GQDs nanocom-
posites. This is followed by a detailed discussion of the structural characterization of these
composites. Further, the applications of TiO,-GQDs nanocomposites are systematically
elucidated with suitable examples in the field of energy and biomedicine. Finally, current
challenges and future prospects on the applications of TiO,-GQD-based composites are
also discussed.

5. Synthesis of TiO2-GQD Nanocomposites

Material synthesis is an integral part of material research and industrial development.
The properties of nanomaterials can be tailored by varying the methods of synthesis [67].
TiO, and carbon-based nanomaterials such as GQDs are the most studied compounds in
materials science, with more than 10,000 publications over the past 10 years [68]. Many
excellent reviews and reports have been published on the preparation of TiO, and GQDs
recently; however, the synthesis methods for TiO,-GQD composite materials have not been
reviewed comprehensively to date. This section provides an extensive overview of research
that has been conducted in this field.

The most common methods to synthesize TiO,-GQD nanocomposites can be divided
into three sections:

1. Synthesis methods for TiO,-GQD-doped nanocomposites;

2. Synthesis methods for TiO,-GQD-deposited /coated nanocomposites;

3. Synthesis methods for TiO;-GQD nanocomposite photoelectrodes.

5.1. Synthesis Methods for TiO-GQD-Doped Nanocomposites

The most common methods to synthesize TiO,-GQD-doped nanocomposites are the
hydrothermal method, ultrasound assisted hydrothermal method, microwave method, and
physical mixing methods which involve mechanical stirring or ultrasound treatment to
mix the TiO, and GQD nanomaterials [69]. These methods are generally used to synthesize
the physical/chemical mixture of TiO, and GQDs nanoparticles. If the concentration of
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one of the nanomaterials (in the composite material) is less than ~5%, the obtained material
can be called a doped material.

5.1.1. Hydrothermal Method

The hydrothermal synthesis method is the most common method for synthesizing
TiO,-GQD composite nanomaterials. In this method, pre-synthesized GQD nanomate-
rials are mixed in aqueous solution with a precursor of TiO, nanomaterials (such as
Ti-isopropoxide or Ti-butoxide) or with pre-synthesized TiO, nanomaterials. This mixture
is then mechanically stirred at room temperature to obtain a homogeneous suspension.
This suspension is placed in an environment with controlled temperature and pressure via
steel pressure vessels with Teflon liners (autoclaves) [70]. The temperature and the amount
of solution added to the autoclave largely determine the internal pressure produced. The
schematics of hydrothermal preparation of TiO,-GQDs composite nanomaterials are given
in Figure 8. Many groups, such as Pan et al., used pre-synthesized TiO, and GQD nanopar-
ticles to prepare TiO,-GQD nanocomposites via the hydrothermal method [71]. Xie et al.
used Degussa TiO, and GQD nanoparticles for synthesizing composite nanomaterials [72].

- | T(\
.
\

AN\ \\”\/P

"/'I"ioz Nanoparticles

— | ————) ——
Hydrothermal Hydrothermal
treatment l treatment

Pre-Synthesized GQDs TiO,-GQD nanocomposite Pre-Synthesized GQDs
Figure 8. Schematics of TiO,-GQDs composite synthesis by hydrothermal method.

Biswas et al. used pre-synthesized GQD nanoparticles and mixed them with a tita-
nium isopropoxide solution in which isopropyl alcohol and glycolic acid were used as
solvents [73]. The synthesis methods where nonaqueous solvents are used are known
as solvothermal methods. Nonaqueous solvents are generally used to enhance the sol-
ubility of titanium precursors such as titanium isopropoxide and titanium butoxide. In
the solvothermal method, the temperature can be elevated much higher than that of the
hydrothermal method, since a variety of organic solvents with high boiling points can
be chosen. The precipitates obtained by this method are washed by centrifugation and
dried in a vacuum. The most effective junctions of GQDs with TiO, nanoparticles could be
established by hydrothermal/solvothermal methods of synthesis.

5.1.2. Ultrasound-Assisted Hydrothermal Methods

This method is almost identical to the hydrothermal/solvothermal method, except that
before the hydrothermal treatment, the suspension of the precursor solution is subjected to
ultrasound treatments. Yan et al. have successfully synthesized TiO,-GQD nanocomposites
by this method [74]. In this synthesis, an aqueous solution of GQDs is added dropwise
to a mixture of titanium isopropoxide and ethanol under sonication and kept overnight
with vigorous stirring. The entire solution is then subjected to solvothermal treatment to
obtain TiO,-GQD nanocomposites. Ultrasound-assisted synthesis aids in the preparation
of uniformly distributed and uniformly sized nanocomposites in a short time frame while
utilizing less energy than traditional methods.
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5.1.3. Microwave Method

In this method, a dielectric material can be processed with energy in the form of
high-frequency electromagnetic waves. The principal frequencies of microwave heating
are between 900 and 2450 MHz. At higher frequencies, the energy absorption occurs
primarily due to molecules with permanent dipoles, which tend to reorientate under the
influence of a microwave electric field. This reorientation loss mechanism originates from
the inability of the polarization to follow extremely rapid reversals of the electric field, so
the polarization phasor lags behind the applied electric field. This ensures that the resulting
current density has a component in phase with the field, and therefore power is dissipated
in the dielectric material [75]. The major advantages of using microwaves for industrial
processing are rapid heat transfer and volumetric and selective heating.

Yang et al. developed a photoelectrochemical glucose sensor using the combination
of TiO,-GQDs and polydopamine (PDA) nanocomposites [76]. In this research, titanium
nanoarray (TiO,-NA)-PDA nanocomposites are prepared by an electrodeposition method.
Further, the TiO,-NA-PDA electrode is combined with the GQD nanoparticles using the
microwave method. The TiO,-NA-PDA substrate is immersed in a solution of 2 mL of
GQDs, 3 mL of water, and 30 mL of ethylene glycol and subjected to microwave treatment
for 1 min. Here, ethylene glycol is used as a dielectric material. The obtained substrate is
rinsed with ethanol and water for further usage.

5.1.4. Sonochemical Method

Ultrasound has been very useful in the synthesis of a wide range of nanostructured
materials, including high-surface-area transition metals, alloys, carbides, oxides, and
colloids. The chemical effects of ultrasound do not come from a direct interaction with
molecular species. Instead, sonochemistry arises from acoustic cavitation: the formation,
growth, and implosive collapse of bubbles in a liquid. Cavitational collapse produces
intense local heating (5000 K), high pressures (1000 atm), and enormous heating and
cooling rates (>109 K/s) [77]. A scheme of the reactions occurring during the sonochemical
process is depicted in Figure 9. The sonochemical method has been applied to prepare TiO,-
GQDs nanocomposites by Sowba et al. In this method, pre-synthesized TiO, and GQD
nanoparticles are mixed in water and subjected to an ultrasound frequency of ~40 kHz for
1 h. These suspensions are then used for photocatalytic degradation reactions [78].

Bubble growth Bubble collapse

Highest temperature
Cavitation core

Secondary

PG Sonochemistry

Sonochemistry

Intermediate temperature
Interface

Figure 9. Reaction mechanism for sonochemical reaction.

Shafee et al. synthesized GQDs-doped TiO; by using the hydrothermal as well as
sonochemical method and compared their photocatalytic activities for RhB dye degra-
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dation [79]. Results indicated that the TiO,-GQDs nanocomposites synthesized by the
hydrothermal method showed slightly better photocatalytic activity than those synthesized
by the sonochemical method.

5.1.5. Coupling Reaction

Chan et al. have reported TiO,-GQDs nanocomposite synthesis by the coupling
reaction between carboxyl-containing GQDs and amine-functionalized TiO, nanotube
arrays (TNAs) [80]. TiO; nanotube arrays are prepared by an anodic oxidation method and
GQDs by an acid reflux method. The reaction scheme for the composite synthesis is given
in Figure 10.

NH, NH, N
>. EDC, NHS ? ?
,\!\p;l /slv\,\,‘ 4 ’NSI Sivu .
—_— \ \ —_— / /\
A TATA RS AXARAR S
I [}
I HZN’\/\s\i’o\ | ) | HO-C | . |
° TiO, GQDs Tio,

Figure 10. Reaction scheme for the loading of GQDs onto TiO, nanotube arrays (INAs) via covalent bonding. Reprinted from [80].

TNAs were firstly immersed in 0.2 wt % (3-aminopropyl) trimethoxysilane (APTMS) in
toluene for 3 h, rinsed with toluene, and dried. The modified TNAs were then immersed in a
beaker containing a solution of GQDs (1 mg-mL~!), ethyl(dimethylaminopropyl)carbodiimide
(EDC), and N-hydroxysuccinimide (NHS) for 4 h. The foils were then sonicated in DI water,
rinsed with DI water, and dried in air.

5.1.6. Physical Mixing

This is the simplest method used for the preparation of TiO,-GQDs nanocomposites.
In this method, both pre-synthesized TiO, and GQDs nanomaterials are electromagneti-
cally /mechanically stirred for at least 24 h. Many researchers, including Sun et al. and
Qu et al., have reported the synthesis of TiO,-GQD nanocomposites by this method [81,82].
Sun et al. have used a P-25 TiO, (Degussa TiO;) nanomaterial which is dispersed into an
aqueous solution of GQDs and kept under stirring for 24 h. The obtained composites were
collected by centrifugation at 8500 rpm for 30 min. The solid was dried at 70 °C for 24 h.

5.2. Synthesis Methods for the Deposited Materials

These methods are employed to deposit one of the nanomaterials (TiO, or GQDs)
on the surfaces of other (pre-synthesized) nanomaterials. These synthesis methods for
deposited materials include, but are not limited to, the liquid/wet impregnation method,
electrocatalytic deposition, the spin-coating method, and photoreduction methods. A de-
tailed description of all these methods is given below.

5.2.1. Liquid Impregnation Method

Wet impregnation is a well-known method in the development of heterogeneous
catalysts. This is a procedure whereby a certain volume of solution containing the precursor
of the active phase is placed into contact with another active solid phase (support), which,
in a subsequent step, is dried to remove the imbibed solvent [83]. Thus, this method
can be used to prepare supported and mixed catalysts. A schematic overview of this
process is given in Figure 11. Yu et al. have developed TiO,-GQDs nanocomposites by this
method [84]. In this method, TiO, nanoparticles are immersed in a 0.01-mg/mL graphene
oxide quantum dot (GOQD) aqueous solution (15 mL) for 5 h. After slow evaporation at
40 °C, the GOQD-TiO; composites are produced. Then, the black GQDs-TiO, was obtained
through annealing treatment of GOQD-TiO; at 450 °C in an argon stream for 1 h.
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Figure 11. Liquid impregnation method.

5.2.2. Electrocatalytic Deposition

Electrodeposition is commonly employed to produce a coating, usually metallic, on a
surface by the action of reduction at cathode. The substrate to be coated is used as a cathode
and immersed into a solution which contains the salt of the metal to be deposited [85].
Xu etal. fabricated GQDs deposited onto TiO; using electrodeposition [86]. In this method,
different TiO, films (micropillars and microcave arrays of rutile TiO;) act as working
electrodes and Pt plates act as a counter electrode. These electrodes are immersed in an
aqueous GQDs solution. The pH of the GQDs solution is tuned to 8 in order to increase the
negative charges on the GQDs nanoparticles. Under an applied positive potential of 6 V for
1 h, the functional GQDs were spontaneously deposited onto the surfaces of the nanorods.
Similar procedures have been employed by Sudhgar et al. to prepare GQD-decorated
TiO, Nanowires [87].

5.2.3. Photodeposition Method

INlumination of a slurry of semiconductor particles in an aqueous-phase solution of a
metal salt often results in the deposition of well-defined metal (oxide) nanoparticles on the
surface of the semiconductor: this phenomenon is generally known as photodeposition [88].
Hao et al. synthesized water-soluble and well-crystallized GQDs by the hydrothermal
cutting method. These GQD nanomaterials are anchored on TiO; by an in-situ photo-
assisted strategy under UV-Vis light irradiation [89].

5.2.4. Spin-Coating Method

Spin-coating is a low-cost method used to deposit uniform thin films on the flat
substrates. When a solution of a material is spun on a substrate at high speed, the centripetal
force and the surface tension of the liquid can create an even covering of the solution on
the substrate. After any remaining solvent has evaporated, spin-coating results in a thin
film ranging from a few nanometers to a few micrometers in thickness [90]. A schematic
overview of spin-coating method is shown in Figure 12. Bayat et al. used a hydrothermal
method to synthesize GQDs and to grow TiO, nanoflowers (NFs) on Fluorine doped Tin
Oxide (FTO) glass. Various amounts of GQDs were dropped on the TiO, NF substrate a
under rotation speed and deposition time of 3000 rpm and 3 min, respectively [91]. Then,
these GQDs-TiO; photoanodes were heated for 30 min in an oven at 200 °C for better
tenacity of GQDs on the TiO, NFs’ surfaces.

5.2.5. Drop-Cast Method

For small substrates (~1 cm?), an easy and tunable deposition method is drop-casting.
The drop-cast method involves the release of large droplets with controlled sizes and
momentum that spread a nanoparticle dispersion over a substrate and allow it to dry
under controlled condition. The thickness of the film depends upon the volume of the
dispersion used and the particle concentration [92]. Gupta et al. synthesized vertically
aligned TiO; 3D nanotube arrays by anodic oxidation of Ti sheets. Graphene quantum
dots were synthesized using acid treatment and chemical exfoliation of multi-walled
carbon fibers. These GQDs were dispersed into an ethanol solution via ultrasonication at a
frequency of 25 kHz for 1 h to form a homogeneous suspension with a concentration of
0.05 mg/mL. The resultant solution was drop-casted on the mouth surface of the highly
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oriented TiO, 3D nanotube arrays (NTAs) (40 V, 4 h, 500 °C) using a micro-syringe, as
shown in Figure 13. This is a highly efficient technique to fill the GQDs into the TiO,
nanotubes as it provides the entry of the GQDs through the hollow mouth of the TiO,
nanotubes within a few seconds [93].

—

Liquid film
Substrate
~» Holder

V

Deposition of the
solvent solution

Liquid spread

Rotation: spin up

Rotation: spin off

Evaporation of solvent ‘

Figure 12. Schematic overview of spin-coating method.

Figure 13. The systematic process of GQD-infilled TiO; NTAs. Reproduced from [93] with permission
from The Royal Society of Chemistry.
5.3. Synthesis Methods for TiO,-GQD Photoelectrodes for Solar Cell Applications

For solar cell applications, TiO»-GQD nanoparticles have to be synthesized in the form
of thin films. The thin film assembly begins with the preparation of the substrates.
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5.3.1. Preparation of Substrates

Generally, fluorine-doped tin oxide (F: SnO2)-coated glass (FTO) is used as the sub-
strate. FTO is patterned by etching with 2 M HCI and Zn powder. The patterned FTO is
cleaned by ultrasonication and rinsed with detergent, deionized water, ethanol, acetone,
and isopropanol for 30 min, respectively. Then, the FTO is dried by clean air and treated
with a UV-ozone machine for 15 min.

5.3.2. Deposition of TiO; Layer

TiO; thin layers can be deposited on the substrate by using the following methods:
(A) doctor blade method B) drop-casting or spin-coating TiO, paste onto the substrate,
(C) growing TiO; film on the substrate by hydrothermal or other methods.

A. Doctor blade method: This is the traditional and most common method to fabricate
TiO, photoanodes. In this method, pre-synthesized TiO; nanoparticles are mixed with
binders such as polyethylene glycol and Triton X-100 followed by a sufficient amount of
distilled water to make it a viscous paste. TiO, films are then fabricated via doctor blade
printing on the substrate (FTO glass slides). The schematic of the doctor blade method
is given in Figure 14 [94]. After drying, these as-fabricated TiO, films are subjected to
annealing at ~400 °C for better adhesion between the film and substrate. Kundu et al,,
Salam et al., Mustafa et al., and Subamanium et al. have reported TiO; thin film preparation
by this method [95-98]. Kundu et al. and Subramaniam et al. have modified this method
by coating a TiO; buffer layer (by immersing FTO substrate in 40 mM TiCly and drying at
70 °C) on the substrate before doctor blade printing [97,98].

— — — — — ——
 E— 1 | E— 1 | E— | E—

Conductive Adhesive Scraper Nano-colloidal Dried

surface tapes TiO, solution TiO, thin film

Figure 14. Schematics of doctor blade method.

Kumar et al. have reported a binder-free TiO; paste preparation method in which
0.2 g of Degussa TiO; nanoparticles and tetra butyl alcohol are refluxed in acidic (HNOj3)
medium with the addition of distilled water. The contents were stirred for 8 h at room
temperature. TiO; films were then prepared by the doctor blading method [99].

B. Spin-coating/screen printing: The details of the spin-coating method are explained
in Section 4.1.2.E. Shen et al. reported TiO; electrode preparation by spin-coating [100]. In
this method, a TiO; blocking layer is prepared on the substrate by spin-coating a precursor
solution of 0.15 M titanium diisopropoxide bis(acetylacetonate) (75 wt % in isopropanol,
Alfa-Aesar) in 1-butanol. After spin-coating, the substrates are annealed at 550 °C for 30 min
and then they are left to cool down to room temperature. The mesoporous TiO, (mp-TiO,)
layer is deposited by spin-coating for 30 s at 2000 r.p.m/min, using a 25-nm-particle home-
made paste diluted in ethanol (0.1 g mL~!). Finally, the substrate is immediately dried at
150 °C for 30 min and sintered again at 550 °C for 30 min.

The principle of screen printing is shown in Figure 15. In this technique, a paste of
the material to be screen printed is pressed through the screen by means of a squeegee.
Important screen-printing parameters are the viscosity of the paste, the mesh number of the
screen (# of meshes per inch), the snap-off distance between the screen and the substrate,
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and the pressure and speed of the squeegee. After leveling, the printed wet film is dried
(e.g., at 120 °C, 60 min). By then, the film consists of loose conglomerates of very small
grains (1-2 pm). The sintering step results in a compact film. Sharif et al. and Lee et al.
have reported the preparation of TiO, thin films by the screen printing method using
TiO, paste [101,102].

Movement

Open area filled

I with ink
. qiiecg e Screen yvith

rame \ ‘...:.:.:; emulsion
/ Printed ink e un .q’

Substrate

Figure 15. Schematic of screen printing.

C. Hydrothermal method: Some researchers directly grow TiO; films on FTO sub-
strates using the hydrothermal method and subsequently use them as a photoelectrode in
a solar cell. In this method, clean FTO slides are placed inside an autoclave. A transparent
mixture of titanium isopropoxide, hydrochloric acid, and distilled water is placed in the
same autoclave. Then, the hydrothermal process is carried out at 160 °C for 15 h in the
oven. The details of hydrothermal synthesis are given in Section 4.1.1.A. Jahantigh et al.
and Khorshid et al. have reported photoelectrode preparation by this method [103,104].

D. Deposition of GQDs and dye on TiO; films: Generally, in solar assemblies, a dye
layer is deposited on the TiO, layer, which absorbs and transfers the maximum incident
light to the TiO;. When TiO,-GQD nanocomposites are used in the solar cells instead
of pure TiO;, most researchers deposit both the GQD and dye layer on TiO; by a wet
impregnation method 33. This is a very simple method in which TiO, thin films are
immersed in the GQD solution for 24 to 48 h. Then, the films are washed with DI water to
remove excess GQDs which were physically absorbed on the TiO, films. Other methods
such as spin-coating and screen painting can also be used for GQD deposition and dye
deposition on the TiO; layer.

6. Structural Details of TiO,-GQD Nanocomposites

The properties and photocatalytic applications of TiO,-GQDs nanocomposites de-
pend mainly on the structure, morphology, and the surface properties of the prepared
nanocomposites. Therefore, various characterization techniques are employed for the
characterization of TiO,-GQDs nanocomposites used for photocatalytic applications. The
most relevant of these techniques are reviewed below, using representative examples.

6.1. XRD Pattern

X-ray powder diffraction is most widely used for the identification of unknown crys-
talline materials (e.g., minerals, inorganic compounds). It provides complete information
about the crystal phase structure and phase purity of crystalline materials. Interaction of
cones of X-rays is related to interplanar spacings in the crystalline powder according to a
mathematical relation called “Bragg’s Law” [105].

nA = 2d sin® D

where n is an integer;
A is the wavelength of X-rays;
d is the interplanar spacing generating the diffraction, and
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0 is the diffraction angle.

XRD requires a highly ordered crystal lattice structure in order to provide useful
information. For very small-grain-sized and amorphous structures, it will produce a large
number of diffraction points, leading to a broad diffraction peak [106]. Hence, for most of
the GQD nanoparticles, the diffraction peak is broad and noisy, which can be attributed to
their low crystallinity and small size. A GQD diffraction pattern reported by Gupta et al. is
presented Figure 19a. The broad diffraction peak centered at 20 = 24.4° is attributed to the
(002) plane of the carbon structure with a hexagonal phase (JCPDS no. 75-162) [93].

Figure 16b,c represent the XRD patterns of the GQD-infilled TiO, nanoparticles and
pure TiO; nanoparticles, respectively. Figure 16¢ represents the diffraction patterns of
pure TiO;. The quantitative analysis of Figure 16c shows that all of the diffraction peaks
can be ascribed to the TiO, and Ti substrate. The typical diffraction peak (101) centered
at 25.1 indicates the TiO, anatase phase (JCPDS no. 21-1272). The peaks correspond to
the (101), (103), (004), (112), (200), (105), (211), (213), (116), and (220) planes of the anatase
phase with a tetragonal crystal structure with space group 141/amd (141). As can be noted
from Figure 16b, no peaks from the carbon species are present in the diffraction pattern.
This can be due to the small amount and weak intensity of the GQDs. Moreover, the main
peak of graphene (26 = 24°) may have been shielded by the main peak of anatase TiO, at
(20 = 25.1°). Similar to the XRD plots acquired by Gupta et al., the peak from the GQDs is
usually absent in the diffraction pattern of the TiO,-GQD nanocomposites.
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Figure 16. XRD patterns of GQDs, TiO,, and TiO,-GQD nanocomposites. (a—c) reproduced from [93]
with permission from The Royal Society of Chemistry. (d,e) reprinted with permission from [107]
Copyright 2018 Elsevier.

In some cases, where a large amount of GQDs is coupled with TiO,, the GQD peak
can be seen in the diffraction pattern of the composite. Rajinder et al. use equal weights of
TiO, and GQDs to synthesize TiO,-GQDs nanocomposites, whose diffraction pattern can
be seen in Figure 16d,e [107]. The most intense peak at 260 = 25° corresponds to the anatase
phase (101) plane of TiO2. Along with this, another intense peak at 20 = 26.3° can be seen
and is attributed to the (002) plane of hexagonal sp2 hybridized carbon in GQDs. The (002)
peak is very intense as the hybrid sample is prepared with an equal weight ratio of TiO,
and GQDs. These results indicate the successful preparation of TiO,-GQD hybrids with
crystalline phases.
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6.2. Raman and FTIR Spectroscopy

Raman and FTIR spectroscopy are two complementary techniques which provide
detailed information about chemical structure, phase and polymorphy, crystallinity, and
molecular interactions. Raman spectroscopy is used to confirm the formation of the TiO,
anatase phase and the existence of GQDs in the TiO,;-GQD nanocomposites. In addition
to this, it is an important tool to deduce the structure related to the quality and number
of graphene layers, nature of defects and disorder, and doping level in graphene-based
materials. The Raman spectra of the TiO, and GQD-infilled TiO, synthesized by Gupta
et al. are shown in Figure 17a [93]. Raman characteristic peaks for both samples at around
394, 516, and 642 cm~! are obtained, which correspond to the Blg, Alg * Blg, and Eg
modes of vibration of the anatase phase of TiO,, respectively. Two additional peaks at
around 1354 and 1600 cm ™! for the graphene structure are also observed in the Raman
spectrum of the GQD-infilled TiO, (Figure 17a), which can be assigned to disordered sp2
carbon (D-band) and well-ordered graphite (G-band), respectively. The intensity ratio of
the D- to G-band (ID/IG. 0.846) indicates a disorder in graphene, which originates from
defects associated with grain boundaries, vacancies, and amorphous carbon.
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Figure 17. (a) Raman and (b) FTIR spectra of TiO,, GQDs, and TiO,-GQD nanocomposites. (a) Reproduced from [93]
with permission from The Royal Society of Chemistry. (b) Reprinted with permission from reference [89]. Copyright

2016 Elsevier.

The formation of Ti-C and Ti-O-C chemical bonds in TiO,-GQD nanocomposites can
be confirmed by FTIR. As shown in Figure 17b, the broad absorption band at ~3432 cm ™!
corresponds to the hydrogen-bonded O-H stretching vibration [89]. The characteristic
absorption peaks at ~3432 cm~! are assigned to the C-H stretching vibration; peaks at
~1593 and ~1416 cm ™! are related to O-C-O asymmetric and symmetric vibrations; the
peaks at ~1090 and ~990 cm ! are related to the C-O bonds and epoxy groups. The broad
absorption bands at 480-700 cm ! are attributed to the stretching vibrations of Ti-O-Ti
and Ti-O-C vibrations, indicating that the GQDs have been successfully attached to the
TiO, nanoparticles.

6.3. UV-Vis and Photoluminescence Spectroscopy

UV-visible spectroscopy is the main technique used to study the optical properties of
nanoparticles. As mentioned earlier, coupling GQDs with TiO; results in the bandgap narrowing
of the composites. UV-visible spectra of pure TiO, and TiO,-GQD nanocomposites (with
different weight percentages of GQDs) prepared by Lim et al. are shown in Figure 18a [108].
As can be seen from Figure 18a, the pure TiO, spectrum shows a characteristic cut-off
wavelength at ~384 nm. As compared with pure TiO;, composite samples show a significant
red shift in their absorption edge with increasing wt % of GQDs. In addition to this, the
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intensity of all composite spectra appears to be higher than that of the TiO, sample. This
indicates that the incorporation of GQDs not only reduces the bandgap of TiO, but also
increases the visible light absorption of TiO,.
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Figure 18. (a) UV-visible, (b) PL spectra of TiO, and TiO,-GQD nanocomposites. (a) reprinted from [108]. Copyright 2018
Springer Nature. (b) reprinted from [109], published by Catalysts.

The study of the recombination rate between photoinduced electrons and holes is
a very crucial factor for the photocatalytic activity of TiO,-GQDs nanocomposites. Pho-
toluminescence (PL) emission spectra could help to directly elucidate the behaviors of
photoinduced electrons and holes and highlight their radiative recombination. Generally,
PL emission signals are caused by the photoinduced carrier recombination process. Incor-
poration of GQDs into TiOj is often associated with a decreased rate of recombination and
hence lower PL intensity signal of composite TiO,.

Ou et al. have synthesized different types of TiO, samples and coupled them with
GQDs. The PL spectra of all these samples are given in Figure 18b [109]. As can be seen in
Figure 18b, all the GQD-coupled TiO; samples show lower intensity than the TiO; sample.
GQDs have discrete electronic levels, allowing for hot electron injection and efficient spatial
separation of electrons and holes, and this reduces their geminate recombination.

6.4. SEM and TEM Analysis

Scanning electron microscopy is a versatile, nondestructive technique that reveals
detailed information about the morphology and the composition of nanomaterials. It pro-
vides three-dimensional images of the nanomaterials which are very useful for judging the
surface structure and topography of the samples.

Xu et al. have synthesized micropillar (MP) and microcave (MC) arrays of anatase
TiO; films through the sol-gel-based thermal nanoimprinting method [86]. Then, those
(MP) and (MC) arrays are employed as seed layers in hydrothermal growth to fabricate
the 3D micropillar/microcave arrays of rutile TiO,NRs (NR). After hydrothermal growth,
all the obtained nanorods exhibit uniform dimensions of around 100 nm in diameter and
2-3 um in length, which can be clearly seen in Figure 19a,b. Moreover, they exhibit a
relatively smooth side surface with a rectangular cross-section. GQDs are then deposited
on these TiO, NRs by an electrophoresis method, as shown in Figure 19¢,d. As can be
noted from Figure 19¢c—d, the surface of the nanorods becomes much rougher, indicating
that the GQDs are homogeneously deposited on the entire surface of the nanorods.
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Figure 19. SEM images of (a,b) pure rutile TiO; nanotube arrays, (c,d) GQD-deposited rutile TiO,
nanotube arrays. Figure 19 Reprinted with permission from [86]. Copyright 2016 IOP Science.

The possibility for high magnification has made TEM a valuable tool in material
research. It is a very useful technique for confirming the size, shape, and arrangement of
the nanoparticles in a specimen. Direct information about the structure can be obtained
by high-resolution transmission electron microscopy (HRTEM). It is highly useful for the
determination of lattice planes and the detection of atomic-scale defects localized in areas
of a few nanometers in diameter with the help of the selected area electron diffraction
(SAED) technique.

The TEM analysis of rutile TiO; nanotube arrays, GQDs, and GQD-deposited TiO,
nanotube arrays is shown in Figure 20 [86]. The SEM images of the same samples are shown
in Figure 19. Figure 20a shows an HRTEM image of an individual pure TiO2 nanorod with
a highly resolved (110) lattice fringe of rutile TiO, (d = 0.32 nm), demonstrating that the
nanorod grows preferentially along the [001] direction. The diameter of the nanorod is
around 100 nm (inset of Figure 23a), which is consistent with the SEM result in Figure 19b.
Figure 20b shows a representative low-magnification transmission electron microscope
(TEM) image of the GQDs, which are uniformly distributed on the TEM carbon film without
aggregation. The size of the GQDs is around 3-5 nm. The corresponding HRTEM image
(Figure 20c) shows the lattice spacing of 0.21 nm related to the (1100) plane of GQDs. The
lattice-resolved TEM image of TiO,NR-GQDs in Figure 20d reveals clear lattice fringes
with interplanar spacings of 0.32 and 0.21 nm, which are consistent with the (110) plane of
rutile TiO; and (1100) plane of GQDs. This indicates that the GQDs attach onto the TiO,
nanorods firmly, which confirms the results obtained from SEM analysis of these samples.

6.5. XPS Analysis

XPS spectra are used to determine the chemical states of Ti, O, and C species and
characteristic bonding between the TiO, and GQD through the formation of Ti-C and Ti-
O-C bonds. Pan et al. have synthesized amine functionalized-GQD by the alkali-catalyzed
water-phase molecular fusion method. These GQDs are coupled with TiO, nanoparticles by a
hydrothermal method. The XPS spectra of these nanoparticles are given in Figure 21 [71].
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Figure 20. TEM characterization of TiO,NR, GQDs, and TiO;NR-GQDs. (a) HRTEM of one pristine TiO, nanorod. Inset is
the low-magnification view. (b) TEM and (c) HRTEM images of the GQDs. (d) HRTEM image of TiO,NR-GQDs. Inset is the
low-magnification view. Figure 20 reprinted with permission from [86]. Copyright 2016 IOP Science.
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Figure 21. (a) XPS survey spectrum, high-resolution (b) Ti 2p, (c) C 1s, (d) N 1s, (e) Ols spectra of
TiO,-GQD composites. Figure 21 reprinted with permission from [71]. Copyright @ 2016 American
Chemical Society.

The survey XPS spectra are given in Figure 21a, which shows three intense peaks
around 285, 460, and 531 eV corresponding to C 1s, Ti 2p, and O 1s, respectively. A weak
signal from N indicates that the GQDs are doped with N. The peak of Ti 2p in the survey
spectra around 460 eV can also be deconvoluted into two components at 464.6 and 459 eV,
as shown in Figure 21b. These peaks correspond to Ti 2p1/2 and Ti 2p3/2, indicating that
the metal is present in the Ti (IV) state in the composite. The C 1s spectrum presented in
Figure 21c can be deconvoluted into three components with the binding energy of C=C at
284.2 eV, C-N at 285.4 eV, and the distinguishable C-OH peak at 286.9 eV. Two peaks at 399.2
and 401.2 eV in the N 1s XPS spectrum (Figure 21d) are assigned to NH; and N-C bonding
of the GQDs. The peaks at 529.2, 531.1, and 533.1 eV in the O 1s spectrum (Figure 21e) are
assigned to the Ti-O, O-H, and O-C bonding, respectively. A peak around 530.8-531.4 eV
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in the deconvoluted O 1s spectrum also correlates to the formation of the Ti-O-C bond in
the nanocomposite, suggesting the formation of a GQD/TiO, nanocomposite.

6.6. N»-BET Surface Area Analysis

This technique provides detailed information about the specific surface area, pore
volume, and pore size distributions of samples.

Zhang et al. have reported the synthesis of hollow titanium oxide (H-TiO;) nanospheres
and graphene quantum dot nanoparticles by a simple hydrothermal method [110]. Ny
adsorption/desorption isotherms of these (H-TiO;) and H-TiO,-GQD nanocomposites
are given in Figure 22. Both the isotherms can be assigned to the typical type IV, with a
hysteresis loop at the relatively higher pressure of 0.45. This indicates that both the samples
are mesoporous in nature. The average pore diameter (as shown in Figure 25b) is found
to be around 2.5-7 nm. As the GQD synthesized in this work has a size of around 5 nm,
it plays a very important role in increasing the mesoporosity of the composite sample. In
addition to this, GQDs provide additional surface area to the composite material, which
allows greater adsorption of the contaminants.
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Figure 22. (a) N; adsorption/desorption isotherms of H-TiO; and H-TiO,-GQD composites; (b) Pore
size distributions of bare H-TiO2 and H-TiO2-GQD composites. Figure 22 reprinted from [110].
Copyright 2019 Springer Nature.

7. Mechanism of Photocatalysis on TiO,-GQD Nanocomposites
7.1. Mechanism of Photocatalysis on TiO,

The general mechanism of photocatalysis on TiO, involves three major steps, i.e.,
photoexcitation, recombination, and oxidation-reduction reactions, which can be seen
in Figure 23a [111]. In all photocatalysis reactions, Ti! represents the four coordinated
surface functionalities of TiO, or the “active site”. Hoffmann et al. have found by laser flash
photolysis studies that the characteristic time scale for the generation of charge carriers is
in the order of femtoseconds (fs) [112]. The charge carriers generated become trapped onto
the TiO, surface, which occurs over a time scale of tens of nanoseconds (ns).
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Figure 23. (a) Photocatalysis on TiO, nanoparticles; (b) bandgap narrowing and charge separation on TiO,;-GQD nanocomposites.
Step 1. Photoexcitation:

hv > Epg )
TiOy + hv — hiip + eqp
Reaction (3) represents the trapping of the holes by the surface hydroxyl groups
present in TiO,, and Reactions (4) and (5) represent the reversible trapping of the electrons
on the surface of TiO; (shallow traps) and the irreversible trapping or relaxation of the
electrons at the bottom of the conduction band (CB) (deep traps), respectively.

Ti"V' —OH™ + hfy — Ti'"V — OH (3)
Surface trap @)
Ti'V'— OH™ + ecp «» Til'l —OH™

Deep trap
Ti'V + eqp — Tilll

©)

Reactions (6)—(8) represent the electron-hole recombination reaction, which occurs at
surface states of the TiO,, or in the bulk medium due to the delocalization of the electrons
and holes. This is one of the detrimental reactions in photocatalysis as this affects the
interfacial charge transfer processes and hence the quantum efficiency of the photoprocess.

Step 2. Electron-hole recombination:

Ti"V — OH + ecpy — Ti'"V — OH (Free electron with a trapped hole) (6)
Til'l 4 Wiy — Ti'V (Free electron with a trapped electron) (7)
g + ecy — heat (Free hole with free electron) 8)

Reaction (9) represents the generation of hydroxyl radicals (OHe) by the reaction
of surface-adsorbed water molecules with the holes, and Reactions (10)-(15) show the
formation of superoxide (O°®~2), hydroperoxyl (HOOe®), and hydroxyl species through
the electron pathway. All the above radical species are referred to as the “active species”.
When the reactions are carried out in nonaqueous (organic) medium, the surface-bound
hydroxyl species present in the semiconductor play a major role (Reaction (2), and the
contributions of Reactions (8)—(14) to the overall oxidation of the substrate are negligible).
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Generation of hydroxyl radicals in the aqueous medium:

Ti' — HyO + Iy — Ti'V — OH' + H* (Hole pathway) ©)
Ti' + 0y +» TilV — 05 (10)

TilV — 0y +2HT +eqy — TilY —H, 0, (1)

Ti"V' — 0y + H' — Ti'"V — HO; (12)

Ti"V —2HO, — Ti'V — Hy O, + O, (13)

Ti'V — Hy Oy + e — Ti'V — OH + OH™ (14)

Ti" —H, 0, +0;" — Ti"Y —OH + OH™ + 0, (15)

Once the active species are generated, the reactants are adsorbed onto the surface of
the photocatalyst Reactions (16)—(18).
Adsorption/desorption of a reductant (any organic substrate S):

Ti'V+s - Ti'V -5 (16)

Ti'V —OH +S - Ti'"V —OH - S (17)

Adsorption/desorption of an oxidant (e.g., metal ion):
Ti'V + M"™ & Ti'V — M"* (18)

This is followed by the oxidation of the reductant and the concomitant reduction
of the oxidant by the attack of the hydroxyl radicals and CB electrons, respectively
(Reactions (19)—(22)). The above two processes occur at characteristic time scales of 100
ns and milliseconds, respectively. This means that the oxidizing power of the valence
band (VB) hole or the hydroxyl radicals is always higher than that of the reducing power
of the CB electrons. Moreover, these interfacial electron transfer steps compete with the
electron-hole recombination Reaction (10 ns) and, hence, the practical efficiency or quantum
yield is always less than that of the theoretical yield.

Photooxidation of a reductant:

Direct hole attack:

TilV — S+ TilV (hr) <> Ti'"V + Ti'V — I — CO, + H,0 (19)

Hydroxyl radical attack:

Ti"V — S+ Ti'V —OH — Ti'V + Ti'V — 1 — CO, + H,O (20)
Ti"V —S+OH — Ti'V — I~ — CO, + H,O (1)
Ti'V —OH — S — Ti'V — I — CO, + H,O (22)

The organic compounds degrade through the formation of intermediates (I), which
transform finally to CO, and H,O. Reaction (23) shows that the products desorb from the
surface, thereby freeing the TiO, active site. Similarly, when metal ions are present in the
system, they are reduced to their thermodynamically stable oxidation states by the CB
electrons (Reaction (24)).

Adsorption/desorption of the organic intermediate:

iV +1 -1V —1 (23)
Photoreduction of a metal ion:

TiV — M"™ + me~ — Ti'V — MO—m+ (24)
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Therefore, the overall photocatalysis reaction can be depicted as follows, wherein the
oxidants are reduced, and the reductants are oxidized by the action of UV radiation on the
semiconductor photocatalyst.

Step 3. Oxidation and reduction reactions:

(OXl)uds + (Redz)ads — Redy + OXy (25)

7.2. Mechanism of Photocatalysis on TiO,-GQD Nanocomposites

Though the photocatalytic degradation process on TiO,-GQDs nanocomposites fol-
lows the same steps, it shows improved photocatalytic performance. This improvement is
achieved due to one or more of the following reasons:

1. As can be seen in Figure 23b, GQD has a narrower bandgap than TiO; nanoparticles.

Hence, under visible light irradiation, GQDs act as photosensitizers to TiO, and donate
the electrons to the conduction band of TiO;. This increases the visible light absorption
ability of the TiO,-GQD nanocomposites [87].

2. Discrete electronic levels and substantial electronic conductivity enable GQDs to
act as an electron sink for photogenerated electrons. In addition to this, GQD-extended
mi-electron systems can be placed in direct contact with a TiO; surface, facilitating donor—
acceptor contact. The coupling can be enhanced further by covalent linking between GQDs
and TiO, through a variety of functional groups available due to the versatile chemistry
of the carbon atom; these allow hot electron injection from TiO; to the GQDs, resulting in
efficient charge separation [34].

3. As shown in Figure 24, GQDs have a two-dimensional matt structure which is
composed of a planar hexagonal lattice of carbon atoms with a C-C bond length of 1.42 A.
The atoms are connected by both o-bonds formed by sp2-electrons and n-bonds formed
by pz-electrons. These chemical features endow GQDs with many unique properties,
such as high electron and hole mobilities and large surface area per unit of mass (up to
~2600 m?/g) [69].

) Increase the surface area
of composite

Active site for adsorption of
aromatic compounds

TiO,-GQDs nanocomposite

Figure 24. Enhancement of surface area of TiO, due to GQD nanoparticle.

4. Most of the organic pollutants/contaminants have aromatic structures. As the
GQDs also have an aromatic nature, it acts as an active site for the adsorption of aromatic
contaminants, which accelerates the rate of photodegradation [69].

8. Applications of TiO,-GQD Nanocomposites
8.1. Dye Degradation by TiO-GQD Photocatalysts

Water pollution due to synthetic dyes is a matter of great concern. Dyes are toxic,
carcinogenic, and mutagenic. As these dyes are synthetic, they are very stable in the
presence of light and biodegradation, leading to their bioaccumulation in the food chain 1.
Furthermore, a low concentration of dye can visibly contaminate water and reduce light
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penetration into water. This decreases photosynthesis underwater, which is a dangerous sit-
uation for aquatic flora and fauna [113]. TiO; is one of the most promising materials for dye
degradation applications. According to the literature, complete mineralization of synthetic
dyes is possible using TiO, as a catalyst [114]. However, the practical application of this is
limited due to the wide bandgap, high recombination rate, and poor adsorption capacity of
TiO, nanoparticles [115]. Numerous research efforts have been employed to enhance the
dye degradation performance of TiO, via adding a secondary component, including metal,
nonmetal, or other semiconductors [116,117]. Recently, enhancements of photocatalytic
activity of TiO, have been demonstrated by coupling TiO, with carbonaceous substances
such as fullerenes, carbon nanotubes, graphene, and particularly graphene quantum dots
(GQDs) [113]. Due to quantum confinement and edge effects, GQD possesses a distinct
bandgap and increment of surface area. Additionally, GQOD possesses a high degree of
crystallinity related to superior electron transport and charge separation [118].

The general experimental setup for the photocatalytic dye degradation is shown in
Figure 25. The degradation is carried out in a cylindrical photoreactor surrounded by a
circulating water jacket, which is used to maintain a constant temperature throughout the
experiment. The experiments were conducted with a certain amount of dye solution with
varying TiO, photocatalyst dosages and initial dye concentrations. A UV or visible lamp,
i.e., a light source, is kept at the top of the reactor. Prior to illumination, the suspension
is magnetically stirred for some time to reach adsorption equilibrium and then stirred
throughout the experiment to disperse the catalyst nanoparticles in the dye solution.
A mall amount of suspension is taken at regular time intervals and filtered or centrifuged to
separate powder from the solution. The absorbance of the sample dye solution is measured
with a UV spectrophotometer.

| UW/Visible Light source

Water inlet =—=—1 ___——— Water outlet

(" )

Waste-water —— . .
[ ]
L ] s ®
. . . .
TiO, —1+e .
photocatalyst —

o o

Magnetic Stirrer

Figure 25. Experimental setup for dye degradation reaction.

Table 1 lists several TiO,-GQD composites reported in the literature for dye degrada-
tion reactions. The most important contribution of GQD towards the higher photocatalytic
activities of TiO,-GQD composites is enhanced visible light absorption. Pan et al. have
reported a nine-times increase in the photocurrent intensity in response to visible light
excitation after coupling amine functionalized GQD (N-GQD) with TiO; [71]. N-GQDs
have been synthesized by the alkali-catalyzed water-phase molecular fusion method and
coupled with TiO; through a simple hydrothermal method. This N-GQD-TiO, showed
a 15-times higher rate of MO dye degradation than the pure TiO,. Zhuo et al. have
prepared anatase TiO, /GQD and rutile TiO, /GQD composites and compared their pho-
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tocatalytic efficiency in visible light [119]. Generally, anatase TiO, shows much higher
photocatalytic activity than the rutile in visible light. However, in this case, the rutile
TiO, /GQD composite showed nine-times better photocatalytic activity than the anatase
TiO, /GQD composite. This has been attributed to the GQD nanoparticles (coupled with
TiO;), which show excitation-independent PL with a peak at 407 nm corresponding to
3.05 eV. This energy is higher than the bandgap energy of rutile TiO,, i.e., 3.0 eV (414 nm),
but lower than that of the anatase TiO;, namely 3.2 eV (388 nm). Hence, the PL emission of
these GQDs could excite rutile TiO, to form more electron-hole pairs, resulting in higher
photocatalytic activity. Lim et al. developed N-doped GQD and N-doped GQD-TiO,
nanocomposites via simple hydrothermal and physical mixing methods, respectively [108].
These nanocomposites showed higher photocatalytic activity than pure TiO, in sunlight
irradiation. This could be attributed to the enhanced light absorption of the nanocomposite
in visible and NIR light regions, harvesting the entire solar spectrum. Chinnusamy et al.
and Chan et al. also reported an increase in the photocatalytic efficiency due to enhanced
visible light absorption [78,80].

Table 1. TiO, /GQD nanocomposites for dye degradation.

Catalyst Time Degradation

Photocatalyst Dye Concentration Quantity Light Source (min) (%) Reference
(mg) TiO, Ti0,-GQD

TiO,-GQDs ’ %OHEZ%;L) 20 VA 120 20 90 [71]
TR e % oMW @ w  w
TiO,-GQD ° Mg.(oiosz) 50 gzolfi‘f 45 50 77 78]
P—ZGS 5}1302- b 1\?3 I(34ponrlmL) 20 30)(<)eW 30 0 50 [35]
?fojegg%“st ° NéBn(éo/Oh?L) 20 Xe 120 38 97 [107]
nesphaecaDs  omgt 2 0 » o
Nan(ét;lél;;sTiOz— ® MB (20 um) _ UV light 210 75 90 [93]
001 I\fTacheé "]giOz- Rh (B) 10 30)(()eW 60 10 90 [109]

* The data in the table represent the best results obtained in the reference. a = Methyl orange, b = Methylene blue and ¢ = Rhodamine B.

Wang et al. reported that the Ti-O-C bond found between TiO, and GQDs is respon-
sible for the enhanced visible light absorption [35]. The energy states introduced by the
formation of the Ti-O-C bond are positioned below the band edge of the CB of TiO,, lower-
ing the bandgap, as shown in Figure 26. As a result, it is much easier for both the injection
of an electron from GQDs to TiO, and the drainage of the hole from the TiO, to GQD. Such
a process significantly reduces the number of electrons participating in electron-hole recom-
bination. Rajinder et al. have explained that the formation of a TiO,-GQD heterojunction
via ultrasonication can occur through bonding between oxygen vacancy sites in TiO, and
in-plane epoxy groups in GQDs, possibly via C-O-Ti bonds [107]. These oxygen-deficient
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TiO,.GQD composites showed a degradation constant 5.2-times higher than pure TiO,. The
enhanced degradation is attributed to the efficient interfacial charge transfer from GQD to
TiO,, possibly through the Ti-O-C bond. Sun et al. have synthesized N-doped GQD-TiO,
(P25) composites which show 5.5-times enhancement of visible light absorption when
compared to GQD-TiO, composites [81]. They have also shown that the C-O-Ti bonds are
beneficial for efficient interfacial electron transfer from the CB band of P25 TiO, to N-GQD.
Shafee et al. have also reported an increase in the photocatalytic activity of the TiO,-GQD
catalyst due to the efficient charge separation offered by GQD nanoparticles [79].

Extending photo absorption to visible lights
via Ti-O-C bond induced energy states
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Figure 26. Schematic representation of enhanced visible light absorption of TiO,-GQD catalyst
through Ti-O-C bond. Reprinted from [35] with permission from The Royal Society of Chemistry.

In addition to visible light absorption and charge separation, graphene quantum
dots have a large surface area, which makes them good adsorbents for organic pollutant
removal through the combination of electrostatic attraction and 7-7* interactions. Zhang
et al. and Bipin Kumar et al. have reported that the higher surface areas of TiO,-GQD
composites are favorable for the adsorption of dyes, which eventually leads to the higher
degradation rates [93,110].

N-GQDs and TiO, composites are fabricated by Ou et al. in which anatase TiO,
comprises different percentages of exposed {101} and {001} facets [109]. {001} facet is
known as the most photocatalytically efficient facet of anatase TiO,. The excellent photoac-
tivity of TiO,-NGQDs is due to the synergistic effects of the donor—acceptor interaction
between NGQDs and electron-rich {101} facets of TiO, and the T-O-C bonding between the
two materials.

8.2. TiOy-GQDs for Photoelectrochemical Water Splitting

Increasing energy consumption and dependency on fossil fuels have resulted in
widespread ecological pollution [120]. Hydrogen is an ideal alternative to the traditional
fossil fuel energy because it is green and pollution-free. Moreover, it possesses a high
gravimetric energy density, can be produced easily through various methods, and, most
significantly, it can be stored and transported easily [121,122]. Photoelectrochemical hydro-
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gen generation through water splitting constitutes the most attractive approach toward
the direct conversion of solar energy [123,124]. Water splitting is composed of two half-
reactions, namely the hydrogen evolution Reaction (HER) and oxygen evolution Reaction
(OER). The half-reactions are described by the following equations [125].

OER: 2H,0 + 4h* +» 4H" + O, EQox = —1.23 eV vs. RHE (26)

HER: 4H" + 4e +» 2H, EOred = 0.00 V vs. RHE (27)

The mechanism of photocatalytic water splitting basically involves four main steps,
which are the generation of electron-hole pairs from light irradiation on the photo-anode,
the oxidation of water by photo-generated holes on the photo-anode surface to produce
O, and H*, the transfer of photo-generated electrons through an external circuit to the
cathode, and the reduction of H* by photo-generated electrons on the cathode surface
to produce H; [126]. Water splitting will occur when the energetic requirements are met,
where the practical potential will be much higher than the minimum required (—1.23 eV)
to overcome overpotential and other system losses. The methods for water splitting can be
divided into two systems: photochemical cell reaction and photoelectrochemical cell (PEC)
reaction [127]. The schematics of both methods are shown in Figure 27.

0 —

Potentiostat

Performance metric
for water splitting

H,0¢h* 3 20 +120,4

m y "y atinum
- r :I—-—m f

cathode

Reference
Electrode

Figure 27. Schematic of (a) photochemical cell; (b) photoelectrochemical cell.

In photochemical reactions, light energy is directly used to carry out the fundamental
chemical reaction and hence it requires a simple experimental setup. Generally, it consists
of quartz or glass photochemical reaction cells containing reaction solutions in which
photocatalyst nanoparticles are suspended. The reaction solution is purged with inert gases
before testing, and the whole setup is made air-free to measure the amount of evolved
oxygen and hydrogen accurately. Different light sources (such as Xenon lamps, high-
pressure Hg lamps, or solar stimulators) are used to excite the photocatalysts. The oxygen
and hydrogen produced are detected using gas chromatography detectors, oxygen and
hydrogen sensors, or by volumetric methods.

The PEC cell is another promising device for solar-driven water splitting reactions. It
is a photocurrent-generated device mainly composed of an electrolyte and a working elec-
trode made up of photoactive semiconductor electrodes. When the interface of electrolyte
and semiconductors becomes irradiated with an energy level greater than the bandgap
of the semiconductors, electron-hole pairs are generated. The charge in an oxide-based
semiconductor is distributed, creating a space charge region that enables the separation of
the electron-hole pair. Photoelectrochemical (PEC) characterizations can be conducted in a
single-compartment cell with a Pyrex window, as shown in Figure 27. PEC cells consist
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of three-electrode configuration systems where the prepared samples are the working
electrodes, a Pt wire is the counter electrode, and Ag/AgCl (saturated KCl) is a reference
electrode in the presence of an aqueous electrolyte (NaOH, KCl, or Na;SO4 aqueous so-
lution). An electrolyte is used to maintain the long-term stability of the redox system. A
300-W Xenon lamp is generally used as a light source [128,129].

In a PEC cell, a reference electrode provides a reference potential. Using a potentiostat,
the working electrode is set at a fixed potential versus this reference electrode, and the
current at this potential is measured. The counter electrode is used to close the circuit in
the PEC and it generally does not participate in the electrochemical reaction. Generally,
two types of measurements are carried out in this type of setup. A current—voltage plot is
obtained by linear scan voltammetry (LSV) using a potentiostat, which gives the photocur-
rent density as a function of applied voltage, and transient photocurrent measurement
is carried out which reflects the transfer and separation of photoinduced charge carriers
under intermittent illumination [130].

TiO; has been intensively studied as a photocatalyst to date due to its favorable
band-edge positions, high resistance to photocorrosion, excellent physical and chemical
stability, nontoxicity, low cost, and abundance. However, the reported photoconversion
efficiencies and photocurrent densities of TiO, photoanodes are substantially lower than
the theoretical limit, mainly due to the insufficient light absorption and severe charge re-
combination [131]. Zero-dimensional carbon-based materials such as GQDs have attracted
considerable interest for use in a variety of photoconversion reactions. Along with this, vis-
ible light enhancement and efficient charge carrier separation result in higher photoactivity
for GQD-TiO, composites. The photoactivities of GQD-TiO, composites for photochemical
and photoelectrochemical reactions are measured in terms of H; evolution and photoelec-
trochemical density, respectively. An overview of research into photochemical applications
of GQD-TiO, composites is given in Table 2.

Table 2. TiO,-GQD nanocomposites for photoelectrochemical water splitting.

Photocatalyst

Electrolyte H; Generation Rate (mmole/h) Light Source Reference

TiO, Ti0,-GQD

Natural solar

DegusaTO: e g B =
& ! & 80,000 = 1000 Ix
TiO; nanotube-GQDs ~ Vater with NasS and Na;SO, 8 10 300 W Xe lamp [84]
as sacrificial agent
TiO,- 25% methanol .
S, N-GQD aqueous solution 0 43 300 W Xe with 420 nm 182]
DegussaTiO,- Water with 10% methanol 17 5.8 300 W Xe lamp with 400 filter [72]
S, N-GQD : : p
001 facet TiO,-GQDs Water with methanol as a 0 800 Sunlight-like light [133]
sacrificial agent
001 facet TiO,-GQD Water - 79.3 500 W-Hg [134]
2 micromole/g
TiO,-GQDs Methanol 1.8 4.126 UV-Vis light [89]

* The data in the table represent the best results obtained in the reference.

Raghvan et al. coupled GQD with pure anatase, pure rutile, and P-25-TiO, (which
possesses 30% anatase and 70% rutile phase) and compared their photocatalytic activities
for Hp production [132]. Among these composites, the P-25TiO,-GQD composite showed
the best activity, with an almost 14-times increase in H; production compared to pristine
TiO;. This could be attributed to the biphasic nature of P-25-TiO, as well as the dual role of
GQDs as a cocatalyst and photosensitizer. The mechanism of GQDs acting as sensitizer
and cocatalyst is shown in Figure 28a,b.
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Figure 28. (a) Sensitizing effect and (b) cocatalytic role of GQDs deposited on biphasic P-25 TiO, for improved photocatalytic
Hj; evolution under solar light irradiation; (c) The proposed energy-level diagram of the S, N-GQDs. (a) reprinted with
permission from [132]. Copyright @ 2020 American Chemical Society. (b) reprinted with permission from [82]. Copyright @
2015 John Wiley and Sons.

Yu et al. synthesized TiO, nanotube arrays (TiO;-NA) and modified them with
CdS nanoparticles (TiO,-CdS NA) as a cocatalyst [84]. Further, they deposited graphene
nanosheets as well GQD nanoparticles on TiO;-NA and TiO,-CdS NA nanoparticles by
thermal reduction and compared their photocatalytic activities. Interestingly, nanopar-
ticles loaded with the GQD showed much higher photoactivities than those with the
graphene sheets. According to this research, by breaking graphene sheets into GQDs,
the light-filtering effect of graphene was remarkably inhibited as compared with that of
large graphene sheets. This enhances the light absorption capacity of the GQD-loaded
photocatalysts. Along with this, GQDs show better charge separation efficiency than
the graphene sheets. As a result, the H; evolution capacity of the GQD-loaded catalyst
increases significantly.

Qu et al. have synthesized S-N co-doped GQDs nanoparticles by simple solvothermal
methods [82]. In comparison with previously reported GQDs, these S, N-GQDs emit three
primary colors independently at three excitation wavelengths, namely luminescence at
440, 550, and 650 nm under excitations of 340420, 460-540, and 560-620 nm, respectively.
This novel material also shows new UV-Vis absorption bands (338, 467, and 557 nm)
extending into the visible region, induced by the doping with S and N. The proposed
energy levels of S-N co-doped GQDs are shown in Figure 28c. These GQD nanoparticles,
when coupled with TiO, nanoparticles, showed a significant increase in H, evolution.
Similarly, Xie et al. have coupled S-N co-doped GQDs to P-25 TiO, nanoparticles by a
hydrothermal method [72]. These composite nanoparticles show an H, generation rate that
is 3.6-times higher than pure P-25 nanoparticles. These improvements could be attributed to
the S, N-GQDs, which play a key role in enhancing visible light absorption and facilitating
the separation of photogenerated electrons and holes.

The 001 facets of the TiO, are high-energy facets which are known as the most reactive
facets with which to carry out photocatalytic reactions. Yu et al. have synthesized a 001-
facet TiOp-GQD nanocomposite whose schematic is shown in Figure 29 [133]. Interestingly,
001-TiO,-GQD composites showed an eight-times increase in H; evolution compared to
the pristine 001-facet TiO,. This improvement may have originated from the efficient
charge separation. Moreover, these catalysts are very stable and show no photocorrosion
for long-term photocatalytic reactions [134].
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Figure 29. Schematic representation of 001-facet TiO,-GQD nanocomposites. Figure 29 reprinted
from [133] with permission from The Royal Society of Chemistry.

Hao et al. synthesized GQDs by a hydrothermal method and anchored them on TiO,
by an in-situ photo-assisted strategy under UV-Vis light irradiation [89]. This composite
showed both a higher rate of H, generation and a higher PEC current than the pristine
TiO,. They reported that the GQDs act as a solid-state electronic transfer reagent to trap the
photoinduced electrons from TiO, and thus enhance the separation efficiency of electrons
and holes. In addition, the pi-conjugated GQDs may serve as a photosensitizer, as with
organic dyes, and the photoexcited electrons transfer from the GQDs to TiO,, thereby
improving the photocurrent density and H, evolution activity.

Some papers reported photocatalytic activities exclusively in terms of PEC cell reac-
tions, which are included in Table 3.

Table 3. TiO,-GQD nanocomposites used in PEC cells.

Reference Photocurrent Density .
Photocatalyst Electrode mA/em-2 Electrolyte Light Source Reference
(Bias Voltage) . TiO,-
% TiO, GQD
Micropillar rutile Ag/AgCl B 300 W
TiO,-GQD (0110 1) 292 KOH1M Xenon [86]
. Xenon
Nanoflower Rutile Ag/AgCl
TiO,-GQD 071009 0.15 0.35 NazSO; 1M 1(1(]);{1;/\/ [91]
. Ag/AgCl (transient 350 W
TiO,-GQD photocurrent 0.001 0.003 Na,SO4 0.5 M Yenon [71]
TiO,- Ag/AgCl
N-GQDs 02V 0.073 0.26 ampere Na,SO4 1M 350 W Xenon lamp [81]
Hollow TiO; sphere-GQD (‘igo/ ﬁf‘gcll) 0.25 13 Na2S0s 0.5 M 300 W Xenon lamp [110]
TiO; nanotube- Ag/AgCl
GQD (0417 V) 0.009 0.024 NayS0O4 0.1 M 300 W Xenon lamp [80]
Rutile TiO,- 0.001 m . ’
GQDs - 0 ampere (EMISCN/PMII = 7:13 v/v). [119]
2 RHE 300 W Xe
TiO,-GQDs 0.12 0.18 Na,SO4 0.5 M 100 mW [87]
02t01.8 -2
cm
) Ag/AgCl (transient T
TiO,-GQDs g}/) . ftoc l(lrrraefr‘lssen 0.8 1.7 NaySOy 0.1 mol/L UV-visible light [89]
P25-TiO,- b SHE (transient 0.3m 300 W
S-N doped GQDs photocurrent) 0 ampere Na;S0, 05M Xenon lamp (721

* The data in the table represent the best results obtained in the reference. a = Reversible hydrogen electrode, b = standard hydrogen electrode.
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Xu et al. have synthesized 3D micropillar (MP) and microcave (MC) arrays of rutile
TiO; (RT) by a sol-gel-based nanoimprinting method [86]. The GQD was then deposited on
the surface of the MP-RT and MC-RT by the electrophoretic deposition method. The MP-RT-
GQD composite showed a photocurrent density of 2.92 mA /cm 2, which is greater than the
MP-RT (2.2 mA/cm~2). They have also measured the incident photon converted to electron
ratio (IPCE) value of these electrodes. The IPCE value of MP-NR-GQD (72%) is observed
to be higher than the MP-NR (69%) at 370 nm. This could be attributed to the enhanced
ultraviolet response of MP-NR-GQD compared to the MP-NR. Bayat et al. synthesized
rutile TiO, nanoflowers (TiO, -NF) on which GQD were anchored by the spin-coating
method [91]. The rutile TiO, NF-GQD composite showed higher photocurrent density than
the pristine TiO, NF, which could be attributed to the efficient charge separation offered by
GQDs. GQDs chemisorbed onto the TiO, NFs’ surfaces through the O-Ti covalent bonds
and positive work function difference. This difference drives the electron transfer from
GQDs into TiO;, leading to efficient charge separation across the GQD/TiO, NF interface.
The overall mechanism is shown in Figure 30.
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Figure 30. (a) Schematic illustration of Hy and O, generation under illumination, (b) Cyclic Voltam-
metry (CV) measurements for determination of highest occupied molecular orbital (HOMO) and
Lowest unoccupied molecular orbital (LUMO) energy levels, and (c) charge transfer mechanism at
GQD/TiO, NF interface. Figure 30 reprinted with permission from [91]. Copyright @ 2017 Elsevier.

While comparing the transient photocurrent activity of TiO,-GQD nanoparticles
with the pristine TiO,, Pan et al. have reported an almost nine-times increase, while
Sun et al. have reported a three-times increase for the TiO,-GQD nanoparticles [71,81].
This result indicates that there exists a good energy-band matching in the GQD-TiO,
heterojunctions, which facilitates highly efficient electron-hole separation at the interface.
Zhang et al. also have reported a 3.5-times increase in the photocurrent density after
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coupling hollow-sphere TiO; nanoparticles with GQD [110]. This is due to the enhanced
visible light absorption, efficient charge separation, and higher surface area offered by GQD
nanoparticles. Zhuo et al. also showed a photocurrent for a rutile TiO,-GQD composites
that is nine-times higher than the pristine TiO,. The mechanism behind this is explained in
Section 8.1. Chan et al. and Sudhagar et al. also have reported a significant increase in the
photocurrent for TiO,-GQD nanocomposites [80,87]. Hao et al. and Xie et al., who reported
an increase in Hy production with GQD-TiO, composites, also reported an increase in PEC
current after coupling GQDs with TiO, [72,89].

8.3. TiO-GQD:s as a Photoelectrode of Solar Cells

Among all of the renewable energy technologies, including hydro, solar, wind, geother-
mal heat, and biomass, photovoltaic (PV) technology, which converts solar energy into
electricity, is expected to be the most promising strategy for providing a sustainable energy
supply [135]. So far, solar cells based on silicon material have dominated PV solar energy
converters [136]. However, the light-induced degradation of silicon materials limits the de-
vices’ stability. Moreover, silicon-based PVs are very expensive to manufacture for reasons
such as the very high temperature (over 1600 °C) required to reduce silica to Si. Another
attractive alternative to crystalline silicon PV devices is represented by cells made from
mesoscopic inorganic semiconductors, which are very stable and can be easily prepared
with very low cost of fabrication [137]. Among the technologies for the emerging solar cells
using semiconductors, dye-sensitized solar cells (DSSCs) are considered as a technically
and economically viable option [138].

DSSCs use specialized materials for specific cell functions, such as photon absorption,
charge separation, and charge transport. Figure 31a depicts a simple energy diagram of how
these devices function [139]. A photon enters the solar cell through a transparent electrode
(e.g., fluorine or indium-doped tin oxide FTO, ITO) and can be absorbed by a sensitizer
(e.g., organometallic dyes such as ruthenium bipyridyl dye, N179 dye), exciting an electron.
This electron can be injected into the conduction band of a neighboring semiconductor (e.g.,
TiO,, ZnO, SnO,) and diffuse to the current collector (conducting glass, metal foils). The
electron can perform work and flow to the cathode (e.g., Pt electrode), where it is transferred
to an electrolyte or a hole conductor (e.g., iodide/triiodide, cobalt-based mediators). This
material can then transfer an electron to the sensitizer, regenerating it and completing
the circuit.

16 ; . ; (b)
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Figure 31. (a) Design of solar cell, (b) A sample DSSC J-V curve obtained under 1000 W/ m?2 AM1. %G solar simulation. The
Jse, Voe, and Py points are highlighted and solar cell characteristics tabulated under the curve. The FF can be determined
as the ratio of the area enclosed by the gray dotted lines to the area enclosed by the blue dotted lines. Figure 31 reprinted
with permission from [139]. Copyright @ 2020 American Chemical Society.
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When applying light with a well-defined spectrum and intensity (e.g., AM1.5G solar
simulation) to a solar cell and then measuring its ]-V response, several solar cell parameters
can be deduced, as demonstrated in Figure 31b [139]. The open circuit voltage (VOC) is the
potential difference of the cell when no current is drawn (e.g., when I = 0, resistance — o).
The short circuit current (ISC) is the current produced through the cell when no external
load is applied (e.g., when V = 0, resistance — 0). In general, a solar cell’s VOC is bounded
by the bandgap of the absorbing material, and the ISC is bounded by the number of
photons incident on the solar cell with energy greater than the bandgap. A device’s fill
factor (FF) is the ratio of the maximum power (PMax) that can be obtained from the solar
cell to the product of VOC and ISC (i.e., the ratio of the area bounded by the gray dotted
line to the area bounded by the blue dotted line in the figure below). Higher resistance
and greater recombination in a solar cell reduce the device’s FF. The power conversion
efficiency, 11, of a solar cell is defined as the ratio of PMax to the power incident on the solar
cell (PIn) per area.

Of the many semiconductors used in the photoanode, TiO, nanomaterial appears to
be a distinguishing candidate because of its high chemical and optical stability, nontoxicity,
low cost, and corrosion resistance. Along with this, TiO, nanoparticles have a high surface
area for increasing the loading of the sensitizer material. Additionally, TiO, can absorb
ultraviolet (UV) light and thus serves as a protector for organic dyes that are unstable
under UV illumination. However, absorption of only UV-visible light means absorbing
only 4-5% use of solar spectra. Moreover, it shows low electron mobility, which limits
the efficiency of solar cells. To advance performance and lower cost, the incorporation of
graphene materials in the TiO, photoelectrode is actively being pursued in this area [140].
GQDs can be used as sensitizers and co-sensitizers for harvesting visible light and as an
electron transport layer for improving transport through TiO, layers [141]. TiO,-GQD
nanocomposites used as photoelectrodes in solar cells are listed in Table 4.

8.3.1. GQDs as a Sensitizer in Solar Cells

Yan et al. have synthesized GQDs with uniform size (168 conjugate carbon atoms)
having an absorption edge of 900 nm [72]. To prevent the aggregation and insolubility
issues which are common for large graphene materials of GQDs, they attached flexible
long chains of 1,3,5-trialkyl phenyl moieties to the edge of the GQD. As an alternative
to dye, these GQDs were used as a sensitizer with the TiO; in a solar cell; hence, these
solar cells can also be called quantum dot solar cells. This solar cell (SC) exhibited an open
circuit voltage of 0.48 V and a fill factor of 0.58, while the short circuit current was only
0.2 mA/cm 2. So far, GQDs alone as sensitizers have not achieved high efficiency; however,
as a co-sensitizer, GQDs can significantly improve the performance of common dyes.

8.3.2. GQDs as a Co-Sensitizer in DSSCs

Mihalache synthesized luminescent GQDs by the microwave-assisted hydrothermal
method [142]. When these GQDs were used as co-sensitizers together with N3 Ru-dye,
an improvement in power conversion efficiency was achieved, as shown in Table 1. Their
experimental analysis indicates that this improvement arises from the interplay of various
mechanisms mediated by GQDs: (i) enhancement of charge separation and collection due
to the cascaded alignment of the energy levels; (ii) energy transfer from GQDs to N3 Ru-dye
due to the overlap between GQD photoluminescence and N3 Ru-dye absorption spectra;
and (iii) reduction of the electron recombination to the redox couple due to the inhibition
of the back electron transfer to the electrolyte by the GQDs. This explains the critical role
of GQDs in DSSCs. Subramaniam et al. have also shown that GQDs act as good energy
donors for the acceptor N719 dye and show energy transfer reactions with the dye, which
are called Forster resonance energy transfer [97]. This enhances the light absorption of the
dye and hence the DSSCs. GQDs also improve the charge collection efficiency of the DSSCS,
improving its overall efficiency. Lee et al. developed highly luminescent GQDs with various
sizes which were fabricated by oxidation of herringbone-type carbon nanofiber (HCNFs)
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and size-selective precipitation [101]. These GQDs possess upconversion PL properties
attributable to multiphoton active processes, similar to previous reports on carbon dots. The
upconversion emission band remains at around 525 nm, while the excitation wavelength
changes from 600 to 750 nm. These GQDs were deposited onto the top of TiO, working
electrodes of DSSCs via spin-coating along with the N719 dye as a sensitizer. Interestingly,
the upconversion ability transfers longer-wavelength photon energy to the center of highest
efficiency of dye molecules (Forster resonance energy transfer (FRET)); hence, the N719
dye-GQD combination showed a greater amount of light absorption. As a result, the
DSSC with GQDs showed enhanced visible light absorption, leading to a higher [sc and 1
compared to the DSSC without GQDs.

Kundu et al. reported a DSSC with a very high efficiency value of 11.7% using N, F,
and S co-doped GQDs as a sensitizer with TiO,. According to this paper, co-doping of
these heteroatoms plays a very important role in the DSSC’s performance [98]. N doping
helped to reduce the bandgap of TiO, while S facilitated the electron transfer processes.
F helped in the effective binding with the TiO, surface. Moreover, dangling F from the
NFS-GQD could also possibly facilitate hydrogen bonding with -OH groups of the TiO,,
increasing its stability. Thus, the higher performance of NFS-GQD-modified anodes could
be reflected by a prominent shift in the visible region of the N719 dye towards the red
region and accelerated electron transport with suppressed recombination. Jahantigh et al.
synthesized a nitrogen-doped GQD nanoparticle which shows orange photoluminescence
with an emission wavelength at 590 nm. These GQDs were deposited on TiO, by the
spin-coating method. This GQD-decorated TiO, was used as the photoelectrode along with
N719 dye as a sensitizer. The performance of the DSSC with this photoelectrode is highly
improved in terms of Jsc and 1. They reported that this improvement is due to the orange
photoluminescent N-GQDs, which act as co-sensitizers, increasing the visible absorption of
the photoanodes [103]. Moreover, the cascaded energy levels between N-GQDs and N-719
facilitate electron transfer from lowest unoccupied molecular orbital (LUMO) energy into
the conduction band of TiO,, resulting in higher DSSC performance.

Sharif et al., Salam et al., Kumar et al., Ghayoor et al., Fang et al., and Peter et al.
also have reported a photoelectrode with GQD/TiO,/N719 combination. As per all these
reports, this photoelectrode generated better performance in terms of Jsc and 1 as compared
to DSSC with pristine TiO, [96,102,143-146]. The enhancement is due to the improved
light absorption intensity and efficient charge separation offered by GQD nanoparticles.

8.3.3. GQD as Electron Transport Layer (ETL) in Perovskite Solar Cell

Recently, some lead iodide perovskites, which feature a direct bandgap, large absorp-
tion coefficient, and high carrier mobility, have attracted attention as a new class of light
harvesters in heterojunction solar cells which are known as perovskite solar cells [147]. In
just a few years, this newly developed device has made remarkable progress and achieved
an unprecedented PCE of 15.4% under AM 1.5 full sunlight. However, the injection times
of electrons and holes in perovskite solar cells have been measured to be 0.4 and 0.6 ns,
respectively, which are still orders of magnitude longer than the hot carrier cooling (or
thermalization) time (~0.4 ps) [148]. Clearly, a large amount of the converted photon energy
is wasted due to thermalization, and some of the energy is also lost to carrier trapping.
When a thin layer of GQDs is inserted between the perovskite and TiO,, the performance
of the solar cells has been found to be increased significantly.
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Table 4. TiO,-GQD nanocomposites used as photoelectrodes in solar cells.

Ga%]:s Jsc (mA/cm—2) Voc (V) FF Efficiency Reference

W/O With W/O With W/O With W/O With

GQD GQD GQD GQD GQD GQD GQD GQD
Sensitizer - 0.2 - 048V - 0.58 - [74]
Co-Sensitizer 473 5.58 0.608 0.583 0.66 0.67 1.92 2.15 [142]
Co-sensitizer 12.74 16.54 0.76 0.77 0.63 0.63 6.12 7.96 [97]
Co-Sensitizer 14 15.5 0.8 0.8 7.28 7.98 [101]
Co-Sensitizer 15.75 22.6 0.74 0.79 0.63 0.70 7.48 11.7 [98]
Co-Sensitizer 12.61 17.65 0.71 0.72 0.64 0.59 5.72 7.49 [103]
Co-Sensitizer 12.10 15.49 0.75 0.75 0.45 0.60 4.08 6.97 [102]
Co-Sensitizer 10.30 11.72 0.64 0.68 0.67 0,78 4.81 6.22 [96]
Co-Sensitizer 10.2 11.54 - 0.73 - 0.52 - 44 [143]
Co-Sensitizer 7.23 21.68 0.53 0.48 0.32 0.35 1,26 3.62 [144]
Co-Sensitizer 10.75 14,7 0.62 0.66 0.69 0.59 5.10 6.10 [146]
Co-Sensitizer 6.78 13.77 0.72 0.70 0.43 0.44 2.09 5.33 [145]
aETL 24 255 1,06 1.06 0.73 0.72 18.57 19.20 [100]
a2 ETL 15.53 17.06 0.612 0.615 8.8 10.15 [149]
aETL 19.73 22.10 0.74 0.83 0.60 0.64 8.76 11.74 [104]
b1SL 9.75 14,22 0.58 0.69 0.54 0.51 3.06 5.01 [95]

* The data in the table represent the best results obtained in the reference. a = electron-transporting layer, b = light-scattering layer.

Shen et al. reported a very impressive PCE of 20.45% by decorating GQD on meso-
scopic TiO; in a perovskite solar cell [100]. These GQDs act as an efficient electron transport
layer, facilitating the electron extraction and the transportation from the perovskite ab-
sorber to the current collector. Furthermore, the electrochemical impedance spectroscopy
(EIS) measurement proves that the decoration of GQDs induces a reduction in the series
resistance of the device by reducing the contact resistance of the perovskite-TiO, interface.
Hence, the enhancement of photovoltaic performance is mostly ascribable to the promotion
of the photocurrent.

Zhu et al. have synthesized single/few-layered GQDs by an electrochemical method
and used them in a solar cell as a thin layer in between TiO, and CH3NH;3Pbl; perovskite.
This device showed a very high efficiency of 10.5% and the efficiency was ascribed to the
insertion of GQDs, which serve as a superfast bridge to facilitate electron transfer from
CH;3;NH;3Pbl; perovskite to TiO,. Moreover, the transient absorption spectra showed a
faster electron extraction time (90 ps) after inserting a GQD layer compared (280 ps) to
that obtained without GQDs [149]. This finding highlights the beneficial role of GQDs in
facilitating the electron transfer from the perovskite absorber to the current collector, other
than its conventional role as electron acceptor in organic photovoltaic (OPV) cells.

Khorshid et al. also confirm that the combination of TiO, nanorods NRs and GQDs
is capable of reducing the charge recombination, increasing the charge transfer, improv-
ing the optical properties of TiO; as an electron transport layer (ETL) in the PSCs, and
subsequently enhancing the PCE of PSCs [104]. It is very likely that this study enables
researchers across the world to become familiar with a simple, straightforward, and, in-
deed, an effective approach for improvements in the performance of photovoltaic devices,
particularly halide perovskites.
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8.4. TiO»-GQDs as Photoelectrochemical Sensors

The increasing cancer rates, cardiovascular diseases, neurodegenerative disorders,
autoimmune diseases, and a plethora of infections across the globe necessitate the develop-
ment of sensitive and accurate detection methods. Photoelectrochemical (PEC) technology,
a combination of light and electrochemistry, has received increasing attention in the field of
sensing due to its simple structure, rapid response, low background current, and high selec-
tivity [150,151]. To date, many semiconductor nanomaterials, such as CdS, CdSe, ZnO, and
TiO;,, have been used to construct PEC sensors [152-154]. Among these semiconductors,
TiO; nanostructures have been extensively investigated as significant photoelectrochemical
materials due to their multitudinous properties, such as excellent photoelectric effect, light
corrosion resistance, nontoxicity, availability, and low cost [155]. However, the application
of TiO, remains limited, as it is active only under ultraviolet (UV) light and most of the
biological samples may become damaged by UV light in the experimental process. More-
over, TiO,'s high speed of recombination and relatively poor surface bioactive environment
reduce the photoelectric effect, affecting the overall efficiency of the device [156]. Hence,
in order to overcome these problems, various nanomaterials, especially carbonaceous
materials such as graphene, carbon nanotube, and graphene quantum dots, have been
coupled with TiO, nanomaterials to improve their visible-light absorption and other PEC
properties [64]. When GQDs are coupled with TiO, nanomaterials, the composite materials
exhibit enhanced PEC properties. These could be due to the following three reasons: effi-
cient h+/e™ pair separation, extension of light absorption to the visible region, and efficient
absorption of light. To date, TiO,-GQD nanocomposites have been successfully used as
PEC sensors for the detection of glucose and dopamine biomolecules. Their mechanism of
sensing is explained in brief below.

Ahmadi et al. fabricated TiO,/Ceria/GQD nanocomposites and used them as a
PEC sensor for the detection of dopamine (DA) [157]. Due to the synergic effect of the
TiO, /Ceria/GQD composites, an outstanding photocurrent response was observed with a
low detection limit of 22 nM DA and sensitivity of 13.8 mA/mM (DA), in a wider range
of 0.3-750 uM DA. The PEC electron transfer mechanism at (TiO,/Ceria/GQD)/(glass
calomel electrode (GCE)) in the presence of DA is schematically presented in Figure 32.
DA can be excited to DA™ under visible light irradiation, and the excited electrons of
DA can be transferred to the (TiO, /Ceria/GQD) nanocomposite by two routes [158]. In
the first route (1), DA binds to TiO; planes via its -OH functional groups in the special
geometrical condition, accelerates electron transfer, and leads to an increased number
of charge carriers [159]. In the second route (2), DA acts as an electron donor, occupies
the holes of the (TiO,/Ceria/GQD) nanocomposite valence band, and prevents the re-
combination of photoexcited electron-hole pairs. The electrons of DA and photoexcited
electrons in nanocomposites are also transferred to the counter electrode and the recorded
photocurrent by modified electrodes in the presence of DA is amplified compared to the
unmodified electrode. This obtained PEC response was further compared with the elec-
trochemical (EC) response, which was observed to be 0.22 uM DA as the detection limit
and sensitivity of 4.9 mA/mM (DA), with a range of 1-500 tM DA. As can be observed
from the results, the PEC sensor showed better performance in terms of detection speed,
figure of merits, and stability of the electrodes. Moreover, the authors reported that the
PEC method had potential for miniaturization that could be beneficial for use in portable
devices for in-field monitoring of DA, due to its high sensitivity (2.8 times higher), low
background signal for DA, low cost, and simple preparation. This research opens up a new
avenue for the application of TiO,-GQD-based nanocomposites in the field of PEC sensing
and monitoring.
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Figure 32. Sensing mechanism of TiO,/Ceria/GQD nanocomposites for dopamine detection.
Figure 32 reprinted with permission from [157]. Copyright @ 2017 Elsevier.

Similarly, a GQD-TiO, sensor for dopamine detection was proposed by Yan et al.,
where GQDs were decorated with TiO, nanoparticles through physical adsorption [160].
Under visible-light irradiation, these nanocomposites revealed enhanced PEC signal ampli-
fication, i.e., it increased almost 12 times and 30 times when compared to GCE/TiO; and
GCE/GQDs, respectively. This is attributed to the synergistic amplification between TiO,
NPs and GQDs. Further, these nanocomposites are observed to be sensitive and selective
for the detection of dopamine as the photocurrent of these nanocomposites is elevated with
an increase in DA concentrations from 0.02 to 105 uM. The PEC response is observed to be
linear, with a low detection limit of 6.7 nM.

All these discoveries showed that GQD-TiO, nanocomposites exhibited great potential
in PEC applications. The proposed GQD-TiO, nanocomposites were highly photosensitive
and they could provide a new platform for designing a variety of PEC devices.

Considering the sensitivity and selectivity of TiO,-GQD nanocomposites in detecting
dopamine molecules, Yang et al. developed an ultrasensitive dual-electron acceptor PEC
sensor by modifying the TiO, nanotubes (NTs) with polydopamine (PDA) and amino-
functionalized graphene quantum dots (N-GQDs)/GOx [76]. PDA is grown on the top
of the TiO, NTs by the electropolymerization, and N-GQDs are loaded into the TiO; NT
core by a microwave-assisted method. The PEC mechanism of this sensor for glucose
detection is shown in Figure 33. The conduction band (CB) and valence band (VB) edges
of anatase TiO; are located at —0.29 and 2.91 V versus Ag/AgCl, respectively. The lowest
unoccupied molecular orbital and highest occupied molecular orbital of PDA are located at
—1.2and 0.4 eV [161]. The CB and VB edges of N-GQDs are located at —1.4 and 1.0 eV [162].
In the tandem heterojunction, the photogenerated electrons in the CB were transferred from
PDA and N-GQDs to TiO;, and the photogenerated holes in the VB transfer in the opposite
direction. The enrichment of the holes in the two sites allows the sensor to have two electron
acceptors, thereby increasing the response sensitivity to glucose. The TiO; NTs/PDA /N-
GQD dual-electron-acceptor biosensor exhibited a highly enhanced photoelectric response,
excellent electron-hole separation efficiency, low detection limit (0.015 mM), wide linear range
(0-11 mM), and ultrahigh sensitivity (13.6 1 A mM~! cm-2). The results of electrochemical
and PEC examination showed a large increase in the photoelectric response of the TiO,
NT/PDA/NGQD/GOx biosensor. This is attributed to the presence of a dual-electron-
acceptor structure that increases electron transport efficiency.
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Figure 33. Sensing mechanism of TiO, /dopamine/GQD/GOx nanocomposite dual-electron-acceptor biosensor. Figure 33
reprinted from [76]. Copyright 2020 Springer Nature.

8.5. Antibacterial Activity of TiO-GQD Nanocomposites

In the last few decades, imprudent use of antibiotics has caused a dramatic increase in
drug resistance among single-celled pathogens, which necessitates the development of new
strategies for microbial inhibition [163]. Researchers have proposed various alternatives to
the conventional treatment of antibiotics, such as antimicrobial peptides, bacteriophages
and their lysins, immunomodulators, and predatory microorganisms [35,164]. Though
these approaches have potential to fight most infectious diseases, they have some ma-
jor drawbacks, such as the high cost of implementation and unpredictability of human
health risks.

The application of materials science and nanotechnology is relatively simple, af-
fordable, and tailorable in tackling different aspects of microbial infections [165]. Many
nanomaterials have been demonstrated to possess inherent antimicrobial properties that
are rarely expressed in their bulk form, with the best-known example being silver nanopar-
ticles (Ag NPs) [166]. In recent years, many studies have reported the application of TiO,
nanoparticles in self-cleaning, antibacterial paints, skin treatments, sunscreens, dental
applications, and also as a sterilizer and disinfectant. The major advantage of TiO; over
other antibacterial nanoparticles is its broad spectrum of activity against microorganisms
including Gram-negative and positive-bacteria and fungi, which is of particular importance
for multiple-drug-resistant strains [39,167].

Although several TiO, nanomaterials with antimicrobial capabilities have been re-
ported, they exhibit poor activity in the visible light region due to the large bandgap
(i.e.,, 3.2 eV) [168]. Moreover, the exploitation of TiO, nanomaterials in actual clinical
practice is currently very limited due to their lower bactericidal efficiency [169]. Hence,
some new approaches have been reported where TiO, has been doped with nanocarbons,
exhibiting higher antibacterial activities in the visible light region [31,32]. Nanocarbons
such as single-walled and multi-walled carbon nanotubes (SW-MWCNT), graphene sheets,
graphene oxide, and especially graphene quantum dots have attracted more attention
as antimicrobial agents due to their lower cost and cytotoxicity [170]. Considering these
aspects, the combination of TiO; and GQD nanoparticles is a promising approach to obtain
photocatalyst with good antibacterial activity in visible light.

The basic mechanisms behind the antimicrobial activity of nanoparticles are shown
in Figure 34. This includes the photoactivation of the semiconductor and formation of
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superoxide radicals causing cellular oxidative stress followed by bacterial cell death [171].
Several methods are followed to evaluate the antimicrobial property of photocatalytic
materials. Different studies have used different experimental conditions, which prevents
accurate comparison of test results among these studies. However, the general methods
used are suspension-based methods. In these methods, a continuous or batch reactor
system containing an aqueous suspension of nanoparticles is inoculated with a test microbe
and illuminated with a light source of a suitable wavelength. Samples of the treated
suspensions are then collected at specified time intervals to enumerate surviving microbial
populations [172]. It was reported that the experimental conditions (such as bacterial cell
harvesting conditions, volume of suspension, stirring, and the intensity of light, and so on)
as well as characteristics of NPs (such as synthesis method, size, crystal structure, surface
area, and surface charge), and the nature of test microorganisms (Gram-positive, Gram-
negative, spore formers, nonspore formers) have a significant effect on the photocatalytic
disinfection efficiency [173,174].
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Figure 34. Mechanism of bactericidal effect of the nanoparticles.

Biswas et al. synthesized surface-disordered rutile TiO, nanoparticles as the defects
in nanostructured semiconductors may introduce a greater number of charge carriers,
enhancing the overall photocatalytic efficiency [73]. These TiO, nanoparticles are further
coupled with GQD nanoparticles by a hydrothermal method. The bactericidal effect of
these nanomaterials was measured using non-pathogenic strains of Escherichia coli (E. coli)
(NCIM 2931), Pseudomonas aeruginosa (P. aeruginosa) (NCIM 5029), and Staphylococcus
aureus (S. aureus) (NCIM 5021) cultures in the dark, under UV illumination, and in sunlight.
The MIC values were measured for all of these bacterial strains in the dark and are given
in Table 5. The results indicated that the TiO,-GQD nanocomposites showed lower MIC
values as compared to TiO, and GQD alone. The biofilm (of E. coli) disruption capacity
of these catalysts was tested in the dark and under UV light illumination, which showed
100% disruption for composites, while TiO, and GQD showed 86% and 61%, respectively.
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Further, DCF (dichlorofluorescein) assay was performed to calculate the amount of reactive
oxygen species (ROS) generated by TiO; and TiO,-GQD nanocomposites in the presence
of solar illumination. In the presence of ROS, the DCF was converted to its ester form,
H,- DCE, which is fluorescent. Thus, the emission of DCF is proportional to the amount
of ROS formed. The results showed significant enhancement in the formation of ROS for
the TiO,-GQD nanocomposites under sunlight irradiation. This enhancement could be
attributed to the introduction of GQDs to TiO, nanoparticles, which increases the VBM
(valence band maxima) of TiO, nanoparticles, which, in turn, increases its solar energy
harvesting efficiency as well as the antibacterial activity of the composites.

Table 5. TiO, /GQDs nanocomposites as antibacterial agents.

Photocatalyst Bacteria MIC (ug/mL) Reference
TiO, GQD TiO,-GQD
. S. aureus 128 256 64
Su’ﬁ‘i‘c‘fr’%s?édégd E. coli 64 512 64 [73]
ruttie M S P. aeruginosa 256 512 128
TiO,-SbyS3-GQD S. aureus 740 - 100 [175]
E. coli 110 - 30

* The data in the table represent the best results obtained in the reference.

H. Teymourinia et al. have prepared TiO,, TiO,-GQD, Sb,S3-GQD, and TiO,-Sb,S3-
GQD nanocomposites by green (hydrothermal) synthesis and compared their antibacterial
activity under visible light irradiation [175]. E. coli and S. aureus were used as model
microorganisms in order to measure the minimal inhibitory concentration (MIC) of these
nanostructures. The experimental results showed that the TiO;-Sb,S3-GQD nanocom-
posites exhibit significantly lower MIC values than the TiO,, TiOp-GQD and Sb,S3-GQD
nanocomposites. The higher bactericidal activity is attributed to the greater number of
electrons and holes produced by GQD nanoparticles.

9. Future Scope

TiO,-GQD nanocomposites have potential not only in photocatalysis and degradation
of pollutants, but also in other applications, such as hydrogen production from water
splitting and DSSC. In addition, GQD-based composites can be used for many biomedical
applications, such as drug delivery, biosensing, tissue-engineering, and as contrasting
agents in bioimaging [176-178]. However, TiO»-GQDs are still in the early stage of devel-
opment. Challenges still remain in using these nanocomposites in a continuous mode. A
few challenges faced in the field are discussed below.

1. High-quality production of GQDs

Engineering applications demand the massive production of high-quality GQDs with
controllable layers, sizes, and compositions by a rapid, economic, and energy-efficient
process. However, it is very difficult to produce high-quality and crystalline GQDs that
possess very high electrical and thermal conductivities by mass production methods.
Another issue of concern for the synthesis of GQDs involves the use of toxic chemicals. The
use of toxic chemicals to synthesize GQDs usually results in the generation of hazardous
waste and poisonous gases. At present, the hydrothermal process using GO as a starting
material to obtain GQDs is the most environmentally friendly approach, but it is not
an economical method for the mass production of GQDs. Strong acidic treatment to
graphite is the method which can achieve mass production, but it involves the use of
hazardous chemicals. In order to surmount these barriers, new synthesis methods must be
developed for the large-scale production of low-cost and high-quality GQDs via simple
and eco-friendly approaches.

2. Synthesis of TiO,-GQD nanocomposites with desired properties

The properties and functions of TiO,-GQD nanocomposites depend strongly on their
microstructures. Therefore, synthesis methods must be designed to obtain nanocomposites
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of higher quality, more uniform morphology, and better photocatalytic properties. There
are already synthesis routes, namely solution mixing, sol-gel, hydrothermal/solvothermal,
self-assembly, microwave irradiation, and electrochemical deposition, for the production
of graphene-metal/metal oxide nanocomposites. However, there are a few key challenges
still remaining related to the synthesis methods, where scalable, economically sustainable,
high-quality, and reproducible production of TiO,-GQD nanocomposites is desired.

3. Immobilization of these nanocomposites for reusability

In the photocatalysis process, photocatalyst (TiO,-GQD nanocomposites) powders
are usually dispersed in wastewater directly. Although this process enables full contact
and high degradation efficiency of the catalyst’s particles on the pollutants, the recovery of
the catalyst powder represents an additional problem. It is very difficult to recover these
catalyst particles completely from the treated water, especially for nanometer particles.
In fact, incomplete recovery of the catalyst particles would lead to secondary pollution
for water treatment. To overcome this, nanocomposites should be immobilized by using
appropriate substrates such as polymers, glass fibers, or aluminum plates, or by combining
them with magnetic materials or chemical or biological coagulants. Unfortunately, the
efficiency of the photocatalyst is reduced to a large extent as a result of immobilization.
Hence, immobilization strategies for nanophotocatalysts which are eco-friendly, cost-
effective, and allow reusability must be developed.

4. Multicomponent TiO,-GQD nanocomposites

Fifth, TiO,-GQD nanocomposites contain only two components. However, composites
containing more than two components should also be designed to achieve higher perfor-
mance based on the synergetic effects of multicomponents, e.g., TiO,—graphene—carbon
nanotube composites could be used as efficient anode materials in Li-ion batteries [179],
TiO,-graphene-polyaniline could be used as a bioanode in microbial fuel cells [180], and
TiO2-graphene oxide-Ag3zPO4 composites have superior photocatalytic and antibacterial
properties [181]. Hence, the fabrication of multicomponent composites focusing on dif-
ferent subfunctional regimes, such as mechanical and collective functional applications
including energy, electronics biomedical, membranes, and sensors, should be encouraged.
Finally, the applications of composites are at their initial stages. They need to be studied
systematically in terms of both theoretical and experimental aspects.
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