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Preface

Carbon quantum dots can be designated as a new allotropic form of carbon materials. Carbon

materials are ever-interesting arousing materials, and it is no wonder that the works related to

two of the previously known allotropic forms of carbon, namely, fullerenes and graphene, have

won two Nobel prizes. In 1996, Robert F. Curl Jr., Sir Harold Kroto and Richard E. Smalley were

jointly awarded the Nobel prize in Chemistry for their discovery of fullerenes. Likewise, in 2010,

Andre Geim and Konstantin Novoselov were jointly awarded the Nobel prize in Physics for their

groundbreaking work on the two-dimensional carbon material called graphene. However, much

remains to be explored in carbon materials research. The discovery of carbon dots, the newest

allotrope of carbon, is no ordinary discovery. Unlike their predecessors, carbon dots are hydrophilic,

water-soluble, nano-sized and spherical. They are also highly polar and functionalized. Carbon dots

exhibit peculiar light absorption and emission properties. They are susceptible to tuning in terms of

size, composition, surface functionality, light absorption and emission properties. They have found

applications in almost all spheres of human activity. The applications of carbon dots in the fields

of catalysis, electrocatalysis, photocatalysis, photoelectrocatalysis, medicine and materials science

are well known. Many new applications are being unravelled. The Editors would like to express

their gratitude to the research groups that have contributed their papers that formed the 12 chapters

in this edited reprint. Grateful thanks are due to Mrs. Cathy Yang, the Editorial Manager, for her

steadfast support to the Editors. Finally, we bow down before our Lord and Savior Jesus Christ for

His all-sufficient grace that has enabled the successful completion of this endeavor.

Dedicated to “My LORD and my God, Jesus Christ. John 20:28” “My grace is sufficient for three.

2 Corinthians 9:12”

Indra Neel Pulidindi, Archana Deokar, and Aharon Gedanken

Editors
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Abstract: In the recent decade, carbon dots have drawn immense attention and prompted intense
investigation. The latest form of nanocarbon, the carbon nanodot, is attracting intensive research
efforts, similar to its earlier analogues, namely, fullerene, carbon nanotube, and graphene. One
outstanding feature that distinguishes carbon nanodots from other known forms of carbon materials
is its water solubility owing to extensive surface functionalization (the presence of polar surface
functional groups). These carbonaceous quantum dots, or carbon nanodots, have several advantages
over traditional semiconductor-based quantum dots. They possess outstanding photoluminescence,
fluorescence, biocompatibility, biosensing and bioimaging, photostability, feedstock sustainability,
extensive surface functionalization and bio-conjugation, excellent colloidal stability, eco-friendly
synthesis (from organic matter such as glucose, coffee, tea, and grass to biomass waste-derived
sources), low toxicity, and cost-effectiveness. Recent advances in the synthesis and characterization of
carbon dots have been received and new insight is provided. Presently known applications of carbon
dots in the fields of bioimaging, drug delivery, sensing, and diagnosis were highlighted and future
applications of these astounding materials are speculated.

Keywords: carbon nanodots; synthesis; applications; surface functionality; biocompatibility; low
toxicity; bioimaging; applications

1. Introduction

Nanoparticles are microscopic particles with a size range of 1–100 nm. During the
past decade, considerable research was conducted on the fabrication and application of
nanoparticles in many fields. Based on their unique properties, nanoparticles have a sub-
stantial impact in various industries, including health, cosmetics, energy, pharmaceuticals,
and food.

Enormous work was completed in recent years to design nanostructured materials
with specific characteristics that will ultimately influence their function and application. In
this era of carbon nanotechnology, special emphasis is laid on the organic functionality of
nanomaterials or organic nanomaterials, including graphene, carbon nanotubes, and fullerenes.
Because of their biocompatibility, ease of fabrication, and fascinating features, especially their
water solubility fluorescence emission, carbon nanodots with a size in the range of 1–10 nm
have taken the central stage of materials research. Carbon nanodots (CDs) are known to have
zero dimension with almost spherical geometry. This material has become a rising star in the
field of luminescent nanomaterials [1]. Due to their desirable qualities, such as hydrophilicity,
ease of functionalization, outstanding biocompatibility, bright luminescence, good solubility,
high chemical inertness, and low toxicity, they are potent candidates for various applications in
solar cells, biosensors [2–10], bioimaging, and optoelectronic devices, etc. CNDs exhibit many
remarkable properties including outstanding photoinduced electron transfer, stable chemical

Catalysts 2023, 13, 858. https://doi.org/10.3390/catal13050858 https://www.mdpi.com/journal/catalysts
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inertness, low cytotoxicity [11–15], good biocompatibility, and efficient light harvesting. Dots
made of carbon, such as carbon nanodots (CDs) and graphene quantum dots (GQDs), are
a brand-new carbonaceous nanomaterial with zero dimensions [16–22]. Until now, a lot of
work has been carried out, and substantial advances have been made in the synthesis and
uses of carbon-based dots [23–27].

This class of carbon-based nanomaterials was initially found by the top-down ap-
proach of minimizing huge carbon nanomaterials, and has recently advanced at a startling
rate. Their purity standards, classification, and fluorescence mechanisms have made an
impact on the research community, as evident from the rapid pace of research and publica-
tions in this area. The emphasis of the review is mainly on the synthesis and applications
of carbon nanodots. A schematic of the methods of synthesis of CNDs and their structure
was depicted in Figures 1 and 2, respectively. They usually have the inner hybridization of
sp2 and outer hybridization of sp3, and these hybridized structures tend to have functional
groups containing oxygen atoms (such as -OH, -COOH, -CO, and many more).

Figure 1. Methods used for the synthesis of Carbon nanodots (1–10 nm).

Due to their excellent characteristics, CNDs are prospective replacement probes for
bioimaging and bioassay [28–33]. So far, a number of methods have been investigated
to synthesize CNDs, including thermal oxidation, chemical oxidation, and arc discharge,
laser ablation of graphite, electrochemical synthesis, microwave synthesis, and ultrasonic
methods [34–40]. The use of most of these techniques are, however, constrained since they
sometimes require an expensive carbon source, intricate reactions, lengthy process time,
and post-treatment steps. Therefore, there is a significant demand for synthetic methods
that are easy to use, sustainable, and ecologically friendly for the mass production of
high-quality CNDs [41].
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Figure 2. Commonly available carbon nanodot structures: spherical particles, nanosheets of graphene, and
amorphous structures. Reproduced with the permission from Ref. [41], 2019, American Chemical Society.

There are not many reviews focused explicitly on the synthetic pathways, characteris-
tics, and uses of the CDs, despite the fact that they have all been thoroughly summarized
elsewhere [42–45]. For improved clarity and understanding, a general evaluation of the
most recent developments in the synthetic methods of CNDs is presented. Moreover, the
advances in the understanding of the properties of carbon dots and the resulting applica-
tions were highlighted, and a new insight is provided by correlating the synthetic strategy,
property, and application [46–50]. The organization of the review comprises a discussion
of the approaches for the fabrication of carbon nanodots for various sustainable resources
(including biomass), with an emphasis on cost-effectiveness and eco-friendliness. After-
ward, the major applications of CNDs were highlighted, with an emphasis on bioimaging
and photocatalysis.

2. Novel Methods for the Synthesis of Carbon Nanodots

During the last ten years, namely 2013–2023, many methods were developed to
synthesize carbon nanodots with attractive features and applications in a specific field.
These well-known CD synthesis techniques are typically categorized into “top-down” and
“bottom-up” categories. The top-down techniques involve the exfoliation of nanomaterials
chemically, laser ablation, electrical and chemical oxidation, arc discharge, and ultrasonic
synthesis. Graphene quantum dots, or two-dimensional nanomaterials, are often produced
via a “top-down” technique by exfoliating and cutting the macroscale framework of carbon
species, such as carbon rods, tubes, graphite powder, activated carbon, carbon black, carbon
soot, and carbon fibers possessing the graphene lattices. Top-down strategies typically
demand a lengthy processing time, challenging reaction environments, and expensive
materials and machinery [51–53], and these methods work well for the mass production of
CNDs. On the contrary, the bottom-up method is used for producing carbonized polymer
dots and carbon quantum dots (3D nanoparticles with spherical centers) by polymerizing
molecular precursors, including glucose, sucrose, and citric acid, using processes such
as chemical vapor deposition, plasma treatment, microwave pyrolysis, and solvothermal
reactions, with a high degree of controllability. Of course, these methods are not flawless
altogether [54].

Hawrylak et al. [55] synthesized carbon nanodots (CNDs) for the first time by surprise
in 2004 in their effort to purify single-walled carbon nanotubes. Arc-discharge soot was
used in the experiment as a source of carbon nanotubes. The components of the soot
suspension were separated during the procedure using gel-electrophoresis, which exposed
a brand-new band of fluorescent material. Currently, CNDs can be synthesized by chemical
or physical processes. Thermal therapy, electrochemistry, acidic or hydrothermal oxidation,
or ultrasonic treatment are examples of chemical processes. Arc discharge, plasma therapy,
and laser ablation are examples of physical approaches [56]. The processes for synthesizing
CNDs can be roughly categorized as top-down or bottom-up syntheses, as mentioned
earlier [57–66]. Top-down techniques often include etching, intercalation, hydrothermal
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or solvothermal cutting, chemical oxidation, and laser ablation to break down a larger
carbon structure into progressively smaller pieces. In bottom-up methods, CNDs are syn-
thesized by carbonizing organic precursors. These include dehydration with sulfuric acid,
microwave pyrolysis with solvent mediation, and refluxing pyrolysis. Using solvothermal
or direct thermal breakdown, organic precursors such as allotropic carbon forms, natural
gas, and carbohydrates are transformed into CNDs using direct thermal or solvothermal
breakdown [67]. To achieve uniformity, the final product can be processed through elec-
trophoresis, chromatography, centrifugation, dialysis, or through some other processes [68].
The carbon precursor, preparation technique, and experimental circumstances have a sig-
nificant impact on the shape and structure of CNDs. For instance, depending on the parent
material, CNDs made using top-down techniques have a different size and shape (coal,
graphite powder, or graphene nanosheets). UV radiation or hydrothermal treatments can
be used in a single preparation technique such as etching, and both would yield different
outcomes. CNDs produced from the top-down approach would typically have dimensions
below 10 nm, a spherical or sheet-like shape, and a size below 3 nm. Data indicate that
bottom-up synthesized CNDs may be layered with a size of less than 10 nm.

Arc discharge and laser ablation are likely the most well-known top-down techniques
for producing carbon-based nanomaterials. The term “arc discharge” refers to producing a
current between two electrodes, often graphite rods, which causes them to vaporize. As a
result, soot is formed, which may contain various nanoparticles of carbon. In contrast, the
technique of laser ablation comprises applying a pulse of laser energy to a solid surface,
resulting in carbon nanomaterials. Laser ablation in solution (LAS) has attracted interest as
a top-down, single-step method for producing nanomaterials quickly and affordably, as
shown in Figure 3 [69].

Figure 3. General methods of synthesis carbon nanodots (CNDs: Bottom-up approach: CNDs were
synthesized from smaller carbon units (small organic molecules) by applying energy (electrochemi-
cal/chemical, thermal. laser, microwave, etc.). The source molecules will get ionized, dissociated,
evaporated, or sublimated and then condensed to form CNDs; Top-down approach: CNDs are syn-
thesized by transformation of larger carbon structures into ultra-small fragments by applying energy
(thermal, mechanical, chemical, ultrasonic, etc.). Reproduced with the permission from Ref. [69],
2019, Springer Nature.
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Amorphous (a) nanoparticles (a-CDs) are often produced at relatively low tempera-
tures (<300 ◦C), whereas graphitized (g) structures are produced at higher temperatures
(g-CDs). The surface functional groups of the resulting nanoparticles are significantly
influenced by the precursors used. The most prevalent surface functional groups are amine
and carboxylate, using precursors such as citric acid or polyamines. Such functionality
can be generated via post-synthetic functionalization reactions. At the beginning of the
research in this area, researchers found that proteins were the suitable precursors for the
synthesis of carbon nanodots because they were readily available, affordable, and capable
of undergoing dehydration and decarboxylation reactions to produce CNDs with het-
eroatom doping [70,71]. N-doping is accountable for better photoluminescence quantum
yields, red-shifted absorption, and more favorable optoelectronic features. Citric acid in
combination with amino acids (arginine, Arg) was also explored, leading to the formation
of carbogenic nanoparticles’ molecular precursor, which benefits from its distinct reactive
behavior and capacity to serve as a “passivating agent” or “capping agent” for the outer
surface [72,73].

The hydrothermal approach, aided by microwave heating, is one among numerous
potential synthesis processes. It has been widely employed for manufacturing a variety
of carbon materials. Hydrothermal synthesis offers a minimal toxicological impact on
materials and processes [74]. The use of hydrothermal conditions causes the reagent’s
solubility to rise or change, enhances their chemical and physical interactions, and makes
it easier for the carbonaceous structures to form. The production of nanomaterials with
higher amounts of carbon, such as graphitic carbon compounds, and nanotubes at higher
temperatures is a reliable process. Microwave-assisted methods have also grown in popu-
larity as a method for synthesizing nanomaterials. Issues with the conventional heating
process used for preparing nanomaterials, such as the tendency for insoluble compounds
to cause heterogeneous heating, leading to an increase in the size of nanomaterials, is
solved by microwave heating [75,76]. Due to its high energy consumption efficiency, MW
irradiation offers a safe, inexpensive, and practical mode of heating, producing higher
yields of the desired products [77]. As a result, the MW-assisted hydrothermal approach,
which combines the benefits of both MW and hydrothermal processes, has become essential
for the production of carbon dots.

The carbonization of small molecule precursors is achieved in the bottom-up fab-
rication of carbon dots. The most commonly available methods for the fabrication of
carbon dots via the bottom-up method include a mixture of molecules having nitrogen
atoms (such as urea) and citric acid [78–84]. The pyrolysis of these molecular precursors
in an autoclave or microwave forms a black nanopowder of CDs. These CDs are eas-
ily dissolved in water and have exceptional fluorescent characteristics. These CDs are
capable of emitting blue [85], green [86], and red emissions depending on their surface
properties and circumstances (excitation source of radiation) [87,88], albeit a thorough
purification is frequently required to separate the carbon dots [89]. When it comes to
top-down methods, the starting materials include carbon structures such as amorphous
activated carbon, carbon fibers, graphite, nanotubes, and fullerenes that are physically
or chemically fragmented to produce very small carbon nanoparticles [90–93]. One such
instance is graphitic oxidation in an extremely acidic environment [94,95], enabling the
surface to be functionalized and the bulk-precursor to be broken up, resulting in the optical
characteristics that are typical of CDs. Top-down synthetic methods frequently produce
CDs with lower quantum yields of emission. These top-down synthetic methods of CDs
are far more complex and time-consuming. However, they enable better structural control
and end-product purity [96,97].

2.1. Sonochemical/Ultra-Sonic Fabrication of CDs

Sonochemistry is exploited for the synthesis of nanostructured materials. In this
acoustic activation technique, severe physical and chemical conditions are generated as a
result of the use of high-intensity ultrasound [98–106]. As the molecular dimensions are
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smaller than acoustic wavelengths, the chemical features of the resulting materials are not
a result of the interaction between the ultrasonic and chemical species in the liquid state.
Sonochemical fabrication is the result of the high compression heating of gas and vapor,
resulting in incredibly high temperature and pressure conditions [107].

For the first time, Zhuo et al. [108] described the synthesis of graphene quantum
dots using the ultra-sonic exfoliation of graphene. A simple sonochemical approach for
the production of extremely photoluminescent CDs was devised by Wei et al. [109] in
2014. High-intensity ultrasound forms collapsing bubbles that serve as microreactors
and offer intense, momentary conditions ideal for the pyrolysis of carbon precursors.
Sono-chemically produced CDs in the presence of surface passivation agents have a high
quantum yield and outstanding photostability.

The ultrasonic technique has merits of being inexpensive and easy to operate for the
synthesis of carbon dots. The ultrasound method involves alternate high-pressure and
low-pressure waves, which cause small bubbles in liquid to form and break. Thus, by
means of powerful hydrodynamic shear forces resulting from the cavitation of tiny bubbles,
macroscopic carbon materials were reduced to nanoscale CDs. Generally, the ultrasonic
power, reaction time, and solvent and carbon source ratio were altered to produce CDs
with various properties.

Huang et al. [110] used a direct ultrasonic exfoliation method to produce the chlorine-
infused graphene quantum dots. Park et al. [111] conducted a typical experiment in
which they first produced water-soluble CQDs from food waste. From ethanol and food
waste mixture, approximately 120 g of carbon dots with an average diameter of 2–4 nm
can be produced. The benefits of the as-prepared CDs for in vitro bioimaging include
photostability, low cytotoxicity, and good PL characteristics.

Jiang et al. [112] reported a one-pot eco-friendly fabrication of silver nanoparticles
supported on carbon from carbon and silver nitrate liquid solution without additional
capping or reducing agents. Simply altering the molar ratio of carbon nanodots and
AgNO3 would change the size of the silver nanoparticles supported on carbon. The simple
method used to create amorphous carbon-supported Ag NPs was significant because
it is synthesized in the absence of reducing or capping agents. Moreover, the stability
and electrical and catalytic activities of the silver nanoparticles for the electrocatalytic
reduction of H2O2 were also enhanced. The great sensitivity and low detection limit of
the Ag/C nanocomposites make them excellent non-enzymatic H2O2 sensors. The Ag/C
nanocomposites acted as a non-enzymatic H2O2 sensor due to their high sensitivity and
selectivity, as shown in Scheme 1.

Manoharan et al. [113] used an easy and affordable technique to turn coconut water
into vivid eco-friendly fluorescent carbon nanodots. Coconut water, as an environmentally
friendly and less expensive carbon precursor, is used to fabricate finely dispersible carbon
nanodots with both the amorphous and nano-crystalline carbon-phase. High-resolution
transmission electron microscopy was used to demonstrate the monodispersed CNDs’
spherical shape, (4 ± 1 nm) nm particle size. FT-IR measurements revealed extensive surface
functionalization. Using UV-visible absorption and photoluminescence spectroscopic
techniques, the eco-friendly luminescent properties of the carbon nanodots were assessed.
The fluorescence quantum yield of the carbon nanodots having a core of carbon with
extensive surface functionalization was found to be 60.18%. These CNDs, fabricated from
tender coconut water, are more favorable than those from other resources due to their
stability, high quality, fast reaction rate, and fine dispersion.

Currently, microalgae productivity has been increasing worldwide. To take advan-
tage of the situation, Choi et al. [114] set out to show that the aqueous-type biofriendly
luminescent carbon nanodots (C-paints) could be successfully applied for enhancing the
growth rate of microalgae, Haematococcus pluviali. A straightforward procedure of ultra-
sonic irradiation with the passivating agent, polyethylene glycol, was used to prepare
C-paints. The end product, called a C-paint, has a carbonyl-rich surface, outstanding

6



Catalysts 2023, 13, 858

particle size homogeneity, high water-solubility, photo-stability, fluorescence efficacy, and
biocompatibility.

Scheme 1. Schematic view of the formation of carbon-supported silver nanoparticles. Reproduced
with permission from Ref. [112]. 2014, Elsevier.

Using polymer dots enclosed in NIR emissive hydrophobic carbon nanodots, Huang
et al. [115] proposed the first endoplasmic reticulum (ER) focused nearinfrared (NIR)
nanosensor for detecting Cu2+ in biosystems. With a detection limit of 13 nM, this nanosen-
sor with stable fluorescence can be utilized to quantify Cu2+ in a linear range from 0.25 to
9.0 M. It responded quickly to Cu2+ (120 s). In addition, compared to other metal ions and
amino acids, the nanosensor’s fluorescence fluctuations are extremely selective to Cu2+.
Moreover, the developed nanosensor showed low cytotoxicity, superior biocompatibility,
and ER targeting capability [116].

2.2. Hydrothermal Synthesis

The hydrothermal method for producing CDs is inexpensive and non-toxic. This is an
easy method for creating carbon quantum dots compared to other synthetic approaches.
Teflon lined stainless steel autoclaves are used as reaction vessels for the aqueous solution
of the CD precursor and chemical agents. The autoclave is then placed in an air oven where
the contents are hydrothermally reacted at a high pressure and high temperature to form
the CDs [117–123]. Mehta et al. [124] developed a plant-based (sugarcane juice) source for
producing luminescent carbon quantum dots, which are soluble in an aqueous medium
with a size of less than 5 nm. These CQDs were used for the sensitive and specific detection
of Cu2+. In their proposal, Lu et al. [125] suggested the production of carbon quantum dots
via this method from pomelo peel having the size of less than 5 nm. The fabricated carbon
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quantum dots, which had remarkable yield, were used for the sensitive detection of Hg2+

at lower concentrations for the examination of water samples collected from the lake.
Li et al. [126] successfully manufactured CDs in 2018 using a one-step hydrothermal

process that was ecologically friendly, easy, and affordable. Oxidation resistance, stability,
excellent solubility, and high quantum yield (18.67%) were all features of the CDs. It was
discovered that a charge transfer procedure could cause picric acid (PA) to quench the CDs’
early fluorescence. These CDs worked well as fluorescent probes to identify PA in our
study. The technique was successfully used on actual and laboratory-derived tap water
samples, and it was found to have beneficial properties, such as an outstanding selective
nature, excellent sensitive nature, and lower detection limit of 10 nM.

Gao et al. [127] proposed a simple and inexpensive technique in which they showed
the coupling of graphene quantum dots with carbon nitride (hexagonal-structure) via
freeze-drying. The result showed enhanced photocatalytic activity, improved absorption
in the visible region, and the effective separation of photon-generated electron-hole pairs.
We have successfully completed the simple synthesis of B/N co-doped, fluorescent surface
passivated carbon nanodots with a high quantum yield at a low cost, as reported by Jahan
et al. [128]. Further employing these carbon dots results in the production of supramolecular
moieties, which turns off fluorescence before being turned on by SR III.

For the first time, Soni et al. [129] have shown the precise source of light absorption
and its emission of carbon nanodots. They demonstrated that molecular fluorophore,
which is generally found in the fabrication mixture as a by-product, is the true source of
the emission in red emissive carbon nanodots.

Using p-phenylenediamine and urea, Ding et al. [130] developed multiple multicolor-
emitting carbon nanodots via this process. After being purified using column chromatogra-
phy, the carbon nanodots were obtained without excitation, causing fluorophores to show
different colors. Along with a progressive increase in the red-shifted fluorescence emission,
the oxidation on the surface of the carbon nanodots also became enhanced. The band width
narrows as the oxygen content of the carbon nanodots’ surface increases; as a result, the
higher level of surface oxidation causes the red-shifted emission.

Bakier et al. [131] proposed a new turn-off fluorescent chemical sensor for the ultra-
sensitive detection of aniline in the liquid phase, via the formation of colloidal carbon
nanodots supported on nitrogen. They demonstrated a susceptible fluorescent aniline
liquid sensor based on incredibly tiny carbon dots supported on nitrogen (Figure 4).

Figure 4. Fluorescent chemical sensor for ultra-sensitive detection of aniline in the liquid phase, via
formation of colloidal carbon nanodots supported on nitrogen. Reproduced with permission from
Ref. [131]. 2021, Elsevier.
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The carbon dots supported on nitrogen were produced using folic acid that had
undergone ultrasonic processing at lower temperatures. They further discovered that the
sensor’s operation followed the static N-CD fluorescence quenching caused by electrostatic
contact with aniline. The detection limit for aniline via any method was 3.75 nM (0.332 ppb),
which is the sensor’s detection limit. Furthermore, real sample analysis was investigated
using the N-CDs’ nano-probe with real tap water, and excellent results were obtained
with 99.7–101% recovery (Figure 5). Hence, this proposal could prove to be helpful in
developing a simple and environmentally benign nano-sensing process with excellent
sensitivity, outstanding selectivity, and good quantitative value to monitor harmful aniline
against the degradation of the environment [131].

Figure 5. Schematic view of the experimental procedure. Reproduced with permission from Ref. [131].
2021, Elsevier.

2.3. Carbonization/Pyrolysis

In recent years, pyrolysis has emerged as a potent technique for producing fluorescent
CDs by using precursors that are microscopic carbon structures. Short reaction times, mini-
mal costs, simple procedures, the absence of any solvent, and high quantum yields are all
benefits of this technology. Under high temperatures, the following basic processes of heat-
ing, dehydrating, degrading, and carbonization are essential for converting the molecules
with organic carbon into carbon quantum dots. During the pyrolysis process, strong
concentrations of alkali perform the cleavage of carbon initiators into carbon nanoparticles.

Ma et al. [132] produced nitrogen-doped graphene quantum dots by directly carboniz-
ing ethylene diamine tetra acetic acid at 260–280 ◦C, and this study also offered a growth
mechanism for GQDs. It is important to note that ion doping has been found to produce
a variety of CQD kinds. Li and colleagues created chlorine-doped graphene quantum
dots by using HCl and fructose as precursors in a typical experiment. The average size
of the quantum dots was found to be 5.4 nm. They altered the color of the emission by
alternating the excitation wavelength from 300 to 600 nm, and the color changed from
blue to red, respectively [133]. The fluorescent carbon quantum dots were also made by
Praneerad et al. [134] by carbonizing the durian peel biomass waste. The produced CQDs
were used to develop a composite-based electrode that displayed a significantly greater
specific capacitance value as compared to the electrode made of pure carbon. According to
135.Zhang et al. [135], the quantum dots of carbon with increased sulphur and nitrogen
contents were created by carbonizing hair fiber combined with H2SO4 through sonication.

Gunjal et al. [136] used a straightforward carbonization process to create waste tea
residue carbon dots from surplus and inexpensive kitchen waste biomass, so that it is
cheaper, greener, and more environmentally friendly than previous techniques. As soon
as they are created, waste tea residue carbon dots exhibit excitation dependent emission
and are very stable in ionic media. Furthermore, due to the oxidative nature of the ion,
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it has demonstrated excellent fluorescence quenching for ClO−. The fabricated sensor
has the advantage in that it is highly sensitive and selective in comparison to the other
21 common interfering ions which were tested against it. Its detection limit is comparatively
lower than other biomass-made carbon dots. Its quick rate of reaction enables easy and
feasible ClO− detection in real samples with excellent precision and reliability. A simple
method to covalently immobilize nanoscale carbon dots upon conducting carbon surface
for sensing purposes is reported by Gutiérrez-Sánchez et al. [137]. The carbon nanodots
(N-CD) containing amine functionalization on the surface can be electro-grafted upon the
electrodes of carbon, where they are then readily covalently immobilized. They were made
using a carbonization approach with microwave aid and cost-effective, biocompatible
initiators, such as D-fructose as the primary carbon source and urea as the N-donor reagent,
to produce peripheral enhanced nitrogen CD. It has been determined through various
methods of analysis that the synthesized nanomaterial comprises regular-sized amorphous
structures that glow blue when exposed to UV light. Through the relatively stable immobi-
lization of nitrogen carbon dots onto the electrode surfaces through electrografting, hybrid
electrodes with higher relative surface areas and enhanced electron transfer capacities are
generated, holding great potential for electrochemical sensing. Because of their conductive
nature, electrical properties, abundant edges sites, and high catalytic activity, N-CDs that
are immobilized on carbon electrodes efficiently amplify the electro-chemiluminiscence
(ECL) signal from the luminophore [Ru(bpy)3]2+ in a taurine sensor.

2.4. Electrochemical Synthesis

The one-pot electrochemical method is used to controllably synthesize fluorescent or
luminescent carbon nanodots (C-dots) from small molecular alcohols as a single carbon
source for the first time. By adjusting the applied potential, it is possible to control the
size of the resulting C-dots, which can then be used to image cells using luminescence
microscopy.

A titanium tube cathode and a pure graphite loop electrode were assembled in the
center, according to Pender et al. [138]. Distilled water was used for synthesizing both
the electrolyte and the cathode while the anode was isolated from them by an insulating
O-ring. Luminescent blue-colored carbon dots were broadly employed in pure water
thanks to the use of electronic voltage and ultrasonic control, which eliminated the need for
laborious cleaning. The amount yield was 8.9%, while the size of the synthesized C-dots
was 2–3 nm. The C-dots offered good fluorescent properties and thermodynamic constancy
in the aqueous phase. Fluorescent CDs were made from ethanol by electrochemical car-
bonization, according to Miao et al. [139]. The synthesizing procedure is easy, economical,
and environmentally benign. The synthesized carbon dots were amorphous, spherical, and
easily dispensable in water, making them ideal for analytical uses. A strong fluorescence
intensity with a QY of 10.04% was attained in the absence of a surface passivation reagent.
By identifying Fe3+ induced fluorescence quenching, carbon nanodots were successfully
used for the Fe3+ test.

Keerthana and Ashraf [140] highlighted the hydrothermal carbonization approach
for synthesizing carbon dots from chitosan. Chitosan was totally transformed into carbon
dots, according to an analysis using UV-Visible spectroscopy. With one step microwave
synthesis, Arvapalli et al. [141] were able to synthesize carbon nanodots that had remarkable
selectivity and sensitivity for the detection of Fe (III) ions. The synthesized carbon nanodots
exhibit excellent stability, high photoluminescence, and strong water solubility. Bright blue
fluorescence from carbon nanodots was successfully internalized inside endothelial cells,
and when the cells were nurtured with iron, the fluorescence quenching phenomenon was
seen, demonstrating the possibility of sensing iron in living cells. The transfer of charge
specifically between the carbon nanodots and iron was responsible for the fluorescence
quenching of the carbon nanodots, and cyclic voltammetry experiments have further
confirmed this.
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Tyrosinase was immobilized on carbon-based nanoparticles and cysteamine (electrically
active layer) covering the gold electrode in the small gold-epinephrine biosensor reported by
Baluta et al. [142]. This sensor system made use of the differential pulse and cyclic voltammetry
voltammetric methods to monitor the oxidation of norepinephrinetonorepinephrine-quinone
via catalysis.

2.5. Microwave-Assisted Synthesis

The electromagnetic wave known as the microwave has a vast wavelength range of
1 mm to 1 m and is frequently employed in daily life and scientific study. Microwaves can
also deliver high energy to breakdown the chemical bonds in a substrate, just like lasers
can. It is believed that using a microwave to create CDs is an energy-efficient method.
Additionally, the reaction time may be significantly reduced. The substrate is typically
pyrolyzed and the surface functionalized during microwave-aided synthesis [143,144].

The CDs are synthesized more quickly using a green, economical microwave-aided
method. For the creation of CDs, microwave irradiation can deliver consistent heat. For the
first time, Li et al. [145] produced green-colored luminescent graphene quantum dots via
the cleavage of graphene oxide sheets chemically in the presence of acids under microwave
conditions. They have an emission peak of 500 nm when excited at 260 nm and 340 nm. For
the first time, electrochemiluminescence has been observed from the graphene quantum
dots and is highly applicable in imaging and bio-sensing.

Liu et al. [146] produced carbon dots under microwave conditions. They used glu-
taraldehyde as a cross-linking agent for the fluorescent system. The luminescent emissions
of the carbon dots come in a range on the basis of the amount of glutaraldehyde used.
The as-prepared carbon dots showed remarkable luminescent characteristics and were less
toxic, highly stable, and water soluble.

A simple microwave-assisted hydrothermal was used to produce CDs from Mangifera
indica leaves [147]. The resulting carbon dots were employed as temperature sensors
inside the cells, had good biocompatibility, and strong photostability. To create carbon
dots from raw cashew gum, Pires et al. [148] devised a heating method that is microwave-
assisted and has dual steps. The carbon quantum dots have an average size of nearly
9 nm. The synthesis involves two steps: the first step is the partial depolymerization,
i.e., autohydrolysis of the gum and production of 5-hydroxymethyl furfural, while the
second step involves poly-condensation for the production of the polyfuranic structure,
accompanied by carbonization and nucleation. The generated carbon quantum dots have
been used in the cell imaging of live cells because they exhibit good biocompatibility and
low cytotoxicity.

Simsek et al. [149] showed that under different physical conditions, a quick and one-
step green synthesis of carbon nanodots from Nerium oleander leaves may be achieved using
a household oven and a microwave-assisted hydro-thermal synthesizer (Figure 6). The
effects of the synthesizer system, the kind of extract based on the plant extraction of the
plant solvents, and the synthetic conditions, including the time of reaction, temperature
of reaction, surface-passivation reagent inclusion into the reaction medium, physical and
chemical properties, and optical characteristics of carbon dots, were examined.

Ren et al. [150] reported the synthesis of 5.6 nm-diameter N-doped graphene quantum
dots using microwave-assisted heat. The resulting N-doped graphene quantum dots were
used in metal ion detection and exhibit strong and constant blue fluorescence emission
with an 8% quantum yield.

Sendao et al. [151] suggested a microwave method to synthesize blue-emitting carbon
quantum dots and looked into photoluminescent emission features. They discovered that
the synthesis technique created green-emitting molecular fluorophore that can hide the
photoluminescent emission of the carbon dots. It is important to note that in the same
solution, these fluorophores and the carbon dots do not function as different species with
independent emissions. Instead, their interaction results in a hybrid luminescence which
is seen. This method demonstrates that the reactive nature and the characteristics in the
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excited-state are indistinct in comparison to their individual characteristics. The impurities
of the fluorescence generated from its formation have formed a critical drawback in the
investigation of the photoluminescent property of the carbon quantum dots (Tables 1 and 2).

Figure 6. Schematic illustration of the fabrication process. Reproduced with permission from
Ref. [149]. 2019, Elsevier.

Table 1. Advantages and disadvantages of different synthetic methods of carbon nanodots.

Synthetic Method Advantages Disadvantages References

Sonochemical/Ultra-sonic
fabrication Easy-operation Expensive cost of energy [108–116]

Hydrothermal synthesis Cost-effective, environmentally
benign, non-toxic No uniformity in size [124–131]

Carbonization/Pyrolysis No solvent required,
cost-effective, bulk-production No uniformity in distribution of size [132–136]

Electrochemical synthesis Easy, cost-effective,
environmentally benign Uniformity in size distribution [137–142]

Microwave-assisted synthesis Fast, cost-effective,
environmentally benign No uniformity in distribution of size [143–151]

Table 2. Methods for the conversion of biobased and chemical feedstock into functionalized carbon nanodots.

Sources Synthetic Methods References

Carbon, Silver nitrate liquid solution Sonochemical synthesis [112]

Saccharum officinarum (Sugarcane) Hydrothermal synthesis [124]

Coconut water Ultrasonication synthesis [113]

o-phenylenediamine Hydrothermal synthesis [129]

Waste biomass Carbonization synthesis [136]

Ethanol Electrochemical carbonization synthesis [139]

Graphene Sonochemical synthesis [108]

p-phenylenediamine and urea Hydrothermal synthesis [130]

Mangifera indica (Mango) Microwave-assisted hydrothermal synthesis [147]

Chitosan Hydrothermal carbonization synthesis [140]

3. Applications of Carbon Dots (CDs)

There are various applications which are associated with carbon dots. CDs also show
a number of biomedical applications. The application of CDs is shown in Figure 7.
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Figure 7. Application of Carbon dots.

3.1. Sensing

One of the most common and potentially significant uses of CDs is sensing [152–154].
Due to their superior optical qualities, high fluorescence sensitivity to the surrounding
environment [155,156], and ability to function as effective electron donors [157–159], CDs
are frequently suggested as detectors for a variety of harmful substances, including heavy
metals such as mercury [160–162], copper, and iron [163–166]. To make CDs more sensitive
to one or more of these analytes, persistent work is being conducted in this direction. Only a
handful of studies, however, have attempted to examine the interactions of CDs with metal
ions at a more fundamental level; for example, Goncalves and colleagues demonstrated
that the fluorescence emissions of both CQD solution and CQDs immobilized in sol–gel are
sensitive to the presence of Hg2+ [167]. In their study, laser-ablated and NH2-PEG200 and
N-acetyl-L-cysteine-passivated CQDs were used as fluorescent probes. It was observed that
the fluorescence intensity of the CQDs is efficiently quenched by micro molar amounts of
Hg2+ with a Stern–Volmer constant of 1.3 × 105 M−1. Therefore, judging from the relatively
large magnitude of the Stern–Volmer constant [168], the quenching provoked by Hg2+ is
probably due to the static quenching arising from the formation of a stable non-fluorescent
complex between CQD and Hg2+. A substantial improvement in the sensitivity down to
nanomolars was later realized by replacing the laser-ablated CQDs with N-CQDs. Again,
static quenching is thought to be responsible for the quenching of fluorescence, but with
a much larger Stern–Volmer constant of 1.4 × 107 M−1, two orders of magnitude higher
than that of the previous system [169]. It was suggested that the presence of the nitrogen
element in the N-CQDs, most probably -CN groups on the N-CQD surface, is responsible
for the much-improved performance of Hg2+ sensing.

3.2. Bio Imaging Probes

An intriguing application of C dots is their use as a potential agent for in vivo and
in vitro bioimaging of cells and species due to their photoluminescence, which is an im-
portant property of C dots [170–172]. The bioimaging of cells and tissues is an important
part of the diagnosis of many diseases, particularly cancer. Various fluorescent systems for
diagnostic purposes have been reported, ranging from organic and inorganic dyes to the
most recent nanoparticle-based systems.

To be considered suitable for use as an imaging probe, a bioimaging agent must
have excellent biocompatibility, a tunable emission spectrum, and be free of cytotoxicity.
Rapid progress in implementing a new class of nanoparticles has resulted in a material
that meets these criteria and can be used for both diagnostic and therapeutic purposes.
Chemical functionalization is used to successfully conjugate the required drug molecule to
the fluorescent nanoprobes for these theranostic applications. Sahu et al. [173] reported the
synthesis of C dots from orange juice hydrothermal treatment. This was one of the first
examples of making fluorescent C dots from readily available natural resources [174,175].
The C dots were non-cytotoxic and efficiently taken up by MG-63 human osteosarcoma
cells for cellular imaging.
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The “central dogma” states that genetic information flows from DNA to RNA to
proteins. Researchers investigated the physiological activity of RNA during cancer research
by using RNA dynamics in cellular functions and the real-time monitoring of their temporo-
spatial distribution. The experiments were carried out using fluorescent carbon dots
created by the one-pot hydrothermal treatment of o-, m-, or p-phenylenediamines with
triethylenetetramine by Chen et al. [176]. Because carbon has excellent biocompatibility
and negligible cytotoxicity, there has been a lot of interest in using carbon nanodots as
bioimaging probes instead of other types of nanoparticles. C dots are ideal candidates for
theranostic applications due to their ease of synthesis, acceptable emission spectra, high
photostability, and lack of cytotoxicity.

Tao et al. [177] used a mixed acid treatment to create C dots from carbon nanotubes
(CNTs) and graphite. Under UV light, the C dots emit a strong yellow fluorescence with no
cellular toxicity. They also demonstrated in vivo bioimaging in the near-infrared region
using a rat model, and this experiment exemplified the possibilities for the development of
fluorescent imaging probes in both the ultraviolet (UV) and infrared (IR) range spectra.

3.3. Photodynamic Therapy

Photodynamic therapy is a relatively new advancement in biomedical nanotechnology
that uses energy transfer to destroy damaged cells and tissues. This method is useful in
dealing with cancer cells because it effectively targets and destroys malignant tissue while
leaving normal, healthy tissue alone. This targeted destruction in photodynamic therapy
can be accomplished with fluorescent C dots that have adequate photostability [178].

Shi et al. [179] used the hydrothermal method to create N-doped C dots from rapeseed
flowers and bee pollen. The authors demonstrated that C dots had no cytotoxic effect up to
a limiting concentration of 0.5 mg/mL after this successful large-scale synthesis. Human
colon carcinoma cells were imaged successfully in this study, and the C dots were found to
have good photostability and biocompatibility.

Wang et al. [180] reported C dot synthesis from the condensation carbonization of
linear polyethylenic amine (PEA) analogues and citric acid (CA) of different ratios. The
authors successfully demonstrated that the extent of conjugated π-domains with CN in the
carbon backbone was correlated with their photoluminescence quantum yield. The main
conclusion from this study is that the emission arises not only from the sp2/sp3 carbon core
and surface passivation of C nanodots, but also from the molecular fluorophores integrated
into the C dot framework. This work provided an insight into the excellent biocompatibility,
low cytotoxicity, and enhanced bioimaging properties of N-doped C dots, which opens the
possibilities for new bioimaging applications.

Bankoti et al. [181] fabricated C dots from onion peel powder waste using the mi-
crowave method and studied cell imaging and wound healing aspects. The C dots exhibited
stable fluorescence at an excitation wavelength of 450 nm and an emission wavelength of
520 nm at variable pH, along with the ability to scavenge free radicals, which can be further
explored for antioxidant activity. The radical scavenging ability leads to an enhanced
wound healing ability in a full-thickness wound in a rat model.

3.4. Photocatalysis

There has been significant research interest in photocatalysts over the past decade due
to the scenario of environmental safety and sustainable energy. The applications of nano-
materials for the efficient fabrication of photocatalysts made the journey fast and effective.

Ming et al. [182] successfully developed C dots using a one-pot electrochemical method
that only used water as the main reagent. This is an extremely promising synthetic method-
ology because it is a green protocol that is also cost-effective, with good photocatalytic
activity of C dots for methyl orange degradation.

Song et al. [183] devised a two-step hydrothermal method for the creation of a C dot–
WO2 photocatalyst. The authors used this system to photocatalytically degrade rhodamine
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B. It is worth noting that the reaction rate constant reported in this study is 0.01942 min−1,
which is approximately 7.7 times higher than the catalytic rate using WO2 alone.

For photocatalytic hydrogen generation, a C-dot/g-C3N4 system was used. The
authors created C dots from rapeseed flower pollen and hydrothermally incorporated them
into g-C3N4. Under visible light irradiation, this system was able to photocatalytically
generate hydrogen via sound with an output greater than that of bulk g-C3N4.

3.5. Biological Sensors and Chemical Sensors

There is great interest in using nanoparticles as biochemical sensors because C dots have
been found to be useful in sensing chemical compounds or elements. Based on the properties
of C dots, particularly their fluorescence properties and surface-functionalized chemical
groups, various sensors for biological and chemical applications have been developed.

Qu et al. [184] developed ratiometric fluorescent nano-sensors using C dots in a single
step of microwave-assisted synthesis. This research is significant in C-dot sensor research
because the developed nanosensors are multi-sensory and can detect temperature, pH,
and metal ions such as Fe (III). Because it can detect and estimate multiple metabolic
parameters at the same time, this exciting feature is proving to be widely applicable in the
biological environment. The sensory mechanism is non-cytotoxic and based on ratiometric
fluorescence, which is a promising feature for future research.

Vedamalai et al. [185] developed C dots that are highly sensitive to copper (II) ions
in cancer cells. They used a relatively simple hydrothermal synthesis method based on
ortho-phenylenediamine (OPD). The orange color was caused by the formation of the
Cu(OPD)2 complex on the surface of the C dots. Further investigation revealed that the C
dots were highly water dispersible, photostable, chemically stable, and biocompatible.

Shi et al. [186] used C dots to detect Cu(II) ions in living cells as well. The hydrother-
mal pyrolysis of leeks resulted in blue and green fluorescent C dots. In a single step of
hydrothermal carbonization, the C dots were modified with boronic acid using phenyl-
boronic acid as the precursor. This C-dot-based sensor successfully detected blood sugar
levels and demonstrated good selectivity with minimal chemical interference from other
species [187].

Nie et al. [188] used a novel bottom-up method to develop a pH sensor out of C dots.
This method yielded C dots with high crystallinity and stability. The procedure involved
a one-pot synthesis with high reproducibility using chloroform and diethylamine. The
authors were able to use the technique for cancer diagnosis after successfully implementing
the pH detection of two C dots with different emission wavelengths.

Wang et al. [189] described an intriguing C-dot sensor for hemoglobin detection
(Hb). The C dots were developed from glycine using an electrochemical method that
included multiple steps, such as electro-oxidation, electro-polymerization, carbonization,
and passivation. The authors successfully validated the sensitivity of Hb detection and
discovered that the luminescence intensity varied inversely with Hb concentration in the
0.05–250 nM range.

3.6. Drug Delivery

Carbon dots’ excellent biocompatibility and clearance from the body meet the re-
quirements for in vivo applications. Carbon dots with rich and tunable function groups,
such as amino, carboxyl, or hydroxyl, can carry therapeutic agents, resulting in theranos-
ticnanomedicines [190–195]. The bright emission of carbon dots allows for the dynamic
and real-time monitoring of drug distribution and response. Zheng et al. [196] used car-
bon dots synthesized through the thermal pyrolysis of citric acid and polyene polyamine
to transport oxaliplatin, a platinum-based drug, because platinum-based drugs are the
most effective anticancer drugs and are used in more than 50% of clinical cancer patients’
chemotherapeutic treatments.
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3.7. Micro-Fluidic Marker

The study of fluidic physics at the micro-scale is now best conducted using microfluidic
systems. Because of their considerably higher surface-to-volume ratio, surface tension
and viscosity dominate those of inertia, making the fluid easier to control. Static laminar
flows and dynamic droplet formation are typical microfluidic situations. Both exhibit many
advantages, including minimal reagent use, high sensitivity, and high output, which leads
to a wide range of applications in bioassays, chemical reactions, drug delivery, etc. The
majority of applications rely on the microfluidic circuit’s ability to visualize fluid flow.
However, the biocompatibility and cheap cost of the fluorescent materials currently in
use cannot be balanced, which is a critical issue for microfluidic applications, particularly
for bio-applications. Sun’s colleagues used carbon dots, synthesized by heating glucose
and urea in a microwave, to visualize microfluid flows for the first time to address this
problem [197–199]. The scientists used carbon dots dissolved in the deionized water as a
fluorescent marker to investigate the dynamics of the mixture of glycerol and deionized
water. When the interface is ruptured by an electric field above a threshold, fast mixing
occurs at the microscale. In addition to laminar flow, the authors also synthesized mono-
dispersed droplets in a flow focusing system, where the continuous phase was mineral
oil while the aqueous solution of carbon dots appeared as the dispersed phase. The
diameter of the droplets will shrink because a higher capillary number results in a greater
interfacial shear force. Additionally, the authors successfully demonstrated the multiple
component droplet, merged droplet, and double emulsion, each of which has a distinct
core-shell structure. To more accurately determine the speed of the flow field, luminescent
seeding carbon dots were made via a mixture of carbon dots (liquid state) and polystyrene
microparticles [200–202].

3.8. Bioimaging

Carbon dots have significant advantages over fluorescent organic dyes and genetically
engineered fluorescent proteins, such as high PL quantum yield, photostability, and resis-
tance to metabolic degradation, which endows them with enormous potential for use in
bioapplications. While the toxicity testing of carbon dots is required before exploring their
bioapplications, Yang et al. [203] used human breast cancer MCF-7 cells and human col-
orectal adenocarcinoma HT-29 cells (previously reported by other scientists, Yang modified
and used it) to assess the in vitro toxicity of carbon dots synthesized by the laser ablation of
graphite powder and cement with PEG1500N [204–206] as a surface passivation agent. All
the observations of cell proliferation, mortality, and viability from both cell lines indicated
that the carbon dots exhibited superior biocompatibility, even at concentrations as high as
50 mg/mL, which is much higher than the practical application demand, for example, in
living cell imaging.

3.9. Carbon Dots Chiral Photonics

Chirality is essential in a number of practical application fields, such as chiral drug
recognition, chiral molecular biology, and chiral chemistry [207–209]. As a result, as
previously proposed by M. Va’zquez-Nakagawa et al. [210], chirality and carbon dots can
be combined to form intriguing chiral optics based on carbon dots. The carbon dots used in
their groundbreaking research were created by chemically exfoliating graphite with strong
sulfuric and nitric acids. The carbon dots’ surface carboxylic acid groups were subsequently
converted to acid chlorides using thionyl chloride. When the acid chlorides and the (R) or
(S)-2-phenyl-1-propanol reacted simultaneously, enantiomerically pure esters and chiral
carbon dots were created (chiral molecular). Enantiomerically esters and chiral carbon dots
were formed, and their formation was verified using 13C-NMR and FTIR spectroscopy. The
presence of phenyl substituents was suggested by the appearance of peaks in the 13C–NMR.
The recent work in this field is the most notable development in the chiral regulation of
bioreactions for chiral carbon dots. Xin et al. [211] described the destruction of the cell walls
of gram-positive and gram-negative bacteria via carbon dots in the presence of D-glutamic
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acid, which resulted in the fatality of bacteria. In contrast, the carbon dots formed in the
presence of L-glutamic acid demonstrated an insignificant effect on bacterial cells. This
implied that antimicrobial nanoagents with chirality can be synthesized from carbon dots.
The D-form and L-form of cysteine-based carbon dots were used to regulate the chirality of
the enzyme. For instance, L-form cysteine carbon dots reduce the enzymatic activity while
D-form cysteine carbon dots enhance the enzymatic activity of the enzyme. According
to Li et al. [212], these cysteine-based carbon nanodots have the capacity to affect cellular
energy metabolism. We anticipate that other chiral carbon dots-based applications will be
investigated in the future [213], and that carbon dots with chirality will emerge as a novel
but exciting topic because of their wide applications.

4. Conclusions

Carbon dots have drawn rigorous attention since they possess outstanding photolu-
minescence, fluorescence, biocompatibility, sensing and imaging, photostability, excellent
colloidal stability, eco-friendly synthesis, low toxicity, and are cost-effective. In this review,
widespread synthesis procedures have been discussed in detail, including bottom-up and
top-down methods, along with biological and eco-friendly synthetic ways. This concludes
numerous synthesizing routes that could be helpful to many scientific and research areas,
since carbon nanodots can be easily synthesized for various applications. Earlier, the
synthetic methods were limited because of unreliable quantum yields. However, in recent
years, the synthesizing methods have seen a remarkable lift in yield, hence enhancing their
use in different fields for varied applications. Despite many advancements in the field of
carbon nanodots, there is still room for improvement in its synthetic methods. Several
bio-related fields are left undiscovered and need special attention.
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Abstract: Carbon quantum dots (CQDs), also known as carbon dots (CDs), are novel zero-dimensional
fluorescent carbon-based nanomaterials. CQDs have attracted enormous attention around the world
because of their excellent optical properties as well as water solubility, biocompatibility, low toxicity,
eco-friendliness, and simple synthesis routes. CQDs have numerous applications in bioimaging,
biosensing, chemical sensing, nanomedicine, solar cells, drug delivery, and light-emitting diodes.
In this review paper, the structure of CQDs, their physical and chemical properties, their synthesis
approach, and their application as a catalyst in the synthesis of multisubstituted 4H pyran, in azide-
alkyne cycloadditions, in the degradation of levofloxacin, in the selective oxidation of alcohols
to aldehydes, in the removal of Rhodamine B, as H-bond catalysis in Aldol condensations, in
cyclohexane oxidation, in intrinsic peroxidase-mimetic enzyme activity, in the selective oxidation of
amines and alcohols, and in the ring opening of epoxides are discussed. Finally, we also discuss the
future challenges in this research field. We hope this review paper will open a new channel for the
application of CQDs as a catalyst in organic synthesis.

Keywords: carbon quantum dots; synthetic methods; fluorescence; optical properties; catalyst

1. Introduction

Recently, carbon-based nanomaterials such as graphene [1], fullerenes [2], nanodia-
monds [3], carbon nanotubes (CNTs) [4], and carbon quantum dots (CQDs) have attracted
great attention because of their distinctive structural dimensions, as well as their out-
standing chemical and physical properties [5]. It was found that the preparation and
separation of nanodiamonds are complicated, while other nanomaterials such as graphene,
fullerenes, and CNTs do not display good water solubility and also do not exhibit strong
fluorescence in the visible region. These limitations prevent their applications in differ-
ent areas [6]. Although semiconductor quantum dots (SQDs) exhibit good fluorescence
properties, because of the presence of heavy metals, they are toxic in nature. This pre-
vents their biological applicationin biosensors, bio-imaging, and drug delivery. In contrast,
fluorescent CQDs are nontoxic and, thus, have attracted enormous interest over other
carbon-based nanomaterials [7]. Xu et al. in 2004 accidentally discovered CQDs using gel
electrophoresis during the purification of single-walled carbon nanotubes [8]. However, the
name CQDs was given by Sun et al. in 2006 during the synthesis of carbon nanomaterials
of different sizes [9]. Subsequently, CQDs became rising stars among various carbon-
based nanoparticles and are considered an extremely precious asset of nanotechnology.
CQDs are also known as carbon nano-lights because of their strong luminescence proper-
ties [10]. CQDs have attractive features such as ease of synthesis, good water solubility,
high photostability, high photoresponse, low cytotoxicity, facile surface functionalization,
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good catalysis properties, and tunable excitation–emission [11–17]. Due to these charac-
teristic properties, CQDs are widely utilized in photovoltaic devices, medical diagnosis,
sensing, drug delivery, catalysts, photocatalysis, optronic devices, bio-imaging, laser, sin-
gle electron transistors, solar cells, and LEDs [18–29]. However, very few reports have
been investigated regarding the application of CQDs as a catalyst in photochemical water
splitting [30] the preparation of substituted 4H pyran with indole moieties [31], azide-
alkyne cycloadditions [32], the degradation of levofloxacin [33], the selective oxidation
of alcohols to aldehydes [34], the removal of Rhodamine B [35], the selective oxidation
of amines and imine [36], high-efficiency cyclohexane oxidation [37], H-bond catalysis in
Aldol condensations [38], intrinsic peroxidase-mimetic enzyme activity [39], and the ring
opening of epoxides [40]. In this review paper, we explain the synthetic approach, structure,
optical properties, and applications of CQDs as a catalyst. Finally, we also discuss their
future prospects.

2. Synthesis Approach

Since the discovery of carbon quantum dots (CQDs), several convenient, cost-effective,
size-controlled, and large-scale production approaches have been developed. For the synthesis
of CQDs, two general categories, top-down and bottom-up, approaches are utilized (Figure 1).
Even though CQDs synthesis is facile, there are definite challenges related to their synthesis,
such as an aggregation of nanomaterials, the tuning of surface properties, and controlling the
size and uniformity [41]. To adjust the functional groups present on the surface and achieve
better CQDs performance, post-treatment can be conducted in both approaches. Quantum
yields (QYs) of CQDs can be enhanced after surface passivation, which eliminates the emissive
traps from the surface. CQDs doped with heteroatoms (N and P) or metals such as Au or Mg
improve solubility and electrical conductivity [42]. Even though for the synthesis of CQDs,
both the top-down and bottom-up approaches have been used, the environmentally and
cost-effective bottom-up approach is most commonly used [43].

 
Figure 1. The typical approaches for the synthesis of CQDs.
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2.1. Top-Down Approach

In a top-down approach, the larger carbon resources such as carbon nanotubes,
fullerene, graphite, graphene, carbon soot, activated carbon, etc., are broken down into
smaller constituents with the help of different techniques such as laser ablation and elec-
trochemical and arch discharge [28,44–47]. Carbon structures with sp2 hybridization that
lack efficient energy gaps or band gaps are commonly used as starting materials for top-
down processes. Although the top-down approach is extremely helpful and suitable for
microsystem industries, it has some limitations, such as the fact that pure nanomaterials
cannot be obtained from the large carbon precursor; their purification is costly and also
unable to accurately control the morphology and size distribution of CQDs [48].

2.1.1. Laser Ablation Method

Sun and co-workers in 2006 first reported a laser ablation technique. In this tech-
nique, the CQDs are synthesized by irradiating a target surface with a high-energy laser
pulse [9]. Recently, Li et al. synthesized ultra-small CQDs with uniform sizes by using the
laser ablation method. They utilized fluorescent CQDs for cell imaging applications [49].
Cui and co-workers have also synthesized homogeneous CQDs by an ultrafast, highly
efficient dual-beam pulsed laser ablation method for bio-imaging applications along with
high QYs [50]. Buendia and co-workers also used laser ablation techniques to synthe-
size fluorescent CQDs for cell labeling [51]. The CQDs synthesized by this technique
are usually non-fluorescent in nature, have heterogeneity in size, and have low quantum
yield, which influences different potential applications of CQDs. Therefore, to increase
the fluorescence properties and quantum yield, pre-treatments such as surface passivation
(doping) and oxidation are required.

2.1.2. Electrochemical Method

The electrochemical method was first described by Zhou and coworkers in 2007. They
used tetra-butyl ammonium perchlorate solution as the electrolyte to fabricate the first
blue luminescent CQDs from multiwall carbon nanotubes (CNTs) [52]. In this method,
larger carbon precursors are cut down into smaller parts by electrochemical oxidation in the
presence of a reference electrode. Zhao et al. prepared fluorescent carbon nanomaterial by
electrochemical oxidation with the help of a graphite rod as a working electrode [53]. Subse-
quently, Zheng and colleagues developed water soluble CQDs with tunable luminescence
using graphite as an electrode material and buffering the pH with phosphate [54]. Using
the oxidation method, Deng and coworkers synthesized the CQDs from low-molecular-
weight alcohol. According to them, the most straightforward and convenient way to create
CQDs is to conduct it under ambient pressure and temperature [55]. Hou and colleagues
manufactured bright blue emitting CQDs in 2015 by treating urea and sodium citrate
electrochemically in de-ionized water [56]. The electrochemical method has a few benefits;
for example, it requires no surface passivation, is low cost, and has a simple purification
process [42]. However, the limitation of this method is that for the synthesis of CQDs,
it allows only a few little molecular precursors and has a tedious purification process.
Therefore, it is the least frequently used technique [41].

2.1.3. Arch Discharge Method

Fluorescent carbon quantum dots were first discovered by Xu and coworkers acciden-
tally during the separation and purification of a single-wall carbon nanotube by the arch
discharge method. In this process, nitric acid was used as an oxidizing agent to oxidize arch
ash, which formed the different functional groups on the surface, due to which aqueous sol-
ubility increased. The QYs obtained were 1.66% at a 366 nm excitation wavelength [8]. An
additional experiment demonstrated that the surface of CQDs was attached to hydrophilic
carboxyl groups. In the discharge process, carbon particles of different sizes are produced.
CQDs obtained using this method are highly water soluble, having a wide distribution of
particle sizes. Furthermore, an electronic flash method was used to separate fluorescent
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nanomaterials from neat carbon nanostructures and carbon nanostructures oxidized with
nitric acid [57,58]. Zhang et al. synthesized CQDs with up-conversion fluorescence using
arc-synthesized carbon by-products, and Hamid Delavariet al. synthesized CQDs by arc
discharge in water [59,60]. However, CQDs synthesized by this technique have some
impurities that are difficult to eliminate because of their complex composition [28].

2.2. Bottom-Up Approach

In a bottom-up approach, the smaller carbon resources such as amino acids, polymers,
carbohydrates, and waste materials combine to form CQDs by a variety of techniques such
as hydrothermal/solvothermal, combustion, pyrolysis, and microwave irradiation. In this
method, the size and structure of CQDs depend on a variety of factors such as solvent,
precursor molecular structures, and conditions of the reaction (temperature, pressure,
reaction time, etc.). The conditions of the reaction are necessary, since they influence the
reactants and the extremely casual nucleation and escalation procedure of CQDs. This
approach strengthens the material chemistry because of its ease of operation, lower cost,
and easier implementation for production in a large scale [61].

The precursor used for the synthesis of CQDs may be both chemical and biological, i.e.,
natural. The chemical precursors include glucose, sucrose, citric acid, lactic acid, ascorbic
acid, glycerol, ethylene glycol, etc. [62–68]. The natural sources include Artocarpous
lakoocha seeds, rice husks, Azadirachta indica leaves, pomelo peel, the latex of Ficus
benghalensis, aloe vera, etc. (Figure 2) [69–72].

 
Figure 2. Chemical and biological precursors utilized for the synthesis of CQDs [61–72].

2.2.1. Hydrothermal Method

The hydrothermal method was first reported by Zhang et al., for the synthesis of
CQDs from the precursor L-ascorbic acid (carbon source) without any chemical action
or other surface passivation. The average size of the synthesized CQDs was ~2 nm, and
the QY obtained was 6.79%. They utilized four different solvents (water, ethyl acetate,
acetone, and ethanol) for the synthesis of bright blue emission CQDs and observed that the
water soluble CQDs were very stable at room temperature over 6 months. Additionally,
the fluorescence intensity of CQDs was stable in a wide pH range and highly ionic salt
conditions (2 M NaCl) [73]. In the hydrothermal process, the precursor molecules are
dissolved in water, set aside in a Teflon-lined stainless steel autoclave, and placed in the
hydrothermal chamber at high temperature and pressure for a few hours [66].The precursor
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molecules utilized for the synthesis include proteins, polymers, amino acids, polyols, glu-
cose, some wastes, and natural products [13,74]. In recent years, the hydrothermal method
has attracted great attention around the world because of its single step, ease of operation,
nontoxicity, low cost, and ecofriendliness. CQDs prepared from the hydrothermal treatment
have a range of beneficial properties, such as being highly homogeneous, watersoluble,
monodispersed, and photostable, having salt tolerance and a controlled particle size, and
exhibiting an elevated QY with no surface passivation. Similar to the hydrothermal method,
for the synthesis of CQDs, a solvothermal method is also utilized using ammonia, alcohol,
and other organic and inorganic solvents as a substitute for water [63,75–77].

2.2.2. Combustion Method

In 2007, Liu et al. first reported the combustion method to synthesize CQDs. This
method involves oxidative acid treatments which aggregate smaller carbon resources into
CQDs, enhance the aqueous solubility, and control the fluorescence properties. Liu and
coworkers explained that candle ashes were obtained by partial combustion of a candle
with aluminum foil and refluxing it in nitric acid solution. When the candle ashes were
dissolved in a neutral medium followed by centrifugation and a dialysis method, the pure
CQDs were obtained [78]. The CQDs synthesized by the combustion method had low QY
but displayed good fluorescence without doping [70].

2.2.3. Pyrolysis Method

The pyrolysis method is the thermal decomposition of the precursor at an elevated
temperature (typically over 430 ◦C) and under pressure in the absence of oxygen. Addi-
tionally, the carbon precursor cleavages into nanoscale colloidal particles in the presence
of an alkali and strong acid concentration as a catalyst. The advantageous properties of
this method include practicability, repeatability, and simplicity, as well as having a high QY.
However, it is challenging to separate small precursors from raw materials.

In 2009, Liu et al. first described a novel method for the preparation of CQDs through
pyrolysis using resol (as a carbon source) and surfactant-modified silica spheres. The
synthesized CQDs exhibited blue fluorescence and were amorphous, with sizes ranging
from 1.5 to 2.5 nm, and the QY obtained was 14.7%. Moreover, the CQDs were stable
in a broad pH range (pH 5–9) [79]. After that, several investigations were carried out
for the preparation of CQDs using the pyrolysis method. Pan et al., in 2010, synthesized
extremely blue fluorescent CQDs from ethylenediamine-tetraacetic acid (EDTA) salts using
the pyrolysis method. The average size of the synthesized CQDs was 6 nm. The quantum
yield (QY) obtained was 40.6% [80]. With the help of the pyrolysis of citric acid at 180 ◦C,
Martindale and coworkers (in 2015) synthesized fluorescent CQDs with an average size of
6 nm, and at the excitation of 360 nm, the calculated QY was 2.3% [81]. Rong and coworkers
in 2017 also prepared fluorescent N-CQDs by the pyrolysis of citric acid and guanidinium
chloride without organic solvent, acid, alkali, or further modification and passivation,
resulting in N-CQDs with a size of 2.2 nm and a QY of 19.2%. They utilized N-CQDs
intensively in the detection of metal-ion (Fe3+) and in bio-imaging [82]. Lately, several CQDs
were synthesized using the pyrolysis method and utilized in different fields [41,83,84].

2.2.4. Microwave Irradiation Method

Microwave synthesis is a faster and cost-effective method for the synthesis of CQDs
via microwave heating. Compared to other techniques, this is a simple and convenient
method because it requires less time for the synthesis of CQDs, with an improved quantum
yield. Zhu et al. first synthesized fluorescent CQDs under the microwave (500W) by
heating poly (ethylene glycol) (PEG-200) and saccharide for 2–10 min [48]. This method
is rapid, novel, green, and energy efficient in synthesizing CQDs. However, there are
some limitations, such as difficulty in the separation procedure and purification, and that
non-uniform particle sizes of CQDs restrict their prospective applications [85,86]. Recently,
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various investigations were carried out for the preparation of CQDs using microwave
irradiation, utilizing them for different applications [87–91].

2.2.5. Template Method

Bourlinos and coworkers first synthesized fluorescent CQDs using the template
method [92]. The template method involves two steps: (i) The preparation of CQDs
in the appropriate template or silicon sphere by calcinations. (ii) The etching process occurs
to eliminate the supporting materials. Some advantageous properties of the template
method are that it is straightforward, the equipment is easily obtainable, it is suitable
for the surface passivation of CQDs, it prevents the particles from agglomerating, and it
controls the size of CQDs. The disadvantageous property of the template method is the
difficulty in the separation of the CQDs from the template, which may affect the purity,
particle size, fluorescence property, and QY.

3. Structure of CQDs

Tang et al. reported that CQDs have core–shell structures which are either amorphous
(mixed sp2/sp3) or graphitic crystalline (sp2), depending upon the extent of the occurrence
of sp2 carbon in the core [93]. Graphitic crystalline (sp2) cores were reported by several
researchers [94–96]. The size of cores is very small (2–3 nm), with a characteristic lattice
spacing of ~0.2 nm [97]. The cores are categorized depending on the technique utilized
for the synthesis and the precursors used, as well as other synthetic parameters (such as
duration, temperature, pH, etc.) [98]. Generally, the graphitization (sp2) structure is ob-
tained at over 300 ◦C reaction temperatures, while amorphous cores are obtained at lower
temperatures, unless sp2/sp3-hybridized C is present in the precursor [99]. To determine
the core structure of CQDs, various instrumental techniques such as Transmission Electron
Microscopy (TEM) or High Resolution (HR) TEM, Scanning Electron Microscopy (SEM),
Raman spectroscopy, and X-ray diffraction (XRD) are utilized. To measure the size and
morphology of the CQDs, TEM or SEM are carried out [100]. The selected area electron
diffraction (SAED) patterns reveal the amorphous or crystalline nature of CQDs [101].
The XRD pattern also determines the crystal structure of CQDs. The broad peak at 2θ
23◦ indicates the amorphous nature of CQD, while the occurrence of two broad peaks
at 2θ 25◦ and 44◦ specifies a low-graphitic carbon structure analogous to (002) and (100)
diffraction [102]. The general structure and presence of different functional groups on the
surface of CQDs are determined using Fourier transform infrared (FT-IR) spectroscopy,
X-ray photoelectron spectroscopy (XPS), elemental analysis (EA), and nuclear magnetic
resonance (NMR) [103,104]. Using nitrogen sorption analysis, the surface area of the carbon
nanoparticles is calculated [103]. To decide the optical properties and qualitative informa-
tion regarding the presence of C=C and C=O in CQDs, UV-Vis absorption spectroscopy is
carried out [105]. To determine the positive or negative charge on the surface of CQDs and
the extent of the electrostatic interaction between them, zeta potential is conceded [106,107].

Figure 3 is the typical structure of carbon quantum dots (CQDs), which reveals the
presence of different functional groups (such as carbonyl, carboxyl, hydroxyl, amino, etc.) on
the surface of CQDs. The presence of these functional groups was confirmed by instrumental
techniques such as FTIR and XPS [108].
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Figure 3. Typical structure of CQDs with different functional groups on the surface.

4. Optical Properties of Carbon Quantum Dots (CQDs)

4.1. Absorbance

CQDs generally exhibit two absorption bands in the visible region around 280 nm and
350 nm, alongside a tail broadly in the UV region. Hu et al. reported that an absorption
band at 280 nm is due to a pi-pi* (π-π*) transition of a C=C bond, and the one at 350 nm is
due to an n-π* transition of the C=O bond [109]. Figure 4 is the typical UV-visible absorption
spectrum of fluorescent CQDs. The absorption properties of CQDs can be influenced by
surface modification or surface passivation [110–113]. Depending on the raw precursor
and synthesis methodology, the positions of these absorption bands are different to some
extent. Doping in CQDs can also alter the absorption wavelength.

Figure 4. The UV-visible absorption spectrum of fluorescent CQDs.

The optical properties of CQDs can be customized by doping/co-doping with het-
eroatoms, functional groups, and surface passivation [114]. In the process of surface passiva-
tion, a slim insulating (protecting) layer of covering materials such as thiols, thionyl chloride,
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spiropyrans, and oligomers (polyethylene glycol (PEG), etc.) is formed on the CQDs surface.
The important functions of such types of protective layers are to shield CQDs from the
adhesion of impurities and to provide stability [115]. CQDs with surface-passivating agents
become extremely optically active, demonstrating considerable fluorescence from the visi-
ble to the near-IR region [116]. The quantum yields (QYs) of CQDs can also be enhanced up
to 55–60% by surface passivation [114]. The absorbance of CQDs improved to longer wave-
lengths (350–550 nm) after surface passivation with 4,7,10-trioxa-1,13-tridecanediamine
(TTDDA) [117]. Particle size is associated with the absorption wavelength. As the size of
the CQDs increases, absorption wavelength also increases [118,119]. The CQDs are viable
for covalent bonding with functionalizing agents [114]. Different functional groups such
as amines, carboxyl, hydroxyl, carbonyl, etc., were introduced on the surface of CQDs by
surface functionalization. The functionalized CQDs revealed good biocompatibility, high
stability, outstanding photoreversibility, and low toxicity compared to undoped CQDs. The
efficient technique to modify the CQDs absorption spectrum is doping/co-doping with
heteroatoms (such as boron (B), nitrogen (N), fluorine (F), phosphorous (P), and sulfur
(S)). The dopant adjusts the bandgap, electronic structure, and, consequently, the optical
properties of CQDs by altering the π-π* energy level (related through the core-sp2 carbon
system) [120]. On increasing N-dopant concentration, a gradual increase in the band gap
of the CQDs from 2.2 to 2.7 eV was observed [121]. In contrast, it was also found that the
doping of N in CQDs results in a reduction in size [122]. The CQDs established innovative
electronic states, resulting in a reduction in the bandgap of CQDs (about ~48–57%) [123].
Zuo et al. synthesized F-doped CQDs using a hydrothermal method which exhibited
higher QYs and enhanced the electron transfer and acted as a superior photocatalyst [124].

4.2. Photoluminescence

The emission of light from a substance upon the absorption of light (photon) is called
photoluminescence (PL). Photoluminescence includes two types, namely fluorescence and
phosphorescence. Fluorescent materials emit absorbed light from the lowest singlet excited
state (S1) to the singlet ground state (S0). This process is very fast and has a nanosecond
lifetime. The transitions that occur among two electronic states in the fluorescence process
are allowed because it has the same spin multiplicity. In contrast, in phosphorescence, the
transition occurs from the lowest triplet excited state (T1) to singlet ground state (S0), i.e., a
forbidden transition occurs according to the spin selection rule.

4.2.1. Fluorescence

The fluorescence properties of CQDs have attracted great attention among researchers
because of their several sensing and analytical applications. Numerous mechanisms have
been reported to gain deep insight into the cause of fluorescence in CQDs [125–130]. Among
them, the following two have been found more prominent. The first is that the fluorescence
mechanism is due to band gaps’ transitions arising from the π-conjugated domains (sp2-
hybridized), which is similar to aromatic molecules employing definite energy band gaps in
favor of absorptions and emissions [131]. The second cause of fluorescence is related to the
surface defects, quantum size effect, carbon core state, surface passivation/functionalization
effect, and different emissive traps on the surface of CQDs [132–134].

The main reason for the surface defects in CQDs is an unsymmetrical allocation of
sp2- and sp3-hybridized carbon atoms, and the existence of heteroatoms such as B, N, P,
and S [126,135]. When this surface defect is independently incorporated into the solid host,
it creates surroundings similar to aromatic molecules. These molecules can attract UV
light and display various color emissions [131,136]. CQDs show two types of emission, i.e.,
excitation-dependent emission (tunable emission) and excitation-independent emission.
The tunable emission is due to the presence of various emission sites on the surface of
CQDs along with particle size distribution; because of this, most CQDs exhibit tunable
emissions [137]. The excitation-independent emission is due to the extremely ordered
graphitic structure of CQDs [118]. CQDs exhibit extensive and unremitting excitation
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spectra which are highly photostable and have steady fluorescence, in contrast to traditional
organic dye [95,138,139].

4.2.2. Phosphorescence

In CQDs, the phosphorescence property is also observed, which was first described by
De et al. via dispersing CQDs to polyvinyl alcohol matrix at RT and exciting them with
ultraviolet light. The maximum emission obtained was 500 nm, with an average lifetime
of 380 ns at a 325 nm excitation [140]. Phosphorescence in CQDs arises when the singlet
and triplet states of an aromatic carbonyl group in CQDs and polyvinyl alcohol matrix are
close in energy to assist spin–orbit coupling, which increases the intersystem crossing (ISC).
By using microwave synthesis, Lu et al. synthesized ultra-long phosphorescent carbon
quantum dots (P-CQDs). When P-CQDs were excited at 354 nm, they displayed yellow-
green phosphorescence (525 nm) for up to 9 s. They concluded that as the pH increases, the
phosphorescence intensity of P-CQDs gradually decreases. The reason is that protonation
dissociates the hydrogen bonds and distresses the phosphorescent sources. By introducing
the tetracyclines (TCs), the phosphorescence of P-CQDs was quenched. They applied
P-CQDs as biological and chemical sensing and time-resolved imaging [141]. Figure 5 is
the typical excitation (black line) and emission (red line) spectrum of fluorescent CQDs.

Figure 5. Excitation and emission spectrum of CQDs.

5. Application of Carbon Quantum Dots as a Catalyst

The presence of different functional groups such as -OH, -COOH, -NH2, etc., on
carbon quantum dots’ (CQDs) surface provides vigorous coordination sites to bind with
transition metal ions. The CQDs doped with multiple heteroatoms might further improve
the catalytic activity by encouraging electron transfer via interior interactions. The presence
of more active catalytic reaction sites offered by CQDs and favorable charge transfers
during the catalytic process is also responsible for the application of CQDs as a catalyst
(Figure 6) [6,142–144].
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Figure 6. Catalytic applications of CQDs.

5.1. CQDs as a Catalyst for the Peroxidase-Mimetic Enzyme Activity

Natural enzymes such as peroxidase can catalyze a variety of reactions with high catalytic
activity and excessive surface specificity [145]. Because of this, they are broadly utilized
in different fields such as the pharmaceuticals industry, medicine, agriculture, etc. [146].
However, they possess some limitations such as high cost, short storage life, rigorous
storage conditions, and poor thermal stability [147]. Therefore, to point out these limitations,
carbon-based nanomaterials were found very suitable for intrinsic peroxidase-mimetic
catalytic activity. Yadav et al. have synthesized fluorescent CQDs from leaf extracts of
neem (Azadirachtaindica) by using a one-pot hydrothermal method. The as-prepared Neem-
Carbon Quantum Dots (N-CQDs) exhibited peroxidase-mimetics catalytic activity in an
extensive pH range for the oxidation of peroxidase substrate 3,3′,5,5′- tetramethylbenzidine
(TMB) in the presence of hydrogen peroxide (H2O2). The peroxidase-mimetic catalytic
activity of N-CQDs was confirmed by taking UV−visible absorption spectra of N-CQDs
in the presence and absence of H2O2 with TMB in an acetate buffer. When the mixtures
of TMB and N-CQDs were taken, no absorbance at 652 nm was observed, revealing no
oxidation of TMB. Additionally, when the mixture of TMB and H2O2 reacted, a less intense
peak at 652 nm was obtained, enlightening the partial oxidation of TMB with the existence
of a partial blue color. Interestingly, in the presence of N-CQDs, TMB, and H2O2, the
absorbance at 652 was found at a maximum, with the color changing from colorless to blue,
revealing the complete oxidation of TMB. These results powerfully confirmed that N-CQDs
act as a catalyst for peroxidase-mimetic activity. To determine the intermediate reaction,
the active species trapping experiment with isopropyl alcohol (IPA) and methyl alcohol
(MA) was carried out. The IPA and MA are hydroxyls radical (•OH) scavengers. When
these scavengers were added to the oxidized blue-colored solution of TMB, a decrease in
the absorption at 652 nm was observed, enlightening the incomplete oxidation of TMB
because the IPA and MA consumed the •OH radical. This examination specifies that in the
presence of N-CQDs, the •OH radicals were generated during a peroxidase-like catalytic
reaction, which oxidized TMB via a one-electron transfer to produce a blue-colored solution.
Additionally, the high surface area, small size, and presence of a negative-charge density
on the N-CQDs surface were also responsible for this catalytic activity (Figure 7) [39].
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Figure 7. Showing the oxidation of TMB along with H2O2in the presence of CQDs as a catalyst.

5.2. CQDs as a Catalyst for Selective Oxidation of Alcohols to Aldehydes

Aldehydes are highly demanded as a crucial intermediate for the production of an
extensive range of materials, such as pesticides, toiletries, dyes, and perfumes, in the
pharmaceuticals and agribusiness industries. The popular method for the synthesis of alde-
hydes is catalytic alcohol oxidation, but establishing an ecofriendly method with high-yield
production and selectivity is still a major challenge for researchers [148–150]. Rezaie et al.
developed a multifunctional tungstate-decorated CQDs base catalyst, A-CQDs/W, by using
a one-pot hydrothermal technique, and utilized it for the oxidation of a variety of alcoholic
substrates into analogous aldehydes with the help of H2O2 as an oxidant and an ultrasound
effect as a green activation method. Before investigating the catalytic activity, the oxidizing
potential of an amphiphilic multifunctional catalyst was examined, and they observed
that A-CQDs/W were capable of oxidizing a wide range of alcoholic substances into cor-
responding aldehydes with 100% selectivity and above 95% yield. This achievement was
because of the synergic effect among ultrasound irradiation and the suitable design of the
catalyst. The proposed mechanism for this oxidation reaction firstly involves the reaction
between H2O2 and A-CQDs/W, resulting in the production of bisperoxo tungstate, which
is immobilized on A-CQDs via hydrophilic groups. This is able to diffuse into the organic
alcoholic phase and trigger the oxidation reaction with the assistance of an ultrasound
wave. Finally, aldehyde was fabricated after inserting the alcoholic ligand on A-CQDs/W,
followed by a ligand exchange reaction [34,151,152].

5.3. CQDs as a Catalyst for Selective Oxidation of Amine to Imine

Imines are valuable for the preparation of biologically active molecules, such as
oxazolidines, chiral amines, amides, nitrones, aminonitriles, and hydroxylamines. Addi-
tionally, β-lactams complexes are also synthesized using imine intermediates [153–155].
Several materials were used as a catalyst for the selective oxidation of amine to imine,
but the carbon-based materials such as CQDs, mesoporous carbon, graphene oxide (GO),
amorphous carbon, graphitic carbon nitride, and carbon nanotubes (CNTs) have been
recognized as potential catalysts compared to conventional metal-based catalysts because
of their relatively low cost and natural abundance [156–158].

Ye et al. prepared oxygen-rich carbon quantum dots (O-CQDs) from fullerenes (C60)
and utilized them as nanocatalysts (metal-free) for the oxidation of amines to imine with
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an excellent 98% yield. The mechanism behind this catalytic oxidation reveals that the
molecular oxygen and amine molecules are trapped and activated by carboxylic functional
groups present on the surface of CQDs, along with the unpaired electrons, resulting in the
conversion of amine. For the oxidative coupling of amine to imine, the catalytic performance
of O-CQDs was further improved by heat treatment. The aerobic oxidation of amines was
probably because of the occurrence of several carboxyl functional groups, which coupled
with spins of π-electrons from the atoms situated at the surface of O-CQDs [36].

5.4. CQDs as a Catalyst in the Synthesis of Multisubstituted 4H Pyran with Indole Moieties

Indole scaffolds have attracted much attention among researchers because of their
applications in the field of pharmacology, such as antihypertensive, antiproliferative, an-
ticholinergic, antifungal, cardiovascular, optimal inhibitory, antibacterial, antiviral, and
anticonvulsant activities [159–161]. Additionally, there are some pharmaceutically sig-
nificant compounds and natural products which have anticancer, hypoglycemic, anti-
inflammatory, antipyretic, and antitumor properties, and contain indole scaffolds in their
structures [162,163]. 4H-pyrans are an important family of oxygen-containing hetero-
cyclic compounds with a wide spectrum of biological properties such as antioxidant,
anticoagulant, diuretic, spasmolytic, anti-anaphylactic, and anticancer activities [164,165].
Rasooll et al. synthesized a novel heterogeneous nano-catalyst from CQDs and phos-
phorus acid moieties by using ultrasonic irritation followed by a hydrothermal method
and named it CQDs–N(CH2PO3H2)2. The instrumental techniques such as transmission
electron microscopy (TEM), energy-dispersive X-ray (EDX) spectroscopy, X-ray diffraction
(XRD), FT-IR spectroscopy, scanning electron microscopy (SEM), fluorescence, and thermo-
gravimetric (TG) analysis were utilized to characterize this catalyst. An efficient catalyst,
CQDs–N (CH2PO3H2)2, was effectively applied for the preparation of 2-amino-6-(2-methyl-
1H-indol-3-yl)-4-phenyl-4H-pyran-3,5-dicarbonitriles, with the help of a variety of aromatic
aldehydes, 3-(1H-indol3-yl)-3-oxopropanenitrile derivatives, and malononitrile. The princi-
pal advantages of this catalytic activity include fresh and mild reaction conditions, little
reaction time, and the recycling of the catalyst.

The anticipated mechanism for this catalytic reaction is that, firstly, the acidic proton
of CQDs–N(CH2PO3H2)2 activates the aldehyde group, followed by the reaction with mal-
ononitrile, and intermediate (I) is formed by the loss of one molecule of H2O. In the next step,
3-(1Hindol-3-yl)-3-oxopropanenitrile reacts with intermediate (I) to provide intermediate (II)
following tautomerization. Finally, after intramolecular cyclization, the desired product is
obtained from intermediate (II) with the loss of another molecule of H2O [31].

5.5. As a Photocatalyst for High-Efficiency Cyclohexane Oxidation

In the 21st century, the highly efficient and highly selective catalytic oxidation of cy-
clohexane under mild conditions is the principle objective of catalysis chemistry. Liu et al.
synthesized fluorescent CQDs and gold (Au) nanoparticle composites (Au/CQDs com-
posites). The CQDs were prepared through the electrochemical ablation method using
graphite. A chemical reduction method was used to synthesize AuNPs by an aqueous
solution of HAuCl4 and trisodium citrate, which resulted in a pink color immediately after
the addition of the NaBH4 solution. When in the solution of CQDs, a HAuCl4 solution was
added, and the solution turned red, revealing the formation of a composite (Au/CQDs
composites). Interestingly, they utilized this composite as a tunable photocatalyst for the
selective oxidation of cyclohexane to cyclohexanone with the help of an oxidant H2O2
(30%). The conversion efficiency was 63.8% and selectivity was over 99.9%. The mechanism
involves enrichment in the absorption of light by surface plasma resonance of Au nanopar-
ticles, the generation of active trapping oxygen species (HO·) through H2O2 decomposition,
and interaction among CQDs and AuNPs under visible light [37].
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5.6. As a Catalyst for the Removal of Rhodamine B

Preethi et al. prepared bluefluorescent CQDs from a natural carbon precursor (muskmelon
peel) using a stirrer-assisted method. The synthesized CQDs were utilized as an excellent
photocatalyst and a sonocatalyst for the degradation of Rhodamine B (RhB) dye. The
efficiency of CQDs for the degradation of RhB is 99.11% in sunlight, with a degradation
rate constant of 0.06943 min−1 and 83.04% in ultrasonication. These results advocate
that CQDs are an efficient catalyst for the breakdown of organic dyes in wastewater.
The mechanism reveals the generation of •OH radicals during active species trapping
experiment. •OH was confirmed by taking terephthalic acid (TA) as a scavenger. The
dye molecules adsorbed on the surface of CQDs may be oxidized by these active species,
ensuing in dye degradation [35].

5.7. As a Catalyst in Azide-Alkyne Cycloadditions

Liu and coworkers synthesized yellow light-emitting bio-friendly CQDs from
Na2[Cu(EDTA)] by thermolysis. Cu(I)-doped fluorescent CQDs were utilized for catalyzing
the Huisgen 1,3-dipolar cycloaddition among azides and terminal alkynes, the classical
example of “click chemistry”. The possible mechanism behind this catalytic property using
these CQDs was projected to be the UV-induced split of excitons. First of all, the escape of
electrons from the CQDs occurs, resulting in the formation of holes to compete with Cu(I),
and at last, Cu(I) is released from the CQDs. The high biocompatibility of this nanocatalyst
was confirmed by Hep-2 cells, revealing intracellular detection [32].

5.8. As H-Bond Catalysis in Aldol Condensations

Han and coworkers synthesized CQDs by an electrochemical etching method and
utilized them as efficient heterogeneous nanocatalysts for H-bond catalysis in aldol con-
densations. The catalytic activity was excellent (89% yields), with visible light irradiation.
Highly efficient electron-accepting capabilities, novel photochemical properties, and func-
tional hydroxyl and carboxylic groups on the surface are responsible for such soaring
catalytic activities of CQDs [38]. The catalytic efficiency of CQDs was high in visible light
irradiation, and almost no conversion was observed in the absence of light. The CQD-
catalyzed aldol condensation was greatly influenced by solvents. Han et al. used different
solvents such as ethanol, tetrahydrofuran (THF), acetone, chloroform (CHCl3), and toluene.
However, the highest yield (89%) was calculated when the solvent and reactant were ace-
tone. These investigations exposed that CQDs acted as an outstanding catalyst for Aldol
condensation. The mechanism revealed that the cationic or anionic intermediates were
generated during catalytic reaction. The hydroxyl groups present on the CQDs edge act
as extremely weak acids, which can form H-bonds with oxygenates [166,167]. Aldehydes
and ketones, both reactants, were capable of forming H-bonds. They confirmed that the
hydroxyl groups present on the surface of CQDs favor contact with aldehyde groups. When
the reactions were carried out in the absence of a hydroxyl group, no product was obtained
and free CQDs were unreactive. These results advocate that the capability of CQDs to
intervene in reactions is through interfacial H-bond catalysis. In visible light irradiation,
CQDs act as highly proficient electron acceptors and attract electrons from the O−H···O
region, resulting in the development of a positive charge on hydrogen and oxygen, and the
negative charge increases. This effect results in an increase in the s-character in the oxygen
hybrid orbital, thereby leading to the strengthening of the O−H bond, which efficiently
activates the C=O bond of the aldehyde group and accelerates the aldol condensation. Fur-
thermore, the reaction-intermediate or transition-state species is stabilized by the enhanced
O−H bonds, resulting in the highest yield of 89.4% [168,169].

5.9. As a Catalyst for the Ring Opening of Epoxides

In modern organic synthesis, acid catalytic reactions contribute a characteristic and
imperative role [170]. Some carbon-based nanostructures such as sulfated-graphene/-
tube/-active carbon materials have been utilized as acid catalysts in several catalytic
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applications [171]. However, they possess some limitations, such as the requirement of
sufficient surface functionalization, low efficiency, and complex synthesis steps [172]. As
a result, the development of carbon materials-based acid catalysts with high efficiency
that are light-driven or light-enhanced are still required. Keeping these in mind, Li et al.
described the synthesis of CQDs based on a novel, photoswitchable solid acid catalyst.
The CQDs were synthesized from a graphite rod using an electrochemical method, doped
with hydrogen sulfate groups (S-CQDs). They utilized S-CQDs as light-enhanced acid
catalysts, which catalyze the ring opening of epoxides in the presence of nucleophiles
and solvents (methanol and other primary alcohols). The mechanism revealed that the
additional protons are released from the ionization of the -SO3H group under visible
light irradiation and, as a result, a stronger acid environment is offered for the opening
reaction, and a higher yield as well as selectivity of the product is obtained compared to the
process without light irradiation. The photoexcitation and charge separation in the CQDs
create an electron-withdrawing effect from the acidic groups. The utilization of S-CQDs as
visiblelight-responsive and convenient photocatalysts is a novel application of CQDs in
green chemistry [40].

5.10. As a Catalyst for the Degradation of Levofloxacin

Levofloxacin (LEVO), also known as levaquin, is an important antibiotic medicine.
Several bacterial infections such as pneumonia, acute bacterial sinusitis, urinary tract
infection, H. pypori, and chronic prostatitis are treated by LEVO. It is also used to treat tuber-
culosis, pelvic inflammatory disease, or meningitis, along with other antibiotics [173,174].
However, the degradation of LEVO is typical. Although some techniques have been uti-
lized for the degradation of LEVO, the degradation using CQD had not been discovered.
Meng et al. synthesized CQDs@FeOOH nanoneedles for an efficient electro-catalytic degra-
dation of LEVO. The CQDs were synthesized by a hydrothermal method from orange peels.
With the help of a facile in situ growth method, the α-FeOOH was fabricated by using
Fe2(SO4)3and H2O in 50 mL distilled water. Similarly, a CQDs@FeOOH electro-catalyst
was prepared using the above method, except that 500 mL aqueous solutions of 0.5 g/L
CQDs were used instead of 500 mL distilled water. By using CQDs@FeOOH, about 99.6%
LEVO and 53.7% total organic carbon (TOC) could be competently removed after 60 min
degradation. This high degradation performance for LEVO was due to the soaring mass
transfer capability and the high % OH generation ability of the CQDs@FeOOH. Meng et al.
proposed a possible LEVO degradation mechanism and also investigated the change in
toxicity throughout LEVO degradation. The mechanism revealed the generation of both %
OH and SO4% in LEVO degradation, but a dominant role was played by % OH. Liquid
chromatography-mass spectrometry (LC-MS) results designated that the LEVO could be
entirely decomposed by % OH under the de-piperazinylation, decarboxylation, and ring
opening reaction. This novel work offers a proficient technique to reduce the quantity and
toxicity of antibiotics in water [33].

5.11. CQDs as Electrocatalyst

CQDs are also utilized as electrocatalysts in hydrogen evolution reduction, oxygen
evolution reaction, CO2 reduction reaction and oxygen reduction reaction. The large surface
area, good conductivity and fast charge transfer process of CQDs are responsible for the
electrocatalytic applications [6].

6. Conclusions and Future Perspectives

The present review paper discusses the structures, synthetic methods, optical prop-
erties, and applications of CQDs as a catalyst. The structure of CQDs includes core–shell,
either graphitic (sp2) or amorphous (mixed sp2/sp3). CQDs are usually amorphous, having
different functional groups such as amino, carboxyl, hydroxyl, etc. CQDs are synthesized by
both the bottom-up and the top-down approach. The bottom-up method is better because
it is ecofriendly and economically viable, but it has poor control over the size of CQDs.
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In contrast, the top-down methods are expensive. For the synthesis of CQDs, chemical
as well as biological precursors are used. CQDs possess admirable optical properties and
have superior water solubility, low toxicity, biocompatibility, and ecofriendliness. The
optical properties and QYs are essential parameters for the applications of CQDs in the
field of nanomedicine, biosensing, chemical sensing, bioimaging, solar cells, drug delivery,
and light-emitting diodes. In this review paper, we have focused on the applications of
CQDs as a catalyst in the degradation of levofloxacin, the selective oxidation of amines
and alcohols, azide-alkyne cycloadditions, the synthesis of multisubstituted 4H pyran, the
selective oxidation of alcohols to aldehydes, the removal of Rhodamine B, cyclohexane
oxidation, the ring opening of epoxides, and intrinsic peroxidase-mimetic enzyme activity.
The mechanism suggests that the catalytic activity might be due to the presence of more
active reaction sites, favorable charge transfer, improved structure stability, and enhanced
electronic conductivity.

However, during the last fifteen years, several investigations have been carried out
on CQDs, and numerous challenges require being resolved for the extensive adoption
of CQDs. (1) It is difficult to synthesize CQDs of a desired structure and size because
of the requirement of accurate control over different synthesis parameters. Therefore, to
powerfully control the core structure, a manufacturing process could be developed which
helps increase QYs and the large-scale production of CQDs. (2) In many research papers,
it has not been reported why the fluorescence QY of doped and co-doped CQDs are high
in contrast to the un-doped CQDs. Thus, in the future, it is possible to realize the basic
fluorescence mechanism in doped and co-doped CQDs. (3) Most doped and co-doped
CQDs emit blue fluorescence. Hence, it is challenging for the researcher to synthesize
multicolor emission CQDs and utilize them in different applications in the future. (4) To
broaden the spectrum of CQDs, efforts must be made, particularly in the near-IR region,
so that the applications of CQDs can be widespread, such as in organic bioelectronics.
(5) CQDs possess some limitations such as low reactivity, poor stability, short lifetime, etc.,
which prevents them from promising to be a good catalyst. Therefore, in the future, it will
be possible to overcome these shortcomings.

Compared to other applications of CQDs, very few studies have been reported on the
application of CQDs as a catalyst in organic synthesis. In detail, theoretical and experimental
studies are required to carefully design CQD-based catalysts with attractive catalytic action and
durable operation stability. The applications of CQDs as a catalyst in organic synthesis signify
the flexibility of CQDs in the most unpredicted areas. It is inspiring to see the applications
of CQDs in green chemistry and clean energy production. It looks obvious that the future of
CQDs remains promising.
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Abstract: Since their discovery in 2004, carbon dots (CDs), with particle sizes < 10 nm, have found
use in various applications, mainly based on the material’s fluorescent properties. However, other
potential uses of CDs remain relatively unexplored when compared to other carbon-based nano-
materials. In particular, the use of CDs as catalysts and as supports for use in catalytic reactions,
is still in its infancy. Many studies have indicated the advantages of using CDs in catalysis, but
there are difficulties associated with their stability, separation, and aggregation due to their small
size. This small size does however allow for studying the interaction of small catalyst particles with
small dimensional supports, including the inverse support interaction. However, recent studies have
indicated that CDs are not stable under high temperature conditions (especially >250 ◦C; with and
without a catalyst) suggesting that the CDs may agglomerate and transform under some reaction
conditions. The agglomeration of the metal in a CD/metal catalyst, especially because of the CDs
agglomeration and transformation at high temperature, is not always considered in studies using
CDs as catalysts, as post-reaction analysis of a catalyst is not always undertaken. Further, it appears
that under modest thermal reaction conditions, CDs can react with some metal ions to change their
morphology, a reaction that relates to the metal reducibility. This review has thus been undertaken to
indicate the advantages, as well as the limitations, of using CDs in catalytic studies. The various tech-
niques that have been used to evaluate these issues is given, and some examples from the literature
that highlight the use of CDs in catalysis are described.

Keywords: carbon dots; thermal stability; metal support; heterogeneous catalysis

1. Introduction

Carbon allotropes are multifunctional materials, due to their unique physical and
chemical properties. Carbon allotropes can be chemically modified by other elements
via functionalization or doping, and they can also be used in combination with other
materials to form carbon–carbon or metal–carbon composite materials [1]. The modification
of carbon allotropes helps to enhance their properties, and also widens their spectrum
of applications. Hence, carbon allotropes such as graphite, graphene, fullerene, carbon
nanotubes (CNTs), carbon nanofibers (CNFs), carbon black (CB), carbon nano-onions
(CNOs), carbon spheres (CSs) and carbon dots (CDs) have been successfully incorporated
in fields such as nanomedicine, electronics, sensor fabrication and catalysis [1–4].

Carbon’s many allotropes have shown great potential when used as a catalyst support,
and the carbon can even act as a catalyst in its own right [1,5]. The enormous interest in
carbon-based support materials is due to their surface chemistry, variable surface area and
the porosity of the carbon [1,5]. The use of carbon allotropes is also enhanced by their
electronic properties, which are influenced by their structure and the carbon atom valence.
The electronic effects can promote a high dispersion of the supported (metal) catalyst, and
also of surface defects, and this can enhance their capability for gas storage, adsorption
and/or separation processes [5,6].

Catalysts 2023, 13, 1201. https://doi.org/10.3390/catal13081201 https://www.mdpi.com/journal/catalysts
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Heterogeneous metal catalysts usually comprise a metallic catalyst that is anchored or
supported on the surface of a material that serves to enhance the surface area of the metal
while also improving the metal stability during chemical reactions [7]. Support materials
are important for immobilizing and anchoring the active metal catalyst, improving its dis-
persion and durability, and aiding it in avoiding deactivation during a catalytic reaction [8].
Many studies have shown that a catalytic reaction rate is influenced by the catalyst dis-
persibility [9]. Metal–support interactions (MSI) are an important factor to consider when
selecting a catalyst support, as the support directly influences the dispersibility, sintering,
reducibility, and overall performance of the catalyst. MSIs are effects measured by the
physical and chemical interactions between the metal catalyst and the support [10–12]. The
stronger the MSI, the more resistant the catalyst is to deactivation via sintering during a
reaction [12,13]. Carbon, in its various allotropes, generally forms a weak MSI with a metal
catalyst. However, the MSI can be improved by means of functionalizing or doping of
the carbon surfaces with heteroatoms. These effects create defects in the carbon nanos-
tructure, and also alter the electronic properties of the carbon allotrope. Consequently, the
dispersibility of the metal catalyst is increased and metal sintering/deactivation is reduced
by doping/functionalization [12].

Most carbon allotropes are relatively ‘stable’ under harsh reaction conditions; this
makes them less susceptible to structural and/or chemical changes during catalysis [12].
This is important, because the structural disintegration of a catalyst support can lead to
deactivation of a catalyst. The properties of carbon supports have been studied under
different conditions using varying pH, solvents, temperatures, time, etc. For example,
carbon allotropes have successfully been used as supports for titania in photocatalysis [14],
platinum in electrocatalysis [15], and cobalt, iron and ruthenium in catalysis for fuel
production under a wide range of reaction conditions [12].

Carbon dots (CDs) are a fairly new type of carbon nanomaterial. CDs are defined as
zero-dimensional quasi-spherical carbon nanomaterials with particle sizes below 10 nm [16].
Their general structure consists of sp2- and sp3-type carbons, with a large number of
functional groups or polymer chains attached to their surfaces [17–19]. Numerous reviews
have summarized the potential of CDs in many traditional and emerging areas, such as
photoluminescence (PL) and photoelectrochemical-driven sensing, catalysis, imaging, and
biomedicine applications, where they have been shown to be superior to other carbon
allotropes [16,20]. Further, CDs, unlike metal-based quantum dots, have a high water
dispersibility, low toxicity, and good biocompatibility [21]. Thousands of papers have been
written about CDs in terms of their synthesis, characterization and uses. The aim of this
review is not to reproduce the information on the synthesis, applications, and the properties
of CDs, which has been summarized in scores of reviews, but to indicate the transformation
of CDs into other shaped materials, which is associated with temperature and the presence
of catalysts.

CDs, like many carbon allotropes, have been used as both catalysts and catalyst
‘supports,’ and reviews on the use of CDs both as carbocatalysts and as composites with
metal and metal oxide supports have been reported [22–24]. As is known, there are
many advantages to using CDs and CD/metal complexes in catalysis, but there are also
limitations on the use of these carbons. For example, in many of the studies it is not clear
if the integrity of the carbon has been retained, and the degree to which metal sintering
has taken place during their synthesis or in their catalytic reactions. Indeed, some studies
have revealed that CDs and CD/metal materials, lose their shape/size during reaction,
especially at high temperatures (>100 ◦C) and in the presence of easy-to-reduce metals.
This has been observed in carbon–carbon coupling reactions [25], hydrogen evolution
reactions [26] and hydrogenation reactions, where the CDs either decomposed or were
transformed into other carbon structures [27,28].

In this review we have evaluated data on the use of CDs and CD/metal catalysts in
catalysis. One of the advantages of using these two types of catalysts, relative to more
typical catalyst systems, relates to the easy access to CDs which can be produced at low
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cost from any carbon source, including waste materials. Since the metal particles are either
the same size or larger than the CDs, the terminology CD/metal has been used to describe
the catalysts made from CDs and metal particles. We have not comprehensively reviewed
all reports where CDs and CD/metal materials have been used in catalysis, but have rather
chosen some typical literature reactions to highlight the challenges associated with the use
of CDs in catalytic reactions. In particular, we wish to highlight the structural changes or
destruction of the CDs that can occur during a reaction that can ultimately lead to metal
agglomeration. The techniques that can be used to evaluate the stability of CDs, especially
post reaction, are discussed with special reference to metal and carbon agglomeration.

2. The Structure of Carbon Dots (CDs)

2.1. Types of CDs

CDs are usually divided into four distinct subgroups. These are graphene quantum
dots (GQDs), carbon quantum dots (CQDs), carbon nanodots (CNDs) and carbonized
polymer dots (CPDs) [29–32] (see Figure 1). In the literature, these four types are usually
called carbon dots (CDs), and generally they are all regarded as being similar in their
catalytic (and many other) properties. However, this may not always be true. To date, this
issue has not been explored, and there is evidence to suggest that the different CDs will
react differently as a function of temperature and when in the presence of metals that can
aid their decomposition [27]. In this review, the term CDs will be used for all carbon dots
shown in Figure 1.

 

Figure 1. The proposed representative structures of a graphene quantum dot (GQD), carbon quantum
dot (CQD), carbon nanodot (CND), and carbonized polymer dot (CPD). Adapted with permission
from Wiley-VCH Verlag [33].

CDs must be differentiated from carbon nano-onions (CNOs) and onion-like nanocar-
bons (OLNCs), which are also in the nanometer range [34]. CNOs and OLNCs have
structures with carbon layers similar to those found in a concentric-like onion structure
(see Figure 2), while CDs (Figure 1) tend to have the carbon layers arranged as paral-
lel graphene sheets (Figure 1). The CNOs/OLNCs are prepared at high temperatures
(>500 ◦C), while CDs are typically prepared at T < 200 ◦C. This results in differences in
their thermal stabilities that impact on their chemical properties.
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Figure 2. Graphical representation showing the differences between (a) a carbon nano-onion (CNOs),
and (b) an onion-like nanocarbon (OLCN).

There are two methods used to modify the structure/surface of CDs. One method is
by functionalization, and this is described in more detail below. The other is by making
the CDs with precursors in which reactants provide non-carbon atoms to the CD. This is
referred to as doping. The most typical dopant is nitrogen, and the addition thereof in
quantities ranging from 1 to 10% can lead to substantial changes in the surface chemistry of
a carbon material, including CDs. Many CDs have also been doped with metal ions, and
this modification can also impact their chemistry and catalytic reactions [35].

2.2. Surface Properties of CDs

CDs have many useful properties associated with their small size and functional
groups. While the surface of the CD is important in correlating with their physical and
chemical properties, the role of the core is still poorly understood [36]. Thus, most studies
on the use of CDs that have been performed have related to their surface chemistry [37].
The surface of a CD contains many functional groups, and these groups are responsible
for the catalytic activity of the CD. CDs are typically synthesized with both oxidizing and
reducing groups that are used to bring about organic redox transformation reactions. These
functional groups are also used to modify their PL spectra. Their surface chemistry can be
modified by classical procedures associated with modifying any carbon surface. The surface
modification can be achieved by covalent and non-covalent bonding of reactants with the
CD surface, as reported in work by Yan et al. [38]. This type of modification is carried out
to improve the properties of the CDs for a specific application such as biosensing, or metal
and molecule detection [38]. Examples are shown in Figure 3.

Figure 3. Post-surface functionalization of different CDs via (a) amide coupling-type reaction (cova-
lent bonding), (b) esterification (covalent bonding) and (c) pi–pi interactions (non-covalent bonding).
Adapted with permission from [38], Copyright 2018, Springer Nature.
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The surface charge on the CD can be modified by changing the functional groups. The
starting precursors can be manipulated in order to obtain CDs that are either hydrophilic or
hydrophobic [39]. Typically, CDs are synthesized using multifunctional organic chemicals,
and this produces hydrophilic CDs. Similarly, hydrophobic CDs can be produced using
aliphatic chemicals such as dodecylamine [39,40]. It is further noted that the surface charge
on the CD can be modified by changing the functional groups, and this can be done without
post modification of the CDs [41]. Thus, CDs with different surface charges [41,42] and
polarities [40,43] have been reported. For example, most CDs are made with a negative
charge (associated with COO− groups). An important approach to generate positively
charged CDs is by modifying CD surfaces with ionic liquids (ILs) and then annealing
the material at ca. 240 ◦C. The IL-covered CDs were then used to detect metal ions in
solution [41] or to make inks [42].

CDs can also react with themselves. For example, CD–CD linkages have been achieved
from CDs that were made from C60 fullerene (by a base reaction). The CDs self-assembled
when they were freeze dried [44]. After annealing (600–800 ◦C), the materials were used
in capacitor studies. The self-assembly was proposed to be achieved with ice crystals
acting as a template [44]. Studies have also been carried out in which a chemical reaction
between two different CDs produced CD assemblies with surface properties associated
with the different CDs used. Zhou et al. made three different types of CDs, and under room
temperature conditions and with different CD combinations, they were linked together via
the functional groups on the CDs. In one instance, the CDs, after reaction with each other,
gave nanostructures that were used as drug nanocarriers [45,46]. Many other examples
have also been reported [27].

Self-assembly of CDs has been achieved by the use of tannic acid. Modification of the
functional groups on the CDs with ionic liquids provided for a good interaction of the CDs,
with the negative charges on the tannic acid allowing for formation of assembled species
(in some cases, dCD > 100 nm), which were readily detected by Tyndall cone measurements
and transmission electron microscopy (TEM) measurements [47]. Supramolecular orga-
nization of CDs after alkylation of amine-functionalized CDs [39] has led to a series of
alkyl-functionalized CDs, which could be separated by chromatography and that formed
an organized structure in the solid state. The new assemblies were used in nonlinear optical
studies [40]. A recent extension of this work described the self-assembly of CDs made from
chiral cholesteryl to make thermotropic liquid crystals with a range of architectures [43].
These self-assembled CDs could provide an entry into novel structures for use as both
carbocatalysts and to make CD-metal catalysts.

A key property associated with a CD surface is its hydrophilicity, which has led to the
extensive use of CDs in medicinal chemistry [48]. Another important property is their pho-
toluminescence (PL), which has allowed them to be used in sensing devices [49]. Typically,
addition of a metal reactant to the CD functional groups results in a decrease in their PL
spectrum, and hence these types of experiments are usually conducted to detect metal ions
within various media [50]. The changes in the PL spectra of CDs will be influenced, in a
catalytic reaction, by the varying concentrations of products and reactants that could bind
to the CD surface, thus allowing for the exploration of a reaction mechanism. The addition
of polymers to a CD surface has been found to lead to improved PL properties [29].

Due to their small size (<10 nm), the separation and purification of CDs is not simple.
Further, yields of the purified CDs are not always reported, and it is thus difficult to assess
the usefulness of many synthetic strategies. While CDs have a small size, their surface
area tends to vary, and can be lower than expected. The surface area can vary, for example,
between 16.4 m2 g−1 [51] and 1690 m2 g−1 [52].Thus, interaction with a metal ion or particle
will be limited by this property. However, the many surface groups can be used to reduce
metal ions to metal particles and in so doing lead to the formation of small metal particles,
by limiting the site of the reduction. As expected, when CD surfaces, as in all carbons, are
doped with N atoms, metal particle agglomeration is reduced [53].
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The role of carbons as supports is limited by their reactions under oxygen, hydrogen
or inert gases. In the presence of oxygen, most carbons will oxidize (to CO, CO2) below
600 ◦C [54,55], while under H2, the carbon can react to form CH4, typically at temperatures
above 500 ◦C [56]. Under an inert atmosphere, surface groups on the carbon can be removed
at temperatures dependent on the carbon-to-element bond. In the absence of a catalyst,
and under an inert atmosphere, the carbon core can be stable to temperatures above 600 ◦C.
CDs, because of their size, have a high surface-to-bulk (core) carbon atom ratio [57]. Thus,
all the reactions listed above can be expected to be modified when CDs are used, in relation
to reactions with larger carbon molecules.

2.3. Synthesis of Carbon Dots and Their Application as Reducing Agents

Many papers and review articles have been written on the synthesis of CDs and
this topic will not be discussed in detail here. CDs can be synthesized by “top-down”
procedures, by cutting down larger carbon allotropes such as graphene, fullerene and
CNTs using strong oxidizing agents like sulphuric and nitric acid [58]. The CDs can also
be prepared by the “bottom-up” process, and are generally made from precursors that
contain functional groups that are typically retained from their synthesis precursors [29].
For example, CDs can be prepared from highly oxygenated starting materials such as
ascorbic acid, sucrose, and citric acid [59,60], using a “bottom-up” synthesis approach
(Figure 4). Further functionalization using a variety of methods can be carried out to
advance the surface chemistry and other properties of the CDs [29,38]. The CD surface
groups affect their overall chemical behavior, such as their electronic properties. These
electronic properties have been exploited for oxidizing and reducing metals, and in this
way generate CD/metal catalysts [24,61].

Figure 4. Schematic presentation of the “bottom-up” and “top-down” CDs synthesis procedures
from oxygen-rich starting materials (highlighted in red) or by reacting ‘large’ carbon allotropes with
oxidizing acids.

There are numerous studies that have been reported in which CD surface oxygen
groups have been modified/reduced after the CDs have been synthesized. These are
referred to as reduced CDs (r-CDs). Reducing agents used include NaBH4, ascorbic acid,
sodium citrate, and hydrazine hydrate, with NaBH4 being the most effective reducing
agent [62]. The r-CDs have been reported to have better luminescence properties than
their pristine (more highly oxidized) CD counterparts [37]. These r-CDs have been used to
reduce strong oxidizing agents such as KMnO4, KIO4 and K2Cr2O7. These reagents in turn
have been used to selectively oxidize the O-H groups in r-CDs to C=O [63]. They have also
been used to reduce metal ions, to generate metal catalysts.
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3. Carbon Dots in Catalysis

The main role of any carbon in the field of catalysis is that of the carbon acting either
as a catalyst (called carbocatalysis) or as a support for a heterogenous catalyst [22]. Because
of their small size, CDs add this extra feature of support dimension to their use in catalysis,
relative to other carbon supports.

3.1. Applications of Carbon Dots-Based Catalysts

Excellent reviews exist on the use of CDs as carbocatalysts [22–24,64,65] in thermal,
photocatalytic and electrocatalytic applications. Many simple and classic chemical transfor-
mation have occurred in the presence of CDs (Figure 5) [24].

 
Figure 5. CD application in nano-organocatalysis and photocatalysis. (Adapted with permission
from [24] Copyright 2020, American Chemical Society).

As will be seen in these reviews, much focus has been on their surface functionalization
and use, rather than on morphology changes of the CDs observed after or during reactions.
This is understandable, as in most instances very small amounts of catalyst are used, and
re-use studies have indicated that the carbon ‘catalyst’ is stable after many reaction cycles.
However, some studies have shown that the CDs can be converted into other morphologies,
typically when reactions occur at high temperatures or in the presence of easily reduced
metal ions. The difficulty in using smaller carbon particles (CDs) was hinted at in an early
review on the use of nanocarbons in catalysis, viz. “However, it is useful to comment that
it is not always proven that functionalized nanocarbons act as real catalysts; e.g., they are
not consumed during the reaction” [66]. Some examples where post-reaction studies of
CDs have been reported and have revealed CD conversion to other morphologies are given
below.

- A limitation of using carbon dots in catalysis

The conversion of CDs into carbons with a different framework was noted in early
studies on the synthesis of CNTs when the CDs were decomposed at high temperature in
porous anodic aluminas [67]. Later studies showed that CDs, made from acetone, could be
easily converted into carbons called porous carbon frameworks (PCFs) at high temperatures
of between 400 ◦C and 800 ◦C [68]. Transmission electron microscopy (TEM), scanning
electron microscopy (SEM) and Fourier-transform infrared spectroscopy (FT-IR) studies
showed that conversion of the CD morphology occurred. A mechanism involving Na ions
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interacting with the CDs was suggested, in which carbon nanosheets were formed by CD
decomposition to carbon atoms which then self-assembled to form sheets; these materials
were used in electrochemical studies [68]. The synthesis of P- and N-doped porous materials
(NPCNs) was also achieved by adding the above CDs to amino trimethylene phosphonic
acid, and heating to 800–1000 ◦C (Figure 6). The NPCNs and porous carbon frameworks
(PCFs) were used in electrochemical studies that gave exceptional behavior as metal-free
ORR catalysts [69].

 

Figure 6. TEM images of NPCN-900 (i.e., carbon heated to 900 ◦C) at (a) 0.2μm scale, (b,c) 100 nm
scale, highlighting the nanoporosity and holes in their structure (c), as well as an (d) HRTEM (20 nm
scale) image of the highlighted nanopores and holes (reproduced with permission from [69], 2017
Elsevier Ltd.).

The reaction of CDs made from acetaldehyde mixed with NaHPO4 at temperatures
ranging from 400 ◦C to 900 ◦C gave P-doped carbon nanosheets (P-CNSs) [70]. TEM
and SEM studies of the CDs (made without the P addition) and the P-CNSs showed that
sheet-like materials had been made. These materials were studied for their electrochem-
ical behavior. They showed good sodium ion storage when used as an anode material
for sodium-ion batteries [70]. The thermal conversion of CDs made from sucrose or glu-
cose [71,72] has been monitored, and the data clearly indicated a simple morphology change
to a layered carbon material with graphene-like structure. These conversion reactions are
described in Section 6. In summary, numerous examples have shown that CDs can readily
convert to sheet-like materials under thermal conditions.

3.2. Metals Doped into CDs and Metals Supported on CDs as Catalysts

Metals salts can be added to CDs in two different ways: (i) during the CD synthesis to
give metal-doped CDs [35] and (ii) after reaction, to give metal-supported CD materials. In
the literature, the catalysts in which the metal is (i) on/in the surface of a CD, (ii) covered
by a carbon layer or, (iii) on a carbon layered material made from a CD, have been given
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various names. In this review all will be referred to as a CD/metal material, to indicate that
the CD is generally smaller than the metal particle.

Different types of CD/metal composites have been studied as catalysts in a vari-
ety of organic reactions, including carbon–carbon bond formation, oxidation, reduction,
hydrogenation, heterocyclic synthesis, multi-component synthesis, and simple organic
conversions under light- or mild-temperature conditions (≤100 ◦C). This data has been
reviewed [22,23]. Furthermore, CDs have also been studied as catalysts in a variety of
nano-organocatalytic and nano-photocatalytic reactions [24]. For example, Li et al. have
reported on the use of novel nanocomposites made by doping CDs with a variety of metals
(Cu, Zn, Co, Fe, etc.) to improve the optical and electronic properties of the CDs for use in
photo-/electrocatalysis [35].

When considering data from the literature, it is clear that the mixture of metal ions and
CDs at low temperatures leads to a range of possible chemical interactions. Thus, reports
have shown that addition of metal ions leads to (i) coordination compounds with the CD
surface [73], (ii) metal reduction by the CD surface groups [74], and even (iii) reduction of
the metal by the carbon core [25]. These reactions are discussed below.

The ability of the CD core to reduce a metal is determined by the reducibility of the
metal. Ellingham diagrams have been used to indicate the role of carbon in reducing bulk
metal oxides to a metal, and some date indicating this are shown in Figure 7 [75]. Any metal
oxide above the free energy of carbon in the diagram can be reduced by carbon. While it
is expected that nano-sized metal oxides will have different phase diagrams and hence
different free energy values from those in the Ellingham diagram, the differences will be
small, and will allow for similar generalizations to be made. As can be noted, a reduction
reaction can occur at T < 100 ◦C for some metals. Further, the addition of metal ions to
carbon, where the metal appears below the carbon free energy line, will not be expected to
bring about a reaction with carbon. Post analysis of reactions to support the above, where
reported, suggest no reaction with the carbon CD core has occurred and that the CDs have
retained their size/shape [35].

Figure 7. Ellingham diagram showing some metal oxides and carbon.
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3.2.1. High-Temperature Reactions of Metals Supported on CDs

Studies have shown that when high-temperature reactions (T > 400 ◦C) are used to
react metal ions with large spherical carbon materials, the carbon itself acts as a reducing
agent and in so doing gives a surface with the metal particle ‘embedded’ in the carbon. For
example, the reaction of Co ions with carbon spheres (d = ca. 450 nm) under an inert gas,
at T ca. 450 ◦C, produced Co/C catalysts with small reduced Co particles for use in the
Fischer–Tropsch (FT) reaction (Figure 8). These particle sizes compared with the sizes of
Co particles produced under H2 gas, but with a better ability to prevent Co agglomeration
during the FT reaction [76]. The above suggests that the reduction of metal ions on carbon
should be possible on smaller carbon spheres, the CDs. However, as the size of the carbon
sphere is reduced, there comes a point at which the carbon and the metal particle will have
similar sizes, and this could influence the resulting metal–carbon interaction.

Figure 8. An illustration showing the reaction of CoOx with a carbon sphere (cobalt oxide =   ;

cobalt metal =   ).

Indeed, the study of reactions in which the support is comparable in size to the metal
is referred to as inverse support catalysis (Figure 9) [77–79]. While this concept is well
known when metal oxide supports are used (SiO2/TiO2/Al2O3), this concept has rarely
been exploited with carbon as the support.

Figure 9. An illustration of (a) a conventional support; where small metal catalyst particles are
dispersed on a large surface area support, and (b) an inverse support; small amounts of a support
material are dispersed on the surface of a metal catalyst (forming “nano islands” around the metal).

A previous attempt was made to study catalysts made with Co and CDs (with similar
small dimensions) in the Fischer–Tropsch reaction [28]. In the reaction (220 ◦C/10 bar
pressure) the CDs were found to decompose, and this led to Co agglomeration. It is clear
that both surface groups and the CD core were altered/removed in the reaction. The
residual carbon support showed no CDs, and the CDs were completely transformed into a
layered carbon material, as shown in Figure 10. The changes to the CDs were accompanied
by the simultaneous reduction of the Co active metal phase. This data clearly illustrated how
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the support material changed alongside the active metal during the reduction treatment. It
is unclear if the Co metal dictates the changes to the CDs, or vice versa.

Figure 10. TEM image of CoX/CDs after reaction [28].

The data are consistent with the high-temperature studies of CDs in the absence of
a catalyst (see [71]). This could limit the potential use of CDs as metal supports under
reducing conditions, but may open up new ways of making metals supported on carbons
with unexpected morphologies.

Other studies have also appeared in the literature in which similar observations have
been made. CDs were prepared from citric acid and ethylenediamine. To the CDs was
added nickel nitrate, and the mixture annealed under a nitrogen atmosphere at 300, 400,
500, and 600 ◦C for 3 h. The catalysts were used for the nitro-reduction of halogenated
nitrobenzenes. The Ni@NCDs (NCD = nitrogen-doped CD) exhibited a nanosheet structure
with Ni nanoparticles (6.88 nm) embedded in the NCDs, as observed in high-resolution
TEM (HRTEM) images (Figure 11). Ni metal particles could be seen forming from NiO,
even at 300 ◦C (detected by XRD studies) and the NiO had disappeared by 600 ◦C [80].

Figure 11. HRTEM image of Ni encompassed by carbon layers made from CDs (adapted with
permission from American Chemical Society [80]).
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Studies have also shown that CDs can be added to metal complexes to produce carbon
covered metal oxide composites. Thus, the addition of CDs (made from acetone) added
to TiCl3 (and CTAB) after annealing at 800 ◦C gave carbon-covered TiO2 (Figure 12). This
provides an excellent method of producing total coverage of the TiO2 by carbon. The
petal-like structures were used to ‘store’ sodium ions for use in battery studies [81].

Figure 12. (a) TEM and (b) HRTEM images of titania covered by carbon layers made from CDs.
Adapted with permission from [81], 2016 WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim,
Germany).

These results are consistent with the data from Ellingham diagrams discussed above.

3.2.2. Low-Temperature Reactions of Metals Supported on/in CDs

Many reactions have been studied on metal-CD composites in catalysis at temperatures
lower than 150 ◦C. In these studies, the CDs act as a reducing agent for the reduction of
a metal salt (and as a capping agent) that is to be used as a catalyst. Any pre-existing
O-H groups on the CDs are sufficient to reduce metal salts and metal oxides into a lower
oxidation state, and even to the metallic state. It is less likely that the carbon core itself
acts as a reducing agent at these low temperatures, but this will be influenced by the metal
under study. In general, very few post-reaction studies have been reported to evaluate any
changes that may have occurred at the surface or to the carbon after the use of the CD in
chemical reactions.

- Examples where the CD structure is retained

Since CDs can reduce metals, it is important to use appropriate reaction conditions
and metals (or metal oxides) to make CD/metal composites. Examples where CDs have
been loaded onto metals (or metal oxides) and retained their morphology are given below.
For example, simple coordination of metal ions onto the CD surface has been shown by
studies on single-atom (Fe) catalysts that were added to CDs [82]. The coordination of
Fe3+ with the carboxyl groups on the CD was studied by the extended X-ray absorption
fine structure (EXAFS) technique, and results clearly indicated that the metal had not been
reduced and that the Fe was directly linked to the CD [73]. The ‘coordination’ of CDs with
metal oxide particles has also been observed, e.g., with Fe3O4 particles [83].

Studies in which the surface groups on CDs have been used to reduce metal ions and
then bind metal particles to the CDs are well known. Ferrocene, acetone and hydrogen
peroxide were used to make a CDs/Fe3O4@CS product in a solvothermal reaction that
showed CDs (3.9–9.8 nm) and Fe3O4 embedded in a carbon sphere (CS). The average
diameter of the nanocomposite, which resembled a pomegranate fruit, was 451.9 nm
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(Figure 13). The HRTEM studies clearly showed the co-existence of the CDs and the
FeOx particles. The CDs/Fe3O4@CS were used in peroxymonosulfate, persulfate and
H2O2 studies, with and without visible-light illumination, and in ibuprofen degradation
studies [84]. Interestingly, when commercial Fe3O4 particles and glucose/acetic acid (to
make CDs) were heated at 140 ◦C for various time periods (4 h–18 h), the products formed
showed CDs attached to the Fe3O4 particles [85]. In contrast, glutaric acid-functionalized
Fe3O4 particles (14–20 nm) when reacted with CDs (2.5 nm) made from polyacrylamide at
270 ◦C gave Fe3O4 particles encapsulated by carbon layers [86].

Figure 13. (a) TEM and (b) HRTEM images of a CDs/Fe3O4@CS catalyst at different magnifications.
Adapted with permission from [84], Copyright 2020 Elsevier.

CDs were produced from ethylenediamine and citric acid, and these were added to
copper acetate solutions in different CD/Cu ratios. The photocatalytic reaction of copper
acetate and CDs produced Cu/CDs (4–6 nm), as detected by HRTEM studies (Figure 14).
The interaction of the Cu with the CD can be clearly seen in the image. The larger the
CD/Cu ratio, the larger the particles that were formed. The Cu/CD catalysts were used for
the photocatalytic hydrogen evolution from lactic acid solutions [87].

Figure 14. (a) TEM and (b) HRTEM images of Cu/CDs NPs (reproduced with permission from [87],
Copyright 2017 Elsevier.
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In another study, the polyoxometalate (POM) clusters, Na6[H2PtW6O24] and
Na6[H2PtMo6O24], and carbon dots (CDs) were added together, and were used in the
hydrogen oxidation reaction (HOR) in acid [88]. The CDs (ca. 5 nm) were made by elec-
trolyzing graphite rods. The CDs improved the catalytic performance of the POM by
enhancing the electron acquisition ability of Pt. The HRTEM image (Figure 15) clearly
shows well-dispersed CDs on the POM.

 

Figure 15. HRTEM image of Na6[H2PtW6O24] with CDs observed on the surface. Adapted with
permission from [88], Copyright 2021 Elsevier.

Lu et al. synthesized CDs from ethylene glycol by electrolyzing an electrolyte solution.
The as-prepared CDs (particle size range: 2–4 nm) were then used to reduce HAuCl4 and
AgNO3 to AuNPs and AgNPs, respectively, using a facile room temperature method [61].
HRTEM images showed the presence of metallic Au particles (12–14 nm). The particle
size range for the Ag nanoparticles was 6 to 8 nm. In the study, analysis of the samples
using FT-IR spectroscopy and X-ray photoelectron spectroscopy (XPS), before and after
the reduction reaction, showed that the O-H group concentration on the CDs surface were
significantly reduced, while the carbonyl group concentration increased post reduction.
Additionally, the as-prepared metal nanoparticles showed good dispersibility, and this was
associated with possible hydrogen bonding between the residual CD hydroxyl groups and
the metal nanoparticles [61]. The CD-reduced metal catalysts were active in the colorimetric
detection of H2O2 and glucose. Later, Yang et al. developed a AuPd bimetallic catalyst [89]
using CDs prepared from ethylene glycol following the procedure reported by Lu et al. [61].
The reduction of the metals by CDs was also associated with the presence of the hydroxyl
functional groups on the surface of the CDs. The prepared AuPd nanoparticles were tested
for the catalytic reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP).

Another interesting study was conducted by Jin et al., who prepared four different
types of CDs from sucrose, sucrose and acetylcholine chloride, sucrose and mercaptosuc-
cinic acid, and sucrose and N-acetyl-L-cysteine as precursors to produce pristine CDs (with
C and O functionalities only), N-doped CDs, S-doped CDs, and N–S doped CDs. The TEM
results showed that doping the CDs, especially with S-functional groups, produced small-
sized Ag nanoparticles [90]. The prepared AgNPs showed good antibacterial properties.
CDs prepared from polyethyleneimine [91] and chitosan [92] have also been used in the
preparation of stable AgNPs from AgNO3. XPS data of the Ag nanoparticles indicated the
presence of C, possibly acting as a capping agent.

In another study, Pd nanoparticles (4.7 nm) supported on activated carbon were added
to CDs (1.7–3.6 nm) made from citric acid and L-cysteine, to give N−S (nitrogen and sulfur)-
doped carbon quantum dots (N,S-CDs). The mixture was dried at 100 ◦C and the product
used for the liquid-phase selective hydrogenation of ρ-chloronitrobenzene. HRTEM data
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revealed that the Pd interacts with the CDs. (Figure 16) [93], and that coverage does not
appear to be complete.

Figure 16. HRTEM image for Pd/N,S-CDs catalysts. Adapted with permission from [93], copyright
2019 American Chemical Society).

Liu et al. produced CDs made by the electrochemical ablation of graphite [94]. To a
solution containing the CDs was added a HAuCl4 solution to give an Au nanoparticles/CDs
catalyst used in the selective photocatalytic oxidation of cyclohexane. Similar studies were
performed on Cu/CD and Ag/CD catalysts made from Ag or Cu ions, and CD mixtures.
HRTEM studies showed an interaction between the CDs and the Au (and Cu and Ag)
(Figure 17). This was confirmed by X-ray absorption spectroscopy experiments on the
Au/CDs composites when the Au/CDs composites were exposed to visible light; EXAFS
data indicated Au–C interactions [94].

Figure 17. HRTEM images of (a) Au/CD, (b) Ag/CD and (c) Cu/CD catalysts. Adapted with
permission from [94], copyright 2014, American Chemical Society.

The above examples show that CDs make good reducing and stabilizing agents for
different metals. In summary, it appears that in the examples described above, the CD-metal
interaction involves (i) simple coordination chemistry and (ii) reduction of the metal by CD
surface functional groups. Additionally, the metal nanoparticles produced usually have
uniform size, are well dispersed and have good stability (stable for months, post-synthesis).

- Examples where the CD structure is lost
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The examples below show studies in which the CDs have lost their morphology
during reaction between a metal salt and the CD. In some studies, the layered carbon takes
the shape of the formed metal nanoparticles. These CD-transformed carbons, containing
metals, were used in further catalytic studies.

Ag nanoparticles with estimated particle sizes of 40 nm were produced by reducing
AgNO3 in a solution containing CDs, at 50 ◦C for 5 min [95]. The CDs (~2–6 nm sizes),
contained −OH and −NH2 surface groups, and it was believed that these groups were
responsible for the reduction of the metal salt into metallic Ag. Post analysis of the CDs
after reduction was reported. The resulting CDs-Ag nanocomposite had a core-shell
structure (called Ag@CD), with the Ag nanoparticles encapsulated inside the CD layers.
The thickness of this carbon shell was found to be about 2 nm (see Figure 18a). HRTEM
data analysis confirmed the conversion of the Ag salt to metallic Ag. The Ag, surrounded
by C, was successfully used for the catalytic oxidation of TMB in the presence of H2O2,
the plasmon-enhanced-driven photocatalytic reaction of p-nitrothiophenol (PNTP) into
4,4′-dimercaptoazobenzene, and the catalytic-driven reduction of PNTP to PATP in the
presence of NaBH4 [95].

Figure 18. (a) TEM images (a1) HRTEM image and (a2) C and Ag element mapping of Ag@CDs
(copyright 2016, American Chemical Society [95]), and (b) Pd@CDs nanocomposite (copyright
2013, Royal Society of Chemistry [25]), showing that the CDs are transformed into thin shells that
encapsulate the metal catalysts.

Interestingly, Dey at el. produced CDs of estimated particle sizes of 6.6 nm from
clotted cream. The CDs were then mixed with H2PdCl4 and refluxed at 100 ◦C for 6 h.
From this, a nanocomposite of Pd@CDs was formed, and the HRTEM revealed that the
reduced Pd nanoparticles were encapsulated inside a ~3.8 nm carbon layer (Figure 18b).
Reduction of the Pd salt to metallic Pd was confirmed by XRD data [25]. The Pd@CDs was
tested for activity in the Heck and Suzuki-based coupling reactions, e.g., in the reaction
of phenylboronic acid and bromobenzene to give biphenyl. Beyond 4 h reaction time,
the catalyst deactivated. PVP was then added to the Pd@CDs to further enhance the
dispersibility of the catalyst. This led to an improved conversion of biphenyl from 45% to
95% and a >4 h reaction time, presumably due to a limited agglomeration of the Pd [25].

A study by Zhang et al. showed that CDs produced from chitosan could reduce
Rh3+ to its active catalytic form, Rh0 [96]. The CDs were synthesized using a microwave-
assisted hydrothermal reaction of chitosan, and the obtained CD particle size was ca.
9.6 nm. The prepared CDs were then mixed with RhCl3·3H2O and allowed to react for
1 h at 120 ◦C. Post reaction, the sample was analyzed using XRD, and the data showed
the presence of metallic Rh0. TEM results showed that the resulting Rh nanoparticles and
CDs formed clustered structures, and their average particle sizes after synthesis at two
different CD:Rh salt concentrations (4:1 and 6:1), were 23.4 nm and 27.8 nm, respectively.
The TEM images recorded in the study are shown in Figure 19, and were reported to show
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a close interaction of the Rh particles with the CDs. The prepared catalysts were used
to hydrogenate polybutadiene (HTPB) and hydroxy-terminated butadiene-acrylonitrile
(HTBN), and showed a high degree of hydrogenation at 80 ◦C [96]. The CDs also acted as a
stabilizing agent during the reactions.

Figure 19. HRTEM images of Rh-CD composites prepared using (a) 4:1 and (b) 6:1 CDs:Rh salt
(reproduced with permission from [96], copyright 2017 Elsevier).

CD precursors, when mixed with ZnCl2, led to the formation of graphitic sheet layered
materials in which the Zn is said to link the CDs together. In the absence of Zn, CDs are
formed (from citric acid/urea/autoclave at 180 ◦C). The sheet size was affected by the
zinc/carbon ratio, where an increase in Zn produced larger graphene sheets [97].

In summary, it is still not clear as to how the conversion of CDs to the carbon sheets
takes place. Loss of the functional groups must lead to a change in the CD morphology,
but this in itself would not lead to an obvious stitching of the carbon layers. Also, at high
temperatures, a competition will exist between carbon oxidation (by the metal oxide) and
carbon stitching.

3.2.3. Post Reduction of CDs as Metal Supports

Post reduction of a CD to give CDs that have been used to support metals have been
reported. In the post-reduction process, C=O groups are converted to CH2OH groups
(Figure 20) [62,63,98]. For example, Wang et al. obtained CDs by treating carbon black
(“lampblack”) in acid under reflux. The obtained CDs were further treated with NaBH4 to
produce r-CDs with approximate particle sizes of 3.4 [98]. It was observed that the C=O
groups found in the pristine CDs were reduced to C-OH groups. The r-CDs were used for
the synthesis of Au metal nanoparticles. When HAuCl4 was mixed with r-CDs and heated
at different temperatures (40, 60 and 80 ◦C) for 24 h [98], the obtained Au nanoparticles had
averages sizes of 7 ± 2.1 nm, 16.4 ± 3.8 nm, and 15.9 ± 4.2 nm, respectively. Interestingly,
it was observed that the r-CDs were oxidized back to CDs after reaction with the metal salt;
the resulting CDs showed an increase in C=O peaks, as detected in the photoluminescence
emission spectrum. No post synthesis of the CD-derived Au (e.g., by TEM analysis) was
performed. The obtained Au nanoparticles were kept for 6 months without any aggregation.
It was believed that the CDs acted as capping agents for the resulting Au nanoparticles,
leading to their stability. However, there was no TEM evidence seen for a carbon layer.
These nanoparticles were used for the catalytic oxidation of 3,3′,5,5′-tetramethylbenzidine
(TMB) by H2O2, and the CD-reduced Au nanoparticles showed superior performance to
Au nanoparticles obtained after treating HAuCl4 with citrate.

65



Catalysts 2023, 13, 1201

 
Figure 20. Conversion of CDs to r-CDs by C=O reduction to CH2OH groups (adapted with permission
from [62], copyright 2015 Royal Society of Chemistry).

Zhuo et al. synthesized CDs from cysteine using a microwave-assisted hydrothermal
reaction. The CDs were then reduced using sodium borohydride [62]. The average particle
sizes of the CDs and r-CDs were 2.0 and 2.3 nm, respectively. The FT-IR spectra of CDs
showed a C=O peak at 1639 cm−1, which shifted to 1651 cm−1 in the r-CDs, signifying
a reduction of the C=O bonds. Additionally, the C=O peak at ~287.9 eV in the XPS was
reduced significantly in size for the r-CDs sample, while the O-H peaks increased, further
confirming the reduction of the CDs [62]. The reduced CDs (r-CDs) were then used to
reduce AgNO3 and HAuCl4 to metallic Ag and Au [62]. The obtained r-CDs-Ag and
r-CDs-Au materials had average particle sizes ranging between 6–10 nm and 2–3 nm,
respectively.

In summary, the ability to pre-reduce CDs should permit an enhanced ability to reduce
metal ions for catalytic reactions.

4. Techniques to Evaluate CD and CD/Metal Transformations

Many different techniques can be used to establish the structure and composition of
CDs and CD/metal composites. However, of importance in CD studies is the post analysis
of the carbons. As noted in the sections above, the CDs can be modified during reaction.
Electron microscopy studies (TEM/SEM) are the most useful techniques to evaluate changes
in the CDs, as the CDs typically have dimensions <10 nm. TEM analysis in particular
provides a means of establishing if the spherical CDs change into layered materials or
core/shell structures. However, it has been noted that CDs may sometimes not be seen in
microscope images because of their low contrast, relative to the substrate used [92].

HRTEM has been used extensively to indicate these changes. Various spectroscopic
techniques have also been used to determine the bulk and surface structure of CDs and
the changes in the CDs with temperature after chemical reactions. These include infrared,
photoluminescence, solid state NMR and Raman studies, as well as XPS studies. However,
the changes that occur do not necessarily provide definitive data on the difference between
CDs and their conversion to layered materials. Careful analysis does show changes in
the Raman D and G band intensity ratios, as well as changes in NMR and IR data that
relate to C=O/C-O/COOH ratios. XRD studies can follow the changes in the carbon by
monitoring the carbon–carbon layers in the structure. The 002 peak in the PXRD data tends
to be broad, but does shift as the structure is modified. The use of total X-ray scattering
experiments enables the collection of data on the local structural order that exists within
the CDs. This means that useful data can be extracted from nano-sized CDs, since a total
scattering experiment is insensitive to structural disorder and insensitive to their small
size [71,72].

Traditional laboratory-based XRD studies can follow the changes in the carbon by
monitoring the carbon–carbon layers in the structure. The 002 peak in the XRD data tends
to be broad, but does shift along the x-axis, as the structure is modified. Similarly, total
X-ray scattering experiments provide data on the local structural order that exists within the
CDs. This type of data contains both Bragg and diffuse X-ray scattering, which allows for a
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comprehensive analysis of the CD atomic structure. This means that useful information can
be extracted via the pair distribution function (PDF) analysis of the data collected on nano-
sized CDs, which produce primarily diffuse scattering. This is due to the technique being
insensitive to structural disorder and the small size inherent to CDs [71,72]. Accordingly,
PDF analysis of high-energy synchrotron X-ray data typically produces information that is
more accurate and provides a more representative description of the nanoscale structure of
the CDs than what is currently achievable with standard laboratory-based X-ray equipment.
Consider the radial functions that were extracted from synchrotron X-ray data that were
collected on a set of CDs, each of which was calcined at different temperatures (Figure 21).

 

Figure 21. A comparison of the radial distribution function extracted from total scattering data
collected on a set of CDs prepared as a function of calcination temperature.

The data in Figure 21 shows the general similarities of the CDs in this sample set up to
r = 3Å. The peak at r = 1.38 Å is due to the carbon–carbon double bonds in the structure
of the CDs. Beyond this point in the data, departures are seen, as the sample calcined at
the highest temperature (700 ◦C) has better long-range order, with perturbations in the
data that extend further afield than when compared to that of the sample calcined at lower
temperatures (200, 250 and 400 ◦C). From this qualitative analysis of the data it is possible
to show that an increased calcination temperature produced increasingly more crystalline
CDs. By comparison, similar data collected on these samples using ordinary XRD data
would typically have shown some evidence of these features with long data acquisitions.
However, owing to its brilliance, the sensitivity of the data and speed with which they are
generated at a synchrotron are unmatched.

- Summary of CD conversion reactions

A consideration of papers published in the area leads to some generalizations on
metal-CD mixtures that can be made, and the role this will have in catalysis.

(i) CDs can react with each other, through physical or chemical bonds, to create CD
assemblies. These assemblies could then be used as carbocatalysts.

(ii) CDs can react at temperatures of ca. 200 ◦C to convert to carbon sheet-like structures
and the graphicity of the sheets has been shown to increase with temperature.

(iii) CDs can lose many of their surface functional groups at temperatures between 200
and 450 ◦C, and this will impact on their chemical properties.

(iv) In the presence of easily reducible metal oxide catalysts, CDs can be converted to
carbon sheet-like materials at temperatures < 100 ◦C. The ability to achieve this will
be dependent on the metal reducibility, with directions given by Ellingham diagrams.

(v) Ellingham diagrams have been determined for bulk metals, but metal nanoparticles
are expected to have similar temperature versus free energy values.

(vi) The chemical process by which a CD is converted to a sheet-like carbon is not known.
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5. Future Directions

It is hoped that the review has presented some useful thoughts on the use of CDs as a
metal support in catalysis. It is clear from the many reports and reviews in the literature
that the area is a fruitful one for further studies.

There are a number of key issues that need to be addressed to provide an understand-
ing of the interaction between CDs and metal, i.e., when the CD-metal is retained and when
the CD converts to another morphology in the presence/absence of a metal.

(i) Is the CD conversion dependent on the type of CD?
(ii) Is the conversion dependent on the type of functional group?
(iii) How does the conversion from a CD to other dimensional carbon structures take

place?
(iv) The morphology conversion reaction is temperature dependent. What are the temper-

ature ranges in which the CD/metal acts as a catalyst with/without a morphology
change?

(v) Is there a carbon layer thickness in which a carbon will only be oxidized by a metal
but not undergo a change in morphology? For example, in the presence of Co it is
clear that CSs (d = 400 nm) only undergo carbon removal while CDs (d < 10 nm)
undergo a morphology change.

(vi) In situ studies could provide valuable information on the CD conversion process.

The review also indicates that post analysis of CD/metal catalysts is needed; the
current stability repeat studies do not necessarily give information on the morphology of
the active catalyst.

6. Conclusions

The use of CDs and metal-CDs has been extensively reported in the literature. The
data suggest that the CDs (as carbocatalysts), when studied at low temperatures (<150 ◦C)
appear to retain their morphology in the reactions. It is possible that morphology changes
could occur at the higher temperature, but lack of post-catalysis data has generally not
allowed for this to be confirmed. Further, while the surface groups can be modified in the
reaction, this does not appear to influence the carbon core. At higher temperatures, the CDs
are converted to sheet-like carbons. These new carbons have also been studied as catalysts,
e.g., in electrochemical reactions.

Metal-doped CDs also appear to act as classic carbocatalysts/metal catalysts in low-
temperature catalytic reactions. High-temperature studies could provide information on
CD morphology changes influenced by the metal dopants.

The addition of metals to CDs to make different metal-CD catalysts appears to be
dependent on the metal reducibility and the CD reduction ability. If high temperatures
are used, the metal/metal salt can react with the carbon core and remove or change the
morphology of the carbon.

The use of temperature/pressure/carbon functional groups to produce retention/
transformation of the CD structure thus provides exciting possibilities for further studies
in this area of catalysis using CDs.
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Abstract: The direct methanol fuel cell (DMFC) has the potential for portable applications. However,
it has some drawbacks that make commercialisation difficult owing to its poor kinetic oxidation
efficiency and non-economic cost. To enhance the performance of direct methanol fuel cells, various
aspects should be explored, and operational parameters must be tuned. This research was carried
out using an experimental setup that generated the best results to evaluate the effectiveness of
these variables on electrocatalysis performance in a fuel cell system. Titanium dioxide-graphene
aerogel (TiO2-GA) has not yet been applied to the electrocatalysis area for fuel cell application. As
a consequence, this research is an attempt to boost the effectiveness of direct methanol fuel cell
electrocatalysts by incorporating bifunctional PtRu and TiO2-GA. The response surface methodology
(RSM) was used to regulate the best combination of operational parameters, which include the tem-
perature of composite TiO2-GA, the ratio of Pt to Ru (Pt:Ru), and the PtRu catalyst composition (wt%)
as factors (input) and the current density (output) as a response for the optimisation investigation.
The mass activity is determined using cyclic voltammetry (CV). The best-operating conditions were
determined by RSM-based performance tests at a composition temperature of 202 ◦C, a Pt/Ru ratio
of (1.1:1), and a catalyst composition of 22%. The best response is expected to be 564.87 mA/mgPtRu.
The verification test is performed, and the average current density is found to be 568.15 mA/mgPtRu.
It is observed that, after optimisation, the PtRu/TiO2-GA had a 7.1 times higher current density as
compared to commercial PtRu. As a result, a titanium dioxide-graphene aerogel has potential as an
anode electrocatalyst in direct methanol fuel cells.

Keywords: titanium dioxide-graphene aerogel; methanol oxidation; anodic electrocatalyst; response
surface methodology

1. Introduction

The interaction of the fuel with methanol generates energy, which is used to power
an electrochemical cell, i.e., a direct methanol fuel cell, thus directly converting electrical
energy without using combustion. Consequently, DMFC is an innovative application that
provides facilities and resources to power portable technologies such as digital electronic
equipment, notebook computers [1,2], mobile phones, and other popular devices among
the general public [3,4]. It has several advantages, such as a modest system design, the
possibility of using instant refueling [5], and low-volume and lightweight packaging. A
DMFC could produce a significant amount of specific energy [5–7] using methanol with a
low operating temperature, a high energy density, and an easy start-up [8]. However, apart
from the technical advantages, DMFC has to find the best ways to eliminate There is no
requirement for fuel reformation, yet it is classified as a zero-emission power system [9,10].
Nevertheless, its application is hindered by a few significant barriers that keep it from
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being commercialised: high material charges [11], low efficiency, methanol crossover from
the anode to the cathode [12], and catalyst poisoning during operation [9].

Generally, transition metal oxides, such as TiO2 [13], WO3 [14], and SnO2 [15], have
been revealed as carbon support alternatives for electrocatalyst stability and activity en-
hancement in direct fuel methanol [16]. TiO2 is one of these metal oxides that researchers
are particularly interested in because of its cost-effectiveness and corrosion resistance.
However, the low electrical conductivity of TiO2 limits its use in fuel cells. TiO2 is required
to overcome low electrical conductivity in support of fuel cells, which coincides with chal-
lenges in the form of catalyst structure. Furthermore, TiO2 can improve MOR performance
for two reasons. The first is that TiO2 empowers methanol oxidation via photopic excitation
due to its 3.2 eV band gap [17], and the second is that it can reduce the CO toxicity of the
catalyst via its cleaning ability, by which ordinarily metal oxides like TiO2 adsorb OH and,
as a result, convert the catalyst-adsorbed CO to CO2 to restore the active sites of Pt NPs for
continuous electrocatalytic activity and effectively mitigate the CO poisoning of Pt. Shahid
et al. [18] reported that TiO2/Pt significantly enhanced the electrocatalytic performance of
methanol oxidation. Furthermore, Zhao and team [19] reported that a Pt/graphene-TiO2
catalyst with TiO2 and graphene as the mixed support exhibits high activity in comparison
with Pt/graphene prepared by the same process. Other than that, Lou et al. [20] identified
a three-component Pt/TiO2-rGO electrocatalyst with significantly improved methanol
oxidation electrocatalytic performance. Interestingly, a more convenient, simple, and quick
method of preparing catalysts is required. In addition to the structural design, the rate
capability can be enhanced with highly conductive materials, such as TiO2, for which
the use of this combination has been widely adopted. Highly conductive materials in-
clude metal oxides [21], carbon [22,23], and carbon-based materials (e.g., graphene [24,25],
nanofibers [26,27], and carbon nanotubes [28,29]). Graphene has had a positive effect on
TiO2 due to its superior conductivity, chemical stability, and high specific surface area.
However, three-dimensional (3D) graphene aerogel (GA) can effectively inhibit graphene
rearrangement and provide graphene-based composites with a large specific surface area,
fast electron transport kinetics, and more active sites.

A substantial amount of research is indeed required before this technology can be
widely used in the years ahead. Remarkable progress has been made in the essential
components, such as the system, membrane, and catalyst. The majority of the use of a
multi-component catalyst has been the focus of catalyst investigation. Studies have demon-
strated that when Pt and Ru’s catalytic activity is compared on TiO2 and graphene supports,
both metals show comparable activity towards methanol oxidation on both supports. The
size and distribution of the metal nanoparticles on the support, the support material’s
surface structure, and the reaction circumstances are only a few examples of the variables
that might affect the performance of the catalysts [18,30]. Basri et al. [30] recommended
PtRuFeNi/MWCNT, a novel multi-component anode catalyst. Kim et al. [31] proposed the
PtRu/C-Au/TiO2 electrocatalyst. Abdullah et al. studied PtRu/TiO2-CNF [32] in 2018 and
PtRu/Mxene [33] in 2020. All studies resulted in improved reaction kinetics and DMFC
performance. The membrane was also used in several boosting studies: Thiam et al. [12]
established a Nafion/Pd-SiO2 composite membrane; Ahmad et al. [34] introduced a Nafion-
PBI-ZP hybrid membrane; Shaari and Kamarudin [35] proposed a crosslinked sodium
alginate/sulfonated graphene oxide as a polymer electrolyte membrane; and You et al. [36]
studied a sulfonated polyimides/sulfonated rice husk ash (SPI/sRHA) composite mem-
brane. All studies were created to identify the methanol crossover issue in a DMFC.

The optimisation process is critical to improving the performance of DMFCs. Pre-
viously, optimisation was done using the one-factor-at-a-time method. Conversely, this
approach did not take into account factor interaction and did not reflect the actual effect of
the factor on the response [37]. The method of resolving the matter using mathematically
analysed issues is referred to as optimisation [38]. RSM appears to be the most reassuring
optimisation method that has recently been seen by researchers in a variety of fields [39–43].
This method optimises, establishes, and improves processes by combining mathematical
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and statistical techniques [44]. RSM could indeed investigate the effect of independent
variables in a system, either independently or in groups, and it can also reduce the number
of experimental tests requisite to statistically analyse the process due to various factors [45].
The issue that our assessment is attempting to address is the ‘optimal’ value of the factors
influencing electrocatalytic activity for methanol oxidation. These investigations discovered
that the mathematical model of RSM may be employed for exact estimates and optimisation.
Although DMFC optimisation has been studied extensively, electrocatalyst optimisation
has received little attention.

Throughout this investigation, the bifunctional catalyst PtRu combined with TiO2-GA
is developed for the first time for use in DMFCs. As a consequence, the purpose of this
study is to develop and optimise the TiO2-GA integrated electrocatalyst performance for
MOR using the RSM idea. To gain a better understanding of RSM, three parameters are
manipulated: composite temperature, Pt/Ru ratio, and PtRu catalyst composition as well
as the response of the current density to electrocatalyst activity in DMFC performance.
Following the TiO2-GA synthesis two methods are combined to make a fine composite,
namely the hydrothermal and freeze-drying methods. PtRu is then coated onto TiO2-GA
nanoparticles. An X-ray diffraction analysis (XRD), Brunauer-Emmett-Teller (BET), field
emission scanning electron microscope (FESEM), and transmission electron microscopy
(TEM) were used to examine the PtRu/TiO2-GA electrocatalyst for physical. The study is
made more fascinating by the use of cyclic voltammetry to examine the RSM optimiser
depending on three manipulation parameters and one response. The RSM was used to
create a model that corresponded to the parameters analysed, and the findings of that
analysis could be used in subsequent design space analyses. This research has become
more intriguing with the demonstration that MOR performance is superior to commercial
DMFC electrocatalysts in which the strong bond between the PtRu of the catalyst itself and
the supporter, i.e., TiO2-GA, in a unique 3D structure encompasses a broad surface-active
site on the electrocatalyst to react.

2. Results and Discussion

2.1. Structure of Synthesised PtRu/TiO2-GA Electrocatalyst and Electrochemical Testing

Throughout this research, FESEM was utilised to investigate the morphology of the
bifunctional Pt and Ru distributions on the TiO2-GA structure as well as the elemental and
external mapping of the electrocatalyst. According to this, it is advantageous to boost the
activity of the catalyst during the CV electrochemical test. Figure S1 (supplementary docu-
ment) depicts the TiO2-GA and electrocatalyst morphologies. TiO2-GA and PtRu/TiO2-GA
FESEM images are acquired at magnifications of 500X and 5kX, respectively. Figure 1a of
TiO2-GA shows that the 3D TiO2-GA structure was successfully developed, with a better-
defined porosity structure within the ultrathin layer of the aerogel matrix. Figure 1b is the
FESEM image of the PtRu/TiO2-GA electrocatalyst, showing large particles dispersed and
covering the 3D TiO2-GA structure. Instead of that, Figure 1c described the original figure
of the EDX and mapping for overall elements’ particles. EDX and mapping analysis are
used to further determine the existence of particles in TiO2-GA, as shown in Figure 1d–h.
The findings demonstrate that five elements, namely Pt, Ru, Ti, C, and O, are present in the
electrocatalyst. Most of these elements are required in the electrocatalyst, and no impurities
are present in the sample. Pt and Ru particles are similarly dispersed over the TiO2-GA
structure, according to the electrocatalyst mapping study. It would be useful to estab-
lish active response regions throughout the catalytic activity, potentially improving MOR.
Nevertheless, there are a few accumulations of Pt and Ru on the sample as a result of the
influence of NaOH overuse during the adjusting of the pH in the deposition process [46].
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Figure 1. Surface morphology for (a) SEM of TiO2-GA, (b) SEM of PtRu/TiO2-GA, (c) EDX analysis
of PtRu/TiO2-GA, and (d–h) Mapping analysis for PtRu/TiO2-GA.

The “electron relay effect” is a mechanism through which the support material (carbon)
can deliver electrons to the Pt catalyst. During a sequence of electron transfers, the carbon
support material serves as a source of electrons, which are then transported to the Pt
catalyst. Several stages can be taken to move the electrons from the carbon support material
to the Pt catalyst:

1. Whenever the electrons from the carbon support material interact with the Pt catalyst,
they are first moved to the Pt-C bond contact.

2. After being transmitted from the Pt-C interface to the Pt surface, these electrons can
subsequently be employed to speed up the methanol oxidation process.

3. Once the Pt catalyst uses these electrons to speed up the process, it may eventually
lose its effectiveness. Yet, by supplying a source of electrons, the electron transfer from
the support material contributes to maintaining the catalytic activity of the Pt catalyst.

In general, this process of electron transfer from the support to the catalyst promotes
the MOR by offering a source of electrons that the Pt catalyst can exploit to speed up the
reaction. This can increase the overall effectiveness of the reaction and enable the catalyst
to sustain its activity over time.

Furthermore, the bifunctional mechanism that shifts the onset potential to a low
potential region also improves catalytic performance during the MOR process. Other
second metals, such as Ru, lower the potential region and increase catalytic activity, which
is consistent with the bifunctional mechanism.
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The electro-oxidation of methanol using a PtRu catalyst can be determined by the
following equations, depending on the bifunctional mechanism:

Pt + CH3OH → Pt − CH3OHads → Pt − COHads → 3H + 3e− → Pt − COads + H+ + e−, (1)

Ru + H2O → Ru − OHads + H+ + e−, (2)

Pt − COHads + Ru - Ohads → Pt + Ru + CO2 + 2H+ + 2e−, (3)

Pt − COads + Ru − OHads → Pt + Ru + CO2 + H+ + e− (4)

The proposed mechanism of PtRu/TiO2-GA for the enhanced catalytic MOR activity
as shown in Figure 2 can be defined as follows: (1) The unusual electronic reaction of the
metal support between PtRu and TiO2 results in electron transfer from the support to the
metal, resulting in an increase in electron density at PtRu downwards, corresponding to the
PtRu d-band centre. In general, the centre of the d-band is driven by the ability of surface
d-electrons to participate in adsorption bonding. Based on the downward displacement
of the d-band centre, reducing the metal back bond to CO can reduce the bonding energy
between CO and PtRu atoms [47–49]. (2) In the catalyst, OHads, or oxygen-containing
species, can be adsorbed. TiO2 has the unique ability to convert CO-poisoning species
(COads) on PtRu bifunctional to CO2, releasing the active sites of PtRu bifunctional by
promoting electrooxidation activity towards methanol and CO [50]. (3) Pt, Ru, graphene
aerogel, and TiO2 have a good synergy effect, resulting in a four-junction structure that
effectively improves electrocatalytic performance [20].

 

Figure 2. The proposed PtRu/TiO2−GA pathway for enhanced catalytic MOR activity.

2.2. One-Factor-At-A-Time

The anode electrocatalyst, mainly composed of PtRu/TiO2-GA for a DMFC, is the
first time it has been accomplished in this investigation. This electrocatalyst is made up
of four major components: the primary catalysts are Pt and Ru, with TiO2 and graphene
performing as support catalysts in an aerogel framework. Pt is widely regarded as the
most effective catalyst for reactions where the carbon monoxide (CO) bond intensity can be
reduced using reactions, such as hydrogen oxidation, oxygen reduction, and a combination
of Pt and Ru, thus boosting catalytic performance. The inclusion of TiO2 provides high
thermal and electrochemical stability, whereas the electrocatalyst reaction surface area
is increased by using an aerogel structure. As compared to conventional catalysts, all
of these components work together to dramatically improve performance. Nevertheless,
modifications of several of the elements might have an impact on the total performance of
the catalyst, so identifying the optimal quantities of the catalysts is crucial to enhancing
performance. The composition of this material versus TiO2-GA must be developed to
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minimise production costs because the PtRu catalyst is a critical component that comes at a
significant expense.

There are three parameters selected by respondents in this investigation, of which the
major parameter is the temperature of the composition, ◦C (TiO2-GA), the ratio of Pt to
Ru, and catalyst composition interaction; PtRu is the main catalyst, while TiO2-GA is the
supporting catalyst. Most variables measured are optimised for half-cell performance, and
the parameters were preferred for this study because they have a powerful influence on the
DMFC performance based on electrocatalyst, which is comparable to what other scholars
have found [22,32,51–54]. This value has been chosen based on the level of investigation
from prior studies, which is a mix of PtRu and metal oxide support and graphene aerogel as
an electrocatalyst [22,32,51–54]. The variety selected in the screening process was included
in this research for the temperature of composition TiO2-GA, which is varied in the range
of 180–220 ◦C, the ratio of Pt to Ru in the range of 0.5–2, and the catalyst composition in the
range of 10–30%.

Figure 3a–c present graphs illustrating the determined current density for the tem-
perature of composition TiO2-GA, the ratio of Pt to Ru, and catalyst composition over the
experimental range. The maximum current density acquired using a 200 ◦C composite
temperature and a 1:1 ratio is shown in the half-cell DMFC performance results (Pt:Ru).
In addition, in the screening process, a catalyst composition of 20% by weight is used.
The curve of the graph, on the other hand, shows that the most effective performance of
DMFC can be achieved at temperature compositions of 180–220 ◦C. The second factor, the
ratio of Pt to Ru in the range of 0.5–1.5, has a graph pattern that shows the ratio range
increasing and decreasing. The catalyst composition in the range is the final factor in this
study (15–25%). The results showed that the maximum current density could be achieved
between 107.96 and 554.16 mA/mgPtRu, with the greatest result from the screening process
occurring at 608.17 mA/mgPtRu. In the RSM optimisation process, the range of values for
the variables is used.

 

Figure 3. (a) The effect of temperature composite on the current density. (b) The effect of the ratio Pt
to Ru (Pt:Ru) on the current density. (c) The effect of catalyst composition on the current density.
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2.3. Optimisation Using RSM

The RSM CCD method optimisation process used 20 sessions for three study compo-
nents. The experimental results for current density, including all assessments, are shown
in Table 1. The regression technique was used to fit a quadratic approach to the results
obtained. The current density response is modelled via Equation (1).

Y = 555.54 + 45.05 × A + 22.64 × B + 27.41 × C + 4.16 × A × B + 1.76 × A × C
+ 28.35 × B × C +

(−235.21) × A2 + (−164.13) × B2 + (−35.57) × C2
(5)

where Y denotes the current density (mA/mgPtRu) and A, B, and C denote the temperature
of the composition (◦C), the ratio of Pt to Ru, and catalyst composition, respectively.
ANOVA is a statistical analysis that compares modifications in variable-level combinations
to adjustments due to random errors in response measurement [37]. The p-value and
F-value are calculated using ANOVA, and a smaller p-value and a larger F-value indicate
that interpreting design factor variability throughout mean data has more confidence.

Table 1. Summary results of the 20 experiments involved.

Run Factor A Factor B Factor C
Response 1

Predicted Value Actual Value

1 200.00 1.00 20.00 555.53 617.67
2 200.00 1.00 15.00 492.56 460.39
3 200.00 1.00 20.00 555.53 537.40
4 200.00 1.00 25.00 547.38 522.85
5 180.00 1.00 20.00 275.27 237.45
6 220.00 1.50 25.00 249.99 249.02
7 180.00 0.50 25.00 54.39 60.5
8 220.00 0.50 25.00 139.71 148.20
9 220.00 1.50 15.00 134.95 143.01

10 200.00 1.00 20.00 555.53 523.22
11 200.00 1.50 20.00 414.05 390.39
12 200.00 0.50 20.00 368.77 335.74
13 180.00 1.50 15.00 40.05 45.73
14 220.00 0.50 15.00 138.07 141.35
15 200.00 1.00 20.00 555.53 608.41
16 180.00 0.50 15.00 59.79 74.94
17 200.00 1.00 20.00 555.53 607.98
18 220.00 1.00 20.00 365.37 346.51
19 180.00 1.50 25.00 148.06 158.94
20 200.00 1.00 20.00 555.53 551.9

Table 2 shows the outcomes of an ANOVA for a quadratic response surface model
as well as the significance of each coefficient. This model’s F-value and p-value > F are
52.34 and 0.05, respectively, indicating its significance. There was only a 0.01% probability
that the results were due to noise. Besides, the 0.90 lack of fit verifies its significance; the
result demonstrates that this fitted model is relevant. These findings indicate that such a
model could be used to predict the outcome of research in this area. The standard deviation
and the determination coefficient, R2, may be used to assess the appropriateness of this
model. The standard deviation and R2 for this model were 40.54 and 0.9792, respectively.
This means that the model can account for 97.92% of the total variation in the reaction. In
the meantime, the ‘Pred R2’ of 0.9409 agrees reasonably with the ‘Adj R2’ of 0.9605. The
signal-to-noise ratio can be measured with greater precision, with a value greater than
4 being favoured. The adequate precision for the current density model is 17.984, indicating
an adequate signal. To recap, the model accurately predicts future responses by fitting the
experimental data. A plot of the residuals is included as part of the diagnostic model.
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Table 2. Results of ANOVA analysis for current density model.

Source Sum of Squares DF Mean Square F-Value p-Value Prob > F

Model 7.74 × 105 9 86,002.39 52.34 <0.0001 significant
A: Temperature 20,298.36 1 20,298.36 12.35 0.0056

B: Ratio Pt to Ru (Pt:Ru) 5124.56 1 5124.56 3.12 0.1078
C: Catalyst Composition (wt%) 7512.59 1 7512.59 4.57 0.0582

A2 1.521 × 105 1 1.521 × 105 92.60 <0.0001
B2 74,077.24 1 74,077.24 45.08 <0.0001
C2 3479.08 1 3479.08 2.12 0.1763
AB 138.13 1 138.13 0.084 0.7778
AC 24.79 1 24.79 0.015 0.9047
BC 6430.57 1 6430.57 3.91 0.0761

Residual 16,431.12 10 1643.11
Lack of Fit 7780.73 5 1556.15 0.90 0.5449 not significant
Pure Error 8650.39 5 1730.08

Correlation Total 7.905 × 105 19

Standard Deviation 40.54 R2 0.9792
Mean 338.08 Adj R2 0.9605

Pred R2 0.9409
Adeq R2 17.984

The diagnostic portion of RSM analysis is another process. In this section, graphs will
be used to properly assess the model fit and transformation preference. Figure 4 depicts the
model fit error, which is commonly referred to as a residual plot. Figure 4a shows a straight
line for the residual normal probability plot, suggesting that the residual follows the normal
distribution and contains acceptable normal error components. Figure 4b depicts a residual
versus projected value plot of the model response, with a straight line at ‘0’, implying that
the expected variance for such a model is constant. Simultaneously, the recommended
quadratic model for the current density model appears to be appropriate, and all plots fall
between the upper and lower red lines with no discernible pattern.

 

Figure 4. A residual plot for the current density model; (a) normal plot of residual; (b) residual vs.
predicted plot.

The predicted vs. actual plot is used to identify values that are challenging for the
model to predict [30], which is shown in Figure 5a. The plotted data is just in the centre of
the graph and forms a 45◦ perpendicular line. This requires the model’s ability to correctly
predict the response. Figure 5b depicts a perturbation plot, which demonstrates how
the factors can influence the response. As previously stated, factors A, B, and C are the
temperature of the composite, the Pt/Ru ratio, and the catalyst composition, respectively.
The actual values are set to the ‘coded 0’ midpoint for all of the factors: A: 202 ◦C, B: 1.1,
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and C: 22 wt%. The perturbation graph is created by changing one factor at a time over the
response value. Overall, three factors have a steep slope in the plot, showing that they are
all influenced by or sensitive to the experimental response and are important to the system
design. Nevertheless, factor A’s graph has a little steeper gradient than factors B and C,
showing that factor A has a larger impact on the response value.

 

Figure 5. (a) Predicted vs. actual plot, and (b) perturbation plot for the current density model.

Predicting or evaluating the mean reaction is what response surface analysis includes
at a specific point in the process [44]. Figure 6 shows the response surface for a contour plot
in two dimensions (2D) and a surface plot in three dimensions (3D). The response surface
is made up of an analysis of two factors, namely AB, AC, and BC, as well as the current
density’s response. Nevertheless, Figure 6 depicts an examination of current density factors
A and B. The relationship between components A and B as well as the response, as depicted
in the 2D contour plot, has a specific result in Figure 6a. The plot shows that increasing
both factors increases the response. After a certain point, the response trends begin to
decline even as the factor value increases. This is considered the optimum point, when
the most response to the model may be correlated by the optimum factors. The other two
components, AC and BC, have essentially comparable reaction patterns. In the red area
of the contour plot, also referred to as the high response value area, the ideal location for
factors can be found. The contour plot displayed the same patterns as the 3D surface plot
in Figure 6b, and the distinct peak for all parameters represents an optimum point that
reached the maximum response. The AB, AC, and BC factors have a similar pattern. The
3D graph predictive analysis of a second-order model, according to the relevant literature,
reveals that the quadratic model is similar to the existing density model.

The following section deals with RSM optimisation evaluation. Alienated numerical
optimisation, graphical optimisation, point prediction, and confirmation are the four main
categories. The numerical optimisation classifications are required to determine the aspira-
tions and estimate the factors of the optimal condition to yield the maximum response as
determined by the model’s goals. Following graphical optimisation, Figure 7a,b show the
2D contour plot for desirability with a response prediction value (for instance, in terms of
the AB factor). This model’s prediction values for desirability and response are 0.908 and
564.866 mA/mgPtRu, respectively, as shown in the plot in the high response area. Figure 7
displays the point predictions for each of the model’s optimum factors. The graph shows
that when two graphs with significant desirability overlap, those three factors achieve an
ideal position.
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Figure 6. Response surface between factors; Pt:Ru ratio and a composite temperature, with the
response; current density, (a) 2D contour, and (b) 3D surface plot.

 

Figure 7. 2D contour plots for, (a) Desirability and (b) Current density in terms of AB factors.

The RSM also examined the optimum factors: A (temperature composite): 202 ◦C, B
(ratio Pt/Ru): 1.1 and C (catalyst composition): 22 wt%. Validation is then used to compare
the model’s predicted results to the experimental results. To get the average, the validation
test with the value of the optimal factor is carried out in triplicate, and the outcome is
shown in Table 3.

Table 3. Validation of current density model.

Factor A (◦C) Factor B
Factor C

(wt%)

Mass Activity (mA/mgPtRu)
Error (%)

Prediction 1 2 3 Average

202 1.1 22 564.87 529.40 608.17 566.89 568.15 0.6

Figure 8 depicts the current density graph from the validation test. The CV test
typically provides electrochemical measurements and is used to calculate the response value
of this model. Once compared to the RSM anticipated value, the average validation test
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result was 568.15 mA/mg PtRu, which correlated to a peak potential of 0.65 V vs. Ag/AgCl
with just a 0.6% error. The small inaccuracy shows that with the optimal temperature
composite, Pt/Ru ratio, and catalyst composition, the best current density response may
be achieved. This situation also guarantees that the RSM analysis model is effective
and applicable.

 
Figure 8. Experiment to validate the present current density model.

2.4. Interactions of Synthesis PtRu/TiO2-GA Optimisation
2.4.1. Physical Characterisation

Pattern and crystal structure were used to investigate the physical characteristics of
the PtRu/TiO2-GA electrocatalyst before and after optimisation compared to PtRu/C. This
investigation was carried out utilising an x-ray diffractometer (XRD) in the 5–80◦ range
with 2θ resolution. The PtRu/TiO2-GA electrocatalyst XRD pattern revealed a diffraction
peak for all of the included Pt, Ru, TiO2, and C. As a control experiment, PtRu/C was used.
The diffraction peak (2θ = 40.3◦) does not appear clearly on other electrocatalyst samples
after the reduction procedure. Furthermore, no discernible difference is detected in the
XRD patterns of PtRu/TiO2-GA and PtRu/TiO2-GAOpt. The other peaks are in accordance
with the anatase phase of the TiO2 standard spectrum (JCPDS No. 21-1272). TiO2 anatase
phase has greater diffraction peaks at 25.4◦ (1 0 1), 37.7◦ (2 0 0), 53.8◦ (2 1 1), 55◦ (2 0 4), and
63◦ (1 1 6) than TiO2 rutile, which has 27◦ (1 1 0), 35.6◦ (1 0 1), and 39.5◦ (1 1 1).

Diffraction peaks at planes (1 1 1), (2 0 0), and (2 2 0) at about 2θ are 40.7◦, 47.3◦,
and 67.0◦, respectively, which detected the Pt nanoparticle, which is compatible with the
face-centred cubic (fcc) structure of Pt [55]. while the diffraction peaks for Ru are in the
same plane, namely (1 1 1), (2 0 0), (2 0 0), and (2 2 0). Due to the strong crystallinity of
Pt-Ru nanoparticles in the electrocatalyst system, low diffraction peaks of TiO2-GA are
difficult to identify following the dispersion of Pt-Ru particles on the TiO2-GA support. The
creation of a bimetal or Pt alloy in each synthesised electrocatalyst sample is also indicated
by the yield of a single diffraction peak shared by PtRu in each of these electrocatalyst
diffractograms [56,57].
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The Bragg angle is evident in the range of 25–60◦ for all electrocatalyst samples, as
shown in Figure 9. This suggests that the catalyst has a bimetallic or alloy interaction [58].
Meanwhile, when comparing PtRu/C to PtRu/TiO2-GA before and after optimization,
weak and broad peak intensities were detected. Regarding the crystal size values reflecting
the high dispersion in the produced sample, no substantial change in peak intensity can be
noticed in this situation. Table 3 lists the crystal size values available using Eva software
for analysing XRD results.

 
Figure 9. XRD patterns for prepared samples.

Additionally, N2 adsorption-desorption isotherms and pore size distribution analyses
were performed at a temperature of 77 K to investigate the porous structure and specific
surface area of TiO2-GA composites.

The N2 adsorption/desorption plots (Figure 10) show that PtRu/TiO2-GAOpt has a
significantly larger surface area than PtRu/TiO2-GA and PtRu/C, as shown in Table 4.
The PtRu/TiO2-GAOpt electrocatalyst had the lowest BET surface area of 50.59 m2/g,
followed by the PtRu/TiO2-GA and PtRu/C electrocatalysts in that order. The findings
of this study are comparable to those of those who found that the PtRu/C electrocatalyst
had a significantly greater surface area than the metal oxide composite electrocatalyst.
According to the BET adsorption/desorption isothermal curves in Figure 10, all produced
electrocatalyst materials had type IV isothermal curves (based on IUPAC classification)
with a little indentation of the observed width indicating H3 hysteria [59,60].
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Figure 10. Adsorption/desorption linear isotherm: (a) PtRu/C; (b) PtRu/TiO2-GA; and
(c) PtRu/TiO2-GAOpt.

Table 4. BET analysis results for size and porosity properties of PtRu/TiO2-GAOpt, PtRu/TiO2-GA,
and PtRu/C electrocatalysts.

Electrocatalyst
SBET

(m2 g−1)
VTotal Pore DPore (nm) Types of Pore

PtRu/TiO2-GAOpt 19.30 0.13 24.22 Meso
PtRu/TiO2-GA 22.36 0.45 31.05 Meso

PtRu/C 31.15 0.61 32.63 Meso

Furthermore, at the relative pressure position P/Po > 0.6, the desorption branch was
greater than the adsorption branch. While the porosity structure of the electrocatalysts
presented is a mesopore type with an average diameter range of 2–50 nm, this can be
attributed in large part to the huge gaps seen in the electrocatalyst lattice [61,62]. Addi-
tionally, the observations on the nitrogen isotherm adsorption/dehydration graph appear
flat at low pressures, i.e., P/Po ≤ 0.6, which could be related to microbe adsorption in
the sample. The adsorption of monolayer and/or multilayer nitrogen molecules on the
mesostructure increases the sample’s adsorption capacity at relatively high-pressure areas
(0.6 ≤ P/Po ≤ 1.0) while catalysts spread on the support, which can boost the catalytic
activity’s stability and performance. The BET pore diameter findings are identical to the
XRD particle size analysis results. The smaller the particle, the higher the surface-to-volume
ratio, which might result in high surface reactivity and solubility. This notion is supported
by the current study, which found that PtRu/TiO2-GAOpt electrocatalysts have smaller pore
widths and exhibit stronger MOR activity than PtRu/TiO2-GA and PtRu/C electrocatalysts.

The degree of homogeneity of the distribution of each sample can be identified using
FESEM mapping pictures. The interconnected 3D porous networks with open pores
ranging in size from a few hundred nanometers to tens of micrometres are visible for both
PtRu/TiO2-GA and PtRu/TiO2-GAOpt composites. In the ultra-thin layer of the aerogel
matrix, the PtRu/TiO2-GAOpt electrocatalyst has a more prominent porosity structure.
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Figure S2a (supplementary document) shows a nanocomposite composed of randomly
aggregated, thin, crumpled graphene sheets that are intimately linked. Furthermore, it
demonstrates that a nanocomposite composed of randomly aggregated, wrinkling graphene
sheets is tightly related to one another. Figure S2b (supplementary document) depicts
the distribution of TiO2 and Pt nanoparticles over curly graphene sheets. Furthermore, in
FESEM mapping, the uniformity of PtRu/TiO2-GAOpt is higher than that of PtRu/TiO2-GA,
which can be related to the uniformity of the PtRu catalyst resulting from its reporter when
the reduction process happens. EDX analysis was also performed to further analyse the
qualitative elemental analysis of the inserted composite; see Figure S2c,d (supplementary
document). The sample contains Ti, Pt, Ru, O, and C, but no other elemental contaminants
have been discovered. Based on FESEM and TEM images, i.e., Figure S2 (supplementary
document) and Figure S3, no pores are visible on the catalyst nanoparticles, which is
consistent with the low BET surface area study because this substance is a metallic element
with high porosity. However, the surface area of the BET does not provide an overall view
of the surface of the electrocatalyst’s active site. As a result, electrochemical analysis can
provide precise information about the active surface area of the catalyst.

The TEM images of PtRu/TiO2-GA before and after optimisation to determine the
morphology of all samples created using the microwave-assisted alcohol reduction process
are shown in the figure. The image clearly shows the spherical shape of the carbon support
material. This spherical carbon could be associated with graphene sheets to some extent,
helping to increase the pores of the aerogel by cooperative dispersion, resulting in increased
porosity [63]. Both samples have an estimated diameter size of 2–5 nm, allowing the
samples to be classified in nano size parallel to the XRD crystal particle size as given in
Table 5. When comparing the PtRu/TiO2-GA sample area to the PtRu/TiO2-GAOpt sample
area, TEM examination revealed only tiny clumps. This situation indirectly affects the
electrocatalyst’s maximum function in the methanol oxidation reaction (MOR). Van der
Waals bonding in the particles may cause agglomeration. In conclusion, the reduction
approach for synthesising PtRu/TiO2-GA using ethylene glycol solvent and microwave
technology was successful in a short time and was effective in the manufacture of dual-
function nanoparticles on TiO2-GA support without isolating the support.

Table 5. The porosity properties of samples.

Properties Sample
Name

SBET

(m2 g−1)
VTotal pore

XRD (Crystallite
Size (nm))

Types of Pores

PtRu/C 26.11 0.17 3.5 Meso
PtRu/TiO2-GA 19.30 0.11 3.1 Meso

PtRu/TiO2-GAOpt 17.15 0.10 2.5 Meso

2.4.2. Electrochemical Evolution

The most important aspects of CV and CA are needed in electrochemical testing. CV
is necessary to measure electrocatalytic performance in this part, whereas CA is required
to test electrocatalytic durability and stability. Figure 11a depicts the CV profiles of all
catalysts in a 0.5 M H2SO4 solution at potentials ranging from −0.2 to 1.0 V. ECSA could
be used to calculate the surface area of PtRu nanoparticles in electrocatalysts [64]. This
happens when there is limited adsorption at the activation site, requiring electrode current
cycles within a voltage range. The total charge required for monolayer adsorption and
desorption identifies the reactive surface site for ECSA in the range of −0.2 to 0.1 V [65].
Table 6 contains the ECSA results, and CV measurements were used to evaluate ECSA
using the equation below:

ECSA
(

m2g−1
Pt

)
=

Q
Γ·WPt
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Figure 11. Represents the (a) CV scan of PtRu catalyst in 0.5 M H2SO4 electrolyte at 50 mV/s; (b) CV
scan in 0.5 M H2SO4 and 2.0M CH3OH aqueous at 50 mV/s; (c) chronoamperometry curve carried
out in 0.5 M H2SO4 + 2.0 M CH3OH for commercial PtRu/C and different electrocatalysts at 0.4 V vs.
Ag/AgCl; (d) current–voltage curve for electrocatalyst in 2 M methanol at room temperature.

Table 6. Evaluation of the current density results with the different catalyst supports.

Electrocatalysts
Peak Potential

(V vs. Ag/AgCl)
Onset Potential
(V vs. Ag/AgCl)

Peak Current
Density

(mA mg−1)

ECSA
(m2 g−1)

CO Tolerance,
If/Ib

PtRu/C 0.613 0.419 79.93 3.25 5.31
PtRu/TiO2-GA 0.676 0.336 554.67 23.43 1.44

PtRu/TiO2-GAOpt 0.693 0.346 568.15 30.63 1.09

Based on the equation, Q is the charge density or area under the graph ((C) of the
experimental CV) Γ (2.1 CmPt

−2) is the constant for the charge required to reduce the proton
monolayer on the Pt, and WPt is the Pt loading (gPt) on the electrode. According to the
ECSA calculations, the synthesised electrocatalyst, PtRu/TiO2-GAOpt, has the highest value
of 30.63 m2g−1, compared to PtRu/C (3.25 m2g−1). This occurred due to the PtRu crystallite
size, as shown in Table 5 from XRD analysis; the PtRu crystallite size for PtRu/TiO2-GAOpt
is the smallest and has a high ECSA value. The catalyst and reaction surface area can
be enhanced by using the smallest crystallite size. The crystallite size trend is paralleled
by the ECSA value trend for PtRu/TiO2-GAOpt and PtRu/C. The various CV curves in
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Figure 11b depict the inverted scan, with the minor oxidation peak appearing between 0.3
and 0.6 V vs. Ag/AgCl. During the initial oxidation peak, modest oxidation on the reversed
scan, also known as the reversed oxidation peak, occurred, resulting in the formation of
incompletely oxidised carbonaceous species. According to the CV data in Table 6, if the
value of (If/Ib) can be formulated, the optimised electrocatalyst combination is lower than
the commercial. This is due to particle aggregation. However, the catalytic activity of
PtRu/TiO2-GAOpt was 7.6 times that of PtRu/C. This discovery suggests that using an
aerogel structure and a metal oxide combination in the electrocatalyst has a high potential
for usage in DMFC applications.

As shown in Figure 11b, the electrocatalytic performance of the synthesised electrocat-
alyst was evaluated using CV. At room temperature, the CV curves for the electrocatalysts
PtRu/TiO2-GA, PtRu/TiO2-GAOpt, and PtRu/C are measured in 2 M methanol with 0.5 M
H2SO4 and saturated N2 gas. The various curves are measured between −0.2 and 1.0 V vs.
Ag/AgCl. The peak current density was PtRu/TiO2-GAOpt > PtRu/TiO2-GA > PtRu/C
in decreasing order. In comparison to Ag/AgCl, the peak current density of PtRu/TiO2-
GAOpt for the MOR appeared to be 0.639 V. Table 6 shows the peak current density
and other CV values for all of the samples. PtRu/TiO2-GAOpt has a current density of
608.17 mA mg−1, which is 1.1 and 7.6 times greater than that of PtRu/TiO2-GA and
commercial electrocatalyst PtRu/C, respectively. This is due to TiO2-GA’s unusual 3D
structures, which allow for a quick ion/charge transfer channel [66]. This one-of-a-kind
characteristic benefits surface chemical processes and increases the activity of the electro-
catalyst. Furthermore, the TiO2-GA structure enables Pt and Ru nanoparticles to attach
more firmly to the TiO2-GA surface, as illustrated in the surface morphology section in
Supplementary Figures S2 and S3.

The superior MOR performance of PtRu/TiO2-GAOpt can be attributed to the XRD
discovery that the lowest particle size in the electrocatalyst yields high ECSA values, as
proven by CV analysis. Furthermore, the FESEM analysis revealed that the distribution of
TiO2-GAOpt support particles was more uniform than the others. Furthermore, the BET
study demonstrated that the inclusion of TiO2-GAOpt support, which has good electrical
conductivity, a unique network structure, and a high surface area, increases electrocatalyst
area and activity. Therefore, this electrocatalyst combination is promising for future usage
as a catalyst for methanol electrooxidation in DMFC applications.

The CA results would be used to conduct studies on electrocatalyst durability and
stability. Figure 11c compares the anodic peaks in terms of the mass activity of PtRu/TiO2-
GA and PtRu/C commercial electrocatalysts towards MOR in 0.5 M sulfuric acid and 2.0 M
methanol at a scan rate of 50 mV s−1. The electrocatalysts all displayed a quick and dramatic
reduction in current density before slowly becoming horizontal during the stability test
using CA measurement. The retention value (percent) (Table 7) in the pattern rose after
3600 min, such as PtRu/TiO2-GAOpt < PtRu/TiO2-GA < PtRu/C. The lowering current
density ratio of the PtRu/TiO2-GAOpt electrocatalyst was somewhat greater than that of
the PtRu/C, however, and this electrocatalyst obtained the maximum current density of
all the electrocatalysts in Table 6. This was attributable to the catalyst support’s superior
dispersion as well as the enhanced utilisation of catalysis [51,67,68].

Table 7. Retention rates of electrocatalysts.

Electrocatalyst ji (mA cm−2) Jf (mA cm−2) Retention Rates (%)

PtRu/C 41.7 0.55 98.7
PtRu/TiO2-GA 38.8 1.53 96.1

PtRu/TiO2-GAOpt 35.9 4.05 88.7

2.5. Passive Single Cell Performance

Based on the single-cell findings presented in the figure, PtRu/TiO2-GA after opti-
misation had a positive effect on the single-cell performance test of direct methanol fuel
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cells. As a result, considerable alterations in methanol oxidation occur. PtRu/TiO2-GA
evaluated the single-cell performance of passive mode DMFC and was published for the
first time. The current-voltage (I-V) polarisation curves for 22% PtRu/TiO2-GA and 22%
PtRu/C electrocatalysts tested using a single DMFC cell at room temperature, as well as
20% PtRu/TiO2-GA electrocatalysts before optimisation are shown in Figure 11d, along
with the 3.2 mW cm−2 achievements. These molecules could obstruct the surface location
of the catalyst where methanol would react, resulting in decreased performance. Since the
methanol flow rate cannot be controlled in passive mode, the tank is easily contaminated
with methanol intermediate products, which can block GDL and impair DMFC perfor-
mance. Table 8 compares the performance of the PtRu/TiO2-GA electrocatalyst current
density with prior studies in passive mode DMFC. In contrast to before optimisation, the
PtRu/TiO2-GA catalyst’s optimum conditions demonstrated a considerable improvement
in DMFC performance. Once all of the results were compared, the PtRu/TiO2-GA elec-
trocatalyst was found to be comparable to electrocatalysts previously reported by other
researchers. The PtRu/TiO2-GA electrocatalyst has significant potential and could be used
as an anode catalyst for passive-mode DMFC in the future.

Table 8. Comparison of the single cell performance results.

Study Electrocatalyst Power Density (mW/cm2)

This study PtRu/TiO2-GAOpt 4.2
This study PtRu/TiO2-GA 3.2
This study PtRu/C 1.1

Abdullah et al. [69] PtRu/TiO2-CNF 3.8
Ramli et al. [64] PtRu/CNC 3.35

Shimizu et al. [70] PtRu/C 3.0
Hashim et al. [71] PtRu/C 3.3

3. Experimental Section

3.1. Materials and Chemicals

The Pt precursor, H2PtCl6, with 20% content, was kindly supplied by Merck, Darm-
stadt, Germany, while the Ru precursor, RuCl3 (45–55% content), supplied by Sigma-Aldrich
Co., St. Louis, MO, USA, was used in the synthesis catalyst. Ethylene glycol (EG), Nafion
solution, isopropyl alcohol, ethanol, and methanol were obtained from Sigma-Aldrich.
Titanium isopropoxide (TiPP, 97%) was obtained from Sigma-Aldrich Co. Graphene oxide
was obtained from GO Advanced Solution Sdn. Bhd (Malaysia).

3.2. Preparation of the PtRu/TiO2-GA Electrocatalyst

Fabrication of a TiO2-GA composite by a combination of hydrothermal and freeze-
dried methods that utilised moderate ultrasonication for 2 h, 50 mg of TiO2 was homoge-
neously dispersed into 100 mL of GO solution (2 mg/mL). The dilution was then placed in
a Teflon-lined 100 mL autoclave and kept at 200 ◦C for 12 h. To make a TiO2/GA composite,
the synthesised hydrogel was carefully washed with deionised water and freeze-dried for
24 h. The electrocatalyst fabrication was carried out using the standard atomic ratio of
1:1 of PtRu catalyst with 20 wt% loaded to TiO2-GA support, as shown in Figure 12. The
formation started with the weighing of chloroplatinic acid (Pt source) and ruthenium chlo-
ride (Ru source) precursors, followed by blending with sonicated ethylene glycol solutions
for 15 min. TiO2-GA was added to the precursor solution after it had been thoroughly
mixed, and it was stirred for about 30 min while the pH solution (1 M NaOH) was used
to modify the solution to 10. To ensure that the reduction process for this formation was
completed, the microwave reduction approach was designed for one minute and then off
for one minute, repeated two times. Eventually, the composite was washed and filtered
several times with DI water and ethanol and then dried in an oven for 3 h at 120 ◦C.
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Figure 12. Preparation of PtRu/TiO2-GA electrocatalyst.

3.3. Electrocatalyst Characterisation and Electrochemical Testing

The crystallinity and presence of the metal alloy in the electrocatalyst samples were
characterised using X-ray diffraction (XRD) (D8 Advance, Bruker, Bremen, Germany)).
XRD was used to provide the particle size distribution. The pore characteristics were
measured using a Brunauer-Emmett-Teller (BET) analysis on a Micromeritics ASAP 2020
instrument (Beijing, China) at 77 K under nitrogen gas flow. A FESEM analysis with a
SUPRA 55 VP (Zeiss, Birmingham, UK) was used to examine the surface morphology of
Pt-based bimetallic electrocatalyst-supported TiO2-GAs. In addition, energy-dispersive
X-ray (EDX) and mapping were performed on all prepared electrocatalysts to estimate the
distribution of the electrocatalyst element in samples. Transmission electron microscopy
(Tecnai G2 F20 X-Twin, FEI, Hillsboro, USA) was used to measure the catalyst particle size.

For this research, CV and CA electrochemical tests were conducted on the samples and
carried out in an electrolyte containing 0.5 M H2SO4 and 2.0 M CH3OH as the fuel solution.
At the moment, a three-electrode system was being used at room temperature, with a
working electrode consisting of a glassy carbon electrode (3 mm Ø), a counter electrode
containing platinum, and Ag/AgCl electrodes serving as reference electrodes. To make
preparations for the electrocatalyst ink for the working electrode, 50 μL (5 wt%) Nafion
solution, 150 μL DI water, and 150 μL IPA are sorted with 2.5 mg electrocatalyst. Then,
2.5 μL electrocatalyst ink was carefully dropped onto a glassy carbon electrode and allowed
to dry. The Autolab electrochemical workstation was used to measure CV with a scan rate
of 50 mVs−1 and potentials ranging from −0.2 to 1.0 V vs. Ag/AgCl.

3.4. Experimental Design
3.4.1. One-Factor-At-A-Time (OFAT)

OFAT is among the approaches that change each parameter at a time while keeping the
others constant [72]. Before final optimisation using the RSM method, the OFAT concept is
used to reach a target of required factor values. This study focuses on three parameters,
the most important of which is the electrocatalyst variable of the temperature composite,
TiO2-GA, manufactured with the catalyst. A second parameter investigated is the ratio of
Pt to Ru, and the last parameter is catalyst composition for optimised half-cell performance.
The variables were selected for this research because they have a robust impact on the
results of electrocatalyst elements of DMFC, which is consistent with the findings of
other researchers [32,33,51–54]. Depending on metal oxide and/or carbon nanostructure
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electrocatalysts supported by PtRu, the values for the variables were chosen as guidance
for screening levels via other researchers [22,32,51–54]. The temperature composite, Pt/Ru
ratio, and catalyst composition are ranged in this analysis in the ranges of 180–220 ◦C,
0.5–2.0, and 10–30 wt%.

3.4.2. Response Surface Methodology

The central composite design (CCD) was preferred to evaluate the influence of various
factors on a specific response. The three factors investigated in this study were the tem-
perature of the composition TiO2-GA, the ratio of Pt to Ru, and the catalyst composition,
whereas half-cell DMFC performance was measured using a current density. Design Expert
8.0.6 was used to carry out this method (Stat-Ease Inc., Minneapolis, MN, USA). The factors
were graded on a five-point scale (−α, −1, 0, +1, +α). Three factors generate 20 experi-
mental studies with CCD, of which five are performed at a face centre. The second-order
polynomial model agrees with this assessment [37]:

Y = β0 + β1A + β2B + β12AB + β11A2 + β22B2 (6)

where Y is the dependent variable (current density), A and B are the limit values of
the independent variable, βo, β1, β2, and β11 are constant coefficients, o are quadratic
constants, β1 and β2 are coefficients for linear terms, β11 and β12 are the coefficients for
quadratic terms, and β22 is the coefficient for the second-order interaction terms. The
coefficient of regression, analysis of variance (ANOVA), F-value, and p-value were used
to analyse the constructed regression model. The determination coefficient, R2, measures
the fit effectiveness of the polynomial equation model. The optimal values for these three
variables were then evaluated by running validation experiments and comparing the
values projected by the model. Thus, every test was performed in triplicate to produce an
average value.

3.5. Preparation of MEA

The anode, membrane, and cathode are three important parts in the production of
the membrane electrode assembly (MEA). The membrane Nafion 117 is chosen, and it
is treated with hydrogen peroxide (H2O2) and DI water as shown in a study by Hasran
et al. [73] to remove impurities. Besides, the electrocatalyst anode layer was PtRu/TiO2-GA,
and the cathode layer was Pt/C based on water-impermeable porous carbon paper. Thin
plastic blades helped load the carbon slurry (HiSPEC 1000 carbon powder and 9% PTFE
solution) onto the carbon paper surface. After that, the coated carbon layer was allowed
to cool before being sintered in a furnace at 350 ◦C for 60 min to allow a diffusion layer
to form at a load of 2 mg cm−2. The catalyst is then properly dispersed on the coated
carbon support layer using PtRu/TiO2-GA catalyst ink on the anode side and Pt/C on the
cathode side, respectively. In this case, carbon cloth is used to prepare the catalyst layer,
which is rubbed with carbon slurry and dried in an oven at 100 ◦C for 1 h. Hence, DI water
(64 mg), IPA (96 mg), and Nafion dispersion (170 mg) with an 8 mg cm−2 loading were
added. In the homogenizer, the solution is dispersed and cast onto the carbon cloth. The
anode and cathode are dried at 100 ◦C for 1 h in the oven. According to the suitability of
the research guided by Zainoodin et al. [74], the method of preparing MEA was modified.
Finally, clamping the anode, PtRu, and cathode, Pt/C, in the middle is a commercial MEA
(Nafion 117 from DuPont) prepared using a heater at 135 ◦C and a pressure of 15 kg cm−2

for 3 min.

3.6. DMFC Performance Test

In this study, the DMFC performance testing of PtRu/TiO2-GA before and after
optimism was studied and compared with commercial PtRu/C via a polarisation graph
using a potentiostat or galvanostat while an MEA with a 4 cm−2 active area was installed.
The anode was then filled with 10.0 mL of 2.0 M methanol as fuel and tested. PtRu/TiO2-
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GA single-cell experiments were carried out at room temperature in passive conditions
with PtRu/C.

4. Conclusions

In conclusion, the improved PtRu/TiO2-GA electrocatalyst outperformed PtRu/TiO2-
GA and PtRu/C in terms of fuel cell performance, which was the major goal of this study.
This research is significant since no previous study on adding modified PtRu/TiO2-GA
electrocatalysts for DMFC applications has been published. The input factors were chosen
as the temperature of the composite (◦C), the ratio of Pt to Ru, and the catalyst composition
employed, and the output variables were chosen as the current density. Second-order
quadratic models were obtained by CCD optimisation in RSM. These models showed
a strong connection between projected and experimental outcomes. The best-optimised
PtRu/TiO2-GA electrocatalyst was manufactured at a TiO2-GA temperature of 202 ◦C, a
Pt/Ru ratio of 1.1:1, and a catalyst composition of 22 wt%. The PtRu/TiO2-GA electro-
catalyst had the best physicochemical performance, with temperatures of 200 ◦C, 1:1, and
22 wt% for input variables, respectively. The validation test with optimum factors yields a
current density of 568.15 mA/mgPtRu, with just a 0.6% deviation from the predicted value
(564.87 mA/mgPtRu). PtRu/TiO2-GA had a maximum power density of 4.2 mW cm−2 in
the passive single DMFC test, which was 3.5 times greater than PtRu/C. The comparison of
electrocatalyst performance and passive DMFC single-cell performance of the current work
and other recent research is summarised in Tables 4 and 8. As a result, it was demonstrated
that by optimising the PtRu/TiO2-GA electrocatalyst, good performance may be attained
to replace PtRu/C in DMFC applications. As a result, the unique combination of PtRu and
TiO2-GA 3D materials demonstrated notable activity and stability. Furthermore, this re-
search approach is regarded as a practical, quick, and low-cost way of producing graphene
aerogel-based hybrid nano-electrocatalysts, and this form of the catalyst is promising for
low-temperature fuel cell applications.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/catal13061001/s1, Figure S1: Activity of the catalyst during
the CV electrochemical test; Figure S2. Surface morphology for (a) FESEM of TiO2-GA, (b) FESEM
of PtRu/TiO2-GA, (c) EDX analysis of PtRu/TiO2-GA; Figure S3. TEM images of the prepared
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Abstract: This work attempted to improve the catalytic performance of an anodic catalyst for use
in direct methanol fuel cells by coating graphene aerogel (GA) with platinum nanoparticles. A
hydrothermal, freeze-drying, and microwave reduction method were used to load Pt–Ru bimetallic
nanoparticles onto a graphene aerogel. The mesoporous structure of a graphene aerogel is expected
to enhance the mass transfer in an electrode. XRD, Raman spectroscopy, SEM, and TEM described the
as-synthesized PtRu/GA. Compared to commercial PtRu/C with the same loading (20%), the elec-
trocatalytic performance of PtRu/GA presents superior stability in the methanol oxidation reaction.
Furthermore, PtRu/GA offers an electrochemical surface area of 38.49 m2g−1, with a maximal mass
activity/specific activity towards methanol oxidation of 219.78 mAmg−1/0.287 mAcm−2, which is
higher than that of commercial PtRu/C, 73.11 mAmg−1/0.187 mAcm−2. Thus, the enhanced electro-
catalytic performance of PtRu/GA for methanol oxidation proved that GA has excellent potential to
improve the performance of Pt catalysts and tolerance towards CO poisoning.

Keywords: graphene aerogel; hydrothermal; freeze-drying; catalyst; anode; direct methanol fuel cell

1. Introduction

Fuel cells have been predicted to play a vital role in the hydrogen economy, as they offer
significantly better energy efficiency with zero or minimal greenhouse gas emissions [1,2].
Direct methanol fuel cells (DMFCs) are a potential type of fuel cell for mobile applications
due to their simple system fabrication and easy liquid fuel storage [3,4]. However, cost and
slow methanol oxidation reaction limit the commercialization of DMFCs. Fuel cells and
internal combustion engines can run on the liquid alcohol known as methanol. Methanol
offers various benefits beyond other fuels, such as a high energy density and the capacity
to be made from renewable sources. One problem is methanol crossover, which is the
diffusion of methanol across the membrane in a direct methanol fuel cell (DMFC) [5,6].
Therefore, intensive research has been carried out focusing on Pt-based catalysts to improve
the catalyst performance using minimal Pt metal [7,8]. Currently, the best catalyst for
DMFCs is bimetallic platinum ruthenium (PtRu). Although bimetallic PtRu has better
tolerance for CO than pure Pt, the electrochemical activity of bimetallic PtRu remains
low [7].

Ceramic and carbon materials are commonly used to support catalysts in chemical
processes, but each has unique properties and performance. Ceramic materials like alumina,
silica, and zirconia are sturdy, heat-resistant, and chemically inert. These characteristics
make them perfect for high-temperature applications like catalytic converters in cars and
offer plenty of space for catalyst deposition. Mahmood and his team [9] examined how
methanol oxidation behaved on thin films made of nickel oxide and composites of nickel
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oxide with zirconium and yttrium oxides. They used a simple dip-coating technique to
make NiO-ZrO2/FTO and NiO-Y2O3/FTO thin films. The results showed that these thin
films were more efficient than commercial electrodes, with only a small loss in efficiency.
This suggests that adding ZrO2 and Y2O3 to NiO reduces the risk of CO poisoning, which
is often seen in commercial electrodes. Liaqat et al. [10] fabricated thin films of Nickel
Oxide incorporated with the metal Copper (Cu) and Chromium (Cr) for the electrochemical
oxidation of methanol. The films, NiO−CuO and Ni0.95Cr0.05O2+δ, were created using a
simple dip-coating method, and their efficiency in methanol oxidation was compared to
pure NiO and CuO films. Results showed that the NiO−CuO and Ni0.95Cr0.05O2 + δ thin
films exhibited significantly higher efficiency in methanol oxidation than the pure NiO
and CuO films. However, the addition of Cr2O3 was found to be ineffective in methanol
electro-oxidation. However, ceramics are brittle and may break when subjected to stress.

Recently, researchers have focused on fabricating new carbon materials such as acti-
vated carbon, graphene, and carbon nanotubes are conductive, heat-resistant, and have a
vast surface area, making them suitable for electrochemical reactions and high-temperature
reactions an effective approach to improving catalytic activity while reducing the need
for Pt-based catalysts [11,12]. Carbon supports are lightweight and flexible, making them
less prone to mechanical failure than ceramics. However, carbon materials can interact
with the catalyst or reaction products, affecting the catalyst’s overall performance. Nguyen
et al. [13] discovered a highly conductive surface and achieved excellent performance
using carbon black as a catalytic support for Pt. Moreover, based on their superb electrical
conductivity, porous structure, and high surface area, various carbon materials, such as
carbon nanotubes (CNTs), carbon black (CB), and mesoporous carbon, have been broadly
investigated as support materials for electrocatalysts to improve the catalytic activity, stabil-
ity, and performance of DMFCs. Subsequently, the discovery of graphene as single layers
of carbon atoms by Geim et al. in 2004 sparked the curiosity of scientists worldwide [14,15].
Graphene nanosheets have consistent physical and chemical properties, virtuous electrical
conductivity, and a high surface area [16].

In addition, the catalytic activity can be increased by reducing the surface area of
densely adherent graphene by including distinct graphene sheets [17]. Other carbon
compounds can be used as spacers to bond with the sheets and reduce accumulation to give
graphene as separate sheets [18,19]. The 3D porous architectures and excellent inherent
characteristics of graphene and three-dimensional (3D) graphene aerogels (GAs) have
recently gained much attention. 3D GAs have special features, including a large surface
area, multidimensional electron transport, and porous structure, making them even more
desirable as catalytic supports when compared to graphene [20,21]. GA preserves the
inherent features of 2D graphene sheets while exhibiting certain desirable functionalities
with increased performance. Due to the potential to eliminate CO intermediate species
that develop throughout methanol electrooxidation, PtRu alloy catalysts are frequently
employed as DMFC anodes within Pt-based bimetallic electrocatalysts [22]. Dong et al. [20]
presented PtRu/graphene for fuel cell applications with improved performance, but more
improvement is needed to achieve uniform PtRu particle sizes.

In many situations, GA support is a desirable material in DMFCs [23], supercapaci-
tors [24], Li-ion batteries [25], and other applications [26,27] that utilize this type of material.
However, no work has been presented for bimetallic platinum-ruthenium (PtRu) with
a graphene aerogel support as an electrocatalyst in methanol oxidation. Therefore, this
study aims to investigate the effectiveness of PtRu nanoparticles on GA. Moreover, aerogels
are one of the ten most advanced structures used today and have a specific purpose in
industry or research, contributing to this study’s novelty. Morphological and structural
properties of the materials were obtained from various analytical techniques, including
X-ray diffraction (XRD), Raman spectroscopy, field emission scanning electron microscopy
(FESEM), and transmission electron microscopy were used to study the physical properties
of the catalysts (TEM). In addition, cyclic voltammetry (CV) and chronoamperometric (CA)
tests were used to study the activity and stability of the catalysts for the electrooxidation
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of methanol. Finally, this work portrays a significant improvement of anodic catalysts for
application in DMFCs.

2. Results and Discussion

2.1. Characterization of Materials

The XRD analysis of PtRu/GA, GA and GO is shown in Figure 1a. The dominant peak
for GA and the XRD pattern with a gap between layers of 3.42 Å was found at 26◦. This
value is greater than that for the graphite plane, i.e., 3.34 Å, but much smaller than the value
of 8.7 Å obtained from the GO peak of 10.6◦ in 2θ. By removing several oxygen-containing
functional groups from GO, a decrease in the distance between layers from GO to GA can
be observed. In addition, GA has a broader gap between layers than graphite, indicating
residual functional groups on its surface.

Figure 1. (a) XRD patterns and (b) typical EDX spectrum of PtRu/GA nanocomposite catalyst (c) the
EDX spectrum of individual Pt-Ru alloy nanoparticle (d) Raman spectra of GO, GA, and PtRu/GA.

GA has a broad peak, and the baseline is not obstructed. This suggests that GA
contains a significant amount of amorphous structure [27]. The PtRu/GA XRD patterns
exhibit Pt diffraction peaks at 39.7◦ (111), 46.2◦ (200), and 67. 5◦ (220). The spectrum
for the catalyst shows Ru diffraction peaks at 40.7◦ (111), 47◦ (200), and 69◦ (220). In
this case, we assume that the PtRu in the crystal structure has a face-centred cubic (fcc)
structure. GA does not appear to result in any noticeable changes in the crystallization of
PtRu nanoparticles [28]. Furthermore, this difference suggests that graphene nanosheets
are closely packed, whereas PtRu/GA without stacked graphene nanosheets preserves its
three-dimensional structure.

Based on the XRD pattern, it can be concluded that the PtRu/GA nanocomposite
catalyst prepared in this study has an FCC structure, which is consistent with the SAED
pattern shown in Figure 2f. This indicates that the Pt and Ru precursors were effectively
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loaded onto the GA without impurities. The diffraction peaks from the PtRu/GA composite
are located between the positions of pure FCC-structured monometallic Pt (JCPDS-04-0802)
and Ru (JCPDS-46-1043), suggesting the formation of Pt-Ru alloy nanoparticles [29]. The
(111) plane dominates the orientation, as evidenced by the most intense peak. Moreover, the
width of the diffraction peaks indicates the average size of the nanoparticles, with broader
peaks indicating smaller particles. The intensity of the (111) orientation suggests that it was
the dominant orientation during the growth process, likely due to a high concentration of
atoms and the strong affinity of Pt atoms for that plane. This orientation is highly reactive
and has the same d-spacing. The strong and narrow peak indicates that the particles have a
high level of crystallinity.

Figure 2. Cont.

100



Catalysts 2023, 13, 879

Figure 2. FESEM images (a) PtRu/GO, (b) PtRu/GA, TEM image (c) PtRu/GO, (e) PtRu/GA SAED
pattern (d) PtRu/GO, (f) PtRu/GA.

Additionally, no impurity peaks were detected, confirming the formation of pure
crystalline platinum. Figure 1b displays the EDX spectrum of the PtRu/GA nanocom-
posite catalyst, indicating the presence of Pt, Ru, C, and O elements. The appearance of
characteristic peaks for these elements indicates the successful formation and deposition
of Pt-Ru alloy nanoparticles onto GA. The C peak corresponds to GA, while the O peak
results from the remaining oxygen-containing functional groups in GA due to incomplete
chemical reduction from GO to GA. The EDX spectrum of the Pt-Ru alloy Figure 1c re-
veals overlapping peaks for Pt and Ru, providing strong evidence of the formation of a
Pt-Ru alloy structure. The respective atomic ratios of the elements are known or taken
into consideration. Therefore, EDX can be used to determine the composition of a Pt-Ru
alloy. This can be accomplished by contrasting the alloy’s X-ray emissions with those of a
fictitious alloy with a known or assumed composition. However, these estimates might not
be extremely precise or accurate because of EDX’s limitations. Therefore, the use of a more
quantitative approach, such as ICP-AES, is advised for atomic ratios that are more exact.
Additionally, the atomic ratio of Pt to Ru, assumptions by their EDX line scanning profiles,
is approximately 51:49, which closely matches the theoretical composition of a 1:1 ratio.
This further confirms the successful formation of the Pt-Ru alloy.

Interestingly, analysis of the Raman spectrum enables the identification of the carbon
species in the sample, which can be used to investigate further the electrocatalysts produced.
The structural change in GO, which occurs during the hydrothermal process, was studied by
Raman spectroscopy. Figure 1d illustrates the bands observed at approximately 1344–1351
cm−1 and 1577–1598 cm−1, corresponding to the D and G bands for GO, GA, and PtRu/GA
to the existence of poly-crystalline graphite [30]. The G band generally corresponds to the
vibrational modes of the sp2 hybridized carbon atoms in the graphite layer. At the same
time, the large D-band peaks indicate the low crystallinity of the GA support. Analysis of
the Raman spectrum also shows that the higher the value of ID/IG, the more defects are
present in the graphite. The ID/IG intensity ratio for the bands was calculated from the
Raman spectra: PtRu/GA (1.02), GA (1.10), and GO (0.94). The degree of graphitization
can be calculated from the relative intensity ratio of the D and G bands (ID/IG), which
varies depending on the type of graphite material. The higher the (ID/IG) value, the more
flaws there are in graphite. However, the ID/IG value for the PtRu/GA electrocatalyst
was only slightly increased in this instance. Graphite in the sample has very little flaw
or disorder, which is meant [31]. The PtRu metal addition, which may have slightly
altered the GA structure, can also be linked to this issue. The intensity ratio for the ID/IG

101



Catalysts 2023, 13, 879

bands for GO (0.94) is increased compared to GA (1.10), which is similar to a previous
description [32]. This increase reveals that the average sp2 domain size is decreased during
the synthesis process, which is most likely due to the production of a significant number of
new smaller graphitic domains [33]. Furthermore, even after the catalyst is disseminated on
the GA support, the resultant (ID/IG) ratio is similar to that obtained for the electrocatalyst
samples in this work. Consequently, the carbon layers in these electrocatalyst samples in
the disordered and structured portions of the GA structure are not significantly different.

Figure 2a,b, FESEM shows that the electrocatalyst has a well-developed 3D link
porosity network, consistent with hydrothermally produced 3D graphene [34]. In addition,
the pore structure of the generated samples will facilitate the mass transit of reactants and
products [35]. The graphene sheets are stacked in Figure 2a, and this discovery aligns
with the findings shown in Figure 1a. As shown in Figure 2b, a porous 3D structure is
maintained on the PtRu/GA electrocatalyst, which allows reactant transport. At the same
time, a negative influence on the surface of the platinum particles is limited by the structure
of the graphene sheets. Platinum particles with a size of 1–3 nm are uniformly distributed
on a graphene nanosheet, as shown in Figure 2c,e. Based on Figure 2f, the particles have
the same size as the PtRu/GA particles, which indicates that GA and GO have similarities
in terms of the absorption and scattering ability of the particles. The selected area electron
diffraction (SAED) pattern in Figure 2d,f clearly shows the face-centred cubic (FCC) or
crystalline structure of the as-prepared Pt-Ru alloy nanoparticles. The (111), (200) and (220)
planes of the crystalline FCC structure are attributed to the three concentric rings and dots
formed in the SAED evaluation from the inside to the outside. The fabrication result for
PtRu/GA provides a concentric ring light spot, indicating that the resulting sample has a
highly crystalline structure. These results are consistent with the XRD data in Figure 1a,
which show that PtRu crystals have crystal defects and multiple domains.

2.2. Electrochemical Evaluation

The potential and effectiveness of all catalysts were electrochemically characterized
and determined to be anodic catalysts in DMFCs. This segment includes two main mea-
surements: cyclic voltammetry (CV) and chronoamperometry (CA), which analyse elec-
trocatalytic performance. This was carried out to determine how stable and durable the
samples are in the long term. Figure 3a depicts the CV profiles measured for all catalysts
in a 0.5 M H2SO4 solution with potentials ranging from −0.2 V to 1.0 V. The hydrogen
adsorption/desorption area is also reported on the scale of −0.2 V to 0.1 V, which was used
to determine the electrochemical active surface area (ECSA). The ECSA is a method for
calculating the surface area of PtRu nanoparticles in an electrocatalyst [36]. Charge transfer
reactions at the activation sites are adsorption limited; therefore, this approach requires a
cycle of electrode current in the voltage range. ECSA employs the full charge necessary for
monolayer adsorption and desorption as reactive surface sites [37].

In general, the larger ECSA of a catalyst usually possesses higher electro-catalytic
activity. The methanol oxidation reaction (MOR) performance of anode catalyst is a signifi-
cant factor influencing DMFC’s efficiency. The common methanol electrooxidation reaction
steps with Pt-based alloy catalyst are given in Equations (1)–(3) as shown below [38]:

PtRu + CH3OH → PtRu-COad + 4H+ + 4e− (1)

PtRu + H2O → PtRu-OHad + H+ + e− (2)

PtRu-COad + Pt-Ru-OHad → CO2 + 2PtRu + H+ + e− (3)

From Equation (1), the intermediate species of carbon monoxide (CO) is produced
during MOR and then further adsorbed onto the surface of the Pt-Ru catalyst (PtRu-
COad). The produced COad block the surface of the Pt-Ru catalyst, thereby suppressing
the continuous MOR. The PtRu-COad can be oxidized by the hydroxyl group (OH) to
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form carbon dioxide (CO2). GA acts as Pt-PRu catalyst support which can prevent the
agglomeration of the nanoparticles during MOR and enhance the durability of the catalyst.
The calculated ECSA for the CV observation is shown in Table 1. The ECSAs for PtRu/GA,
PtRu/GO, and PtRu/C were computed to be approximately 38.49 m2g−1, 20.44 m2g−1,
and 19.65 m2g−1, respectively. PtRu/GA has an ECSA of approximately two times that of
PtRu/C. This finding demonstrates that preserving a 3D structure while raising the ECSA
for PtRu nanoparticles and improving catalyst utilization is possible with GA.

Figure 3. Represent (a) the H2 absorption and desorption of PtRu catalyst in 0.5 M H2SO4, (b,c) CV
curves in 0.5 M H2SO4 and 1 M CH3OH aqueous at 50 mVs−1 and (d) histogram of mass activity and
specific activity for electrocatalyst.

Table 1. Comparison of the current density results with the different electrocatalysts.

Eletrocatalyst
ECSA

(m2/gPtRu)

Peak Potential
(V vs.

Ag/AgCl)

Onset
Potential (V vs.

Ag/AgCl)

Mass Activity
(mA/mgPtRu)

Specific
Activity

(mA/cm2
PtRu)

CO Tolerance
If/Ib Ratio

PtRu/GA 38.49 0.67 0.205 219.78 0.287 1.19
PtRu/GO 20.44 0.739 0.211 107.06 0.263 1.29
PtRu/C 19.65 0.649 0.387 73.11 0.187 3.94

CV was used to examine the catalytic activity of the synthesized electrocatalyst and
other electrocatalysts, as shown in Figure 3b. The CV curves obtained for the PtRu/GA,
PtRu/GO, and PtRu/C electrocatalysts were evaluated in 0.5 M H2SO4 with 1 M CH3OH
with saturated N2 gas at room temperature. The potential range for the several curves
is −0.2 to 1.0 V versus Ag/AgCl. The data show well-known methanol oxidation char-
acteristics, with identifiable anode peaks at 0.60 V for all catalysts. For the oxidation of
methanol at PtRu, a kinetically controlled reaction occurs because of this process, a huge
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anodic peak amplitude is presented, and a larger anodic current density will result from
a large electrocatalytic activity. PtRu/GA has a peak current density of 219.78 mAmg−1

PtRu, which is 2.1 times that of PtRu/GO (107.06 mAmg−1 PtRu) and three times that of
commercial PtRu/C (73.11 mAmg−1 PtRu). This indicates that PtRu/GA has significantly
higher electrochemical activity than PtRu/GO and Pt/C, owing to the increased ECSA of
PtRu nanoparticles on PtRu/GA.

Table 1 illustrates the CV curves for CO tolerance, onset oxidation potential, and
forward oxidation potential for all electrocatalysts generated in the MOR. Throughout the
forward scan, the forward oxidation peak (If) reflects the oxidation of specific adsorbed
species of methanol, while the elimination of carbonaceous species owing to incomplete
oxidation is shown by the reverse oxidation peak (Ib) [39]. The If and Ib ratios also in-
dicated in Table 1, can be utilized to determine the ability of electrocatalysts to tolerate
CO intermediate molecules during methanol oxidation. Based on the minimal number of
carbonaceous species remaining, a high If/Ib ratio in the forward scan suggests an effective
electrocatalyst in methanol oxidation. According to the CV data given in Table 1, the If/Ib
value for the PtRu/C electrocatalyst is the largest (3.94) when compared to the PtRu/GO
(1.29) and PtRu/GA (1.19) electrocatalysts, indicating that the PtRu/C electrocatalyst has
greater CO tolerance. This finding demonstrates that using a nanostructure structure and a
metal oxide combination in an electrocatalyst can help to solve the critical challenge for
DMFC technology and has strong potential to replace the commercial supports that are
now used in this technology.

Electrocatalysts on manufactured PtRu/GA were compared to various PtRu supports
for electrocatalysts in DMFCs, such as nanostructured catalysts and metal oxide combina-
tions, as shown in Table 2. The results demonstrate that PtRu/GA has the highest peak
current density among all electrocatalysts.

Table 2. Comparison of the performance results with the previous study.

Authors Electrocatalyst
Peak Potential

(V vs. RHE)
Peak Current Density

(mA/mgPtRu)

This study PtRu/GA 0.864
0.287 mA/cm2

219.78 mA/mg
Nishanth et al. [40] PtRu/TiO2-C 0.761 151.47

Lin et al. [41] PtRu/CNT 0.857 66.69
Chen et al. [42] PtRuWOx/C 0.913 56.02
Basri et al. [43] PtRuNiFe/MWCNT 0.941 31
Guo et al. [44] PtRu0.7(CeO2)0.3/C 0.191 21.43

To highlight the distinction, this study used mass activities (mAmg−1) and specific
activity (mAcm2), as illustrated in Figure 3 to give a standard evaluation by normalizing
the current for the PtRu mass loading and the ECSA, respectively as to make a comparison
for all. Notably, the specific activities of the catalysts were evaluated for relevance to the
ECSA in the current context. The PtRu mass utilization efficiency can be determined using
a specific activity (mA/cm2

PtRu) for which PtRu/GA has an abnormally high mass activity
of 219.78 mA/mg tiny amount of specific activity (mA/cm2

PtRu). For the histogram shown
in Figure 3d, PtRu has a utilization of approximately 0.287 mA/cm2 compared to other Pt
electrocatalysts with high utilization of Pt mass, in line with the histogram for a particular
activity. This indicates that PtRu/GA is successful in achieving excellent catalytic activity.
PtRu/GA has a higher electrochemical activity because of the well-distributed and uniform
size of PtRu particles and a higher ECSA value, which results in many electrochemically
active sites.

To provide a deeper understanding of how methanol oxidation works at a molecular
level, it is important to consider the variations in structure and mechanical stability between
different samples. Figure 4a offers a clear visualization of how the electrical properties
of these samples vary, as it depicts the relationship between resistivity and material den-
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sity. Notably, there are significant disparities between the performance of PtRu/GA and
commercial samples. PtRu/GA demonstrates low resistivity and a strong potential for
use in anodic catalyst reactions due to its tendency towards the high current. PtRu/GA,
PtRu/GO, and PtRu/C catalysts were chronoamperometrically tested for 3600 s in 0.5 M
H2SO4 containing 1.0 M CH3OH at a fixed potential of 0.60 V to determine their long-term
electrocatalytic activity and stability against methanol oxidation. Two electrocatalysts
were compared to commercial PtRu/C in this study. These tests are crucial for assessing
activity and ensuring electrocatalytic activity against methanol oxidation reactions over a
time-consuming need. Instead, Figure 4b shows their corresponding curves, while Table 3
shows the long-term stability analysis results. Initially, all the catalysts were found to have
a high current value, which may be attributable to numerous active sites on their surfaces.

Figure 4. (a) Resistance curves of commercial PtRu/GA and PtRu/C (b) Chronoamperometric curves
in 0.5 M H2SO4 + 1 M CH3OH solution.

Table 3. Summary results of the long-term stability test for nanocomposite catalysts.

Electrocatalyst
Initial Current

Density (mAcm−2)

Final Current
Density at 3600 s

(mAcm−2)

Current Density
Decline (%)

PtRu/GA 70.26 3.79 94.6
PtRu/GO 42.21 0.57 98.6
PtRu/C 0.07 0.04 42.9

Continuous oxidation of methanol fuel on the catalyst surface at a fixed potential
(0.60 V) occurs during the MOR. As a result, various intermediate-adsorbed CO species
begin to form on the catalyst surface. As demonstrated, the initial current for the PtRu/GA
nanocomposite catalyst is substantially higher than that for the PtRu/GO and PtRu/C cata-
lysts, implying higher double-layer charging [45]. Within the first 1000 s of the experiment,
the PtRu/GA nanocomposite catalyst demonstrates a faster current decay than the PtRu/C
catalyst, with an approximately 80% loss compared to 40% [46]. Even though a decline in
current was observed, the PtRu/GA nanocomposite catalyst showed a much higher current
than the PtRu/GO and PtRu/C nanocomposite catalysts for the entire period. PtRu/GA
nanocomposite catalysts have a final current density of 3.79 mA/cm2, which is higher than
that of the PtRu/GO (0.57 mA/cm2) and PtRu/C (0.04 mA/cm2) catalysts (see Figure 4 for
a better version).

Furthermore, compared to PtRu/GO (98.6%) and PtRu/GA (94.6%), the PtRu/C
nanocomposite catalyst shows the lowest calculated decrease in current density (42.9%),
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demonstrating that the Pt-Ru alloy nanocomposite catalyst is more tolerant of toxins during
MOR. The current decays slowly or gradually over time, indicating that the catalyst has
good anti-poisoning properties [8]. The PtRu/GA nanocomposite catalyst displays a slower
current decline than a conventional catalyst. As a result, the PtRu/GA nanocomposite
catalyst outperforms the PtRu/GO and PtRu/C catalysts regarding the electrocatalytic
activity and stability of the methanol oxidation process. The outcomes show that oxidation
processes are encouraged by acidic conditions because they promote an environment that
increases the likelihood that they will take place in the methanol oxidation reaction in an
acidic medium. In addition, acidic conditions, which aid in neutralizing these charges and
improve their stability, can stabilize the positively charged intermediate species created
during oxidation processes. As synthesized, the PtRu/GA nanocomposite catalyst seems
promising for DMFC anode catalytic applications.

3. Experimental Section

3.1. Materials

Merck provided a platinum precursor (H2PtCl6) with a Pt concentration of 40%.
Graphene oxide was obtained from GO Advanced Solution Sdn. Bhd. Ruthenium precursor
(RuCl4), isopropyl alcohol, ethylene glycol (EG), Nafion solution, methanol, and ethanol
were obtained from Sigma–Aldrich (St. Louis, MO, USA).

3.2. Formulation of the GA Support

An 80 mg GO was put into 40 mL of distilled water at the start of production to create
a composite produced in the lab. This solution was prepared using ultrasonic, sonic mixing
to achieve a homogeneous solution before being transported to a Teflon-coated autoclave
with a stainless-steel enclosure. The graphene hydrogel was then subjected to hydrothermal
treatment for 12 h in an oven at 200 ◦C. The autoclave was then allowed to cool to room
temperature before performing a freeze-drying process for 24 h to generate a graphene
aerogel sample. Figure 5 depicts the creation of graphene aerogels using a combination of
hydrothermal and freeze-drying techniques.

Figure 5. Graphene aerogel (GA) synthesis.

3.3. Synthesis of the PtRu/GA Electrocatalyst

The study will select the optimal GA support for doping with a Pt-Ru catalyst. The
GA support will be loaded with 20 wt% of Pt-Ru in a 1:1 atomic ratio. Initially, the Pt
source, chloroplatinic acid, and the Ru source, ruthenium chloride, will be mixed with
Ethylene Glycol (EG) solutions in a 70:30 ratio of EG to DI (v/v) and sonicated for 15 min.
Subsequently, the precursor solutions will be added to the synthesized GA powder and
stirred for 30 min until well mixed. Next, the pH of the solution was changed to a value of
10 using a 1 M NaOH solution. In addition, the mixture was heated in a microwave for
1 min and then turned off twice for 1 min to complete the reduction process. Finally, the
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sample was dried in an oven at 120 ◦C for 3 h, filtered, and washed numerous times with
DI water and ethanol.

3.4. Preparation of the Working Electrode

An Autolab electrochemical workstation was used to examine the electrochemical
measurements, as shown in Figure 6. The catalyst slurry was produced by ultrasonically
dispersing 2.5 mg catalyst in a solution of 150 μL deionized water, 150 μL isopropyl alcohol,
and 50 μL Nafion (5 wt%) solution for 20 min. In this experiment, a working electrode
known as a glassy carbon electrode (GCE) with a diameter of 3 mm was used (this electrode
was glossy with an alumina suspension), where 2.5 μL of catalyst ink was drop cast onto the
top GCE surface and dried at room temperature overnight before testing the performance
the next day.

Figure 6. Electrochemical test with Autolab electrochemical workstation.

3.5. Structural Characterization

Sample-ray diffraction (XRD) is a powerful physical characterization technique that
may be utilized to demonstrate manufactured materials’ crystallinity and determine their
physical characteristics. The size of the catalyst particles and the phase of the prepared
catalysts were determined through X-ray diffraction (XRD) analysis using a D-8 Advance
diffractometer (Bruker) with Cu Ka (λ = 0.154056 nm) radiation source. This analysis
was carried out at room temperature, and the voltage and current were set at 40 kV and
30 mA, respectively. The 2q range values between 5 and 100 were used to obtain the X-ray
diffractogram. Scherer’s equation was employed to calculate the crystallite size of the
catalyst from the XRD data.

d =
Kλ

β cos θ
(4)
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The average diameter of the catalyst can be calculated in nanometers using Scherer’s
constant (K = 0.89), the wavelength of the radiation (l = 0.154056 nm), the full width at half
maximum of the diffraction peak (111) in radians (b), and the Bragg diffraction angle (q).

Concurrently, the degree of graphitization can be determined via Raman spectrum
analysis. The surface morphology and forms of the samples were studied using a field emis-
sion scanning electron microscope (FESEM). In contrast, transmission electron microscopy
(TEM) was performed using a JEM-1010 JEOL apparatus with a voltage of 100 kV.

3.6. Electrochemical Characterization

For this study, the catalyst’s electrochemical surface area (ECSA) was evaluated in
a 0.5 M H2SO4 solution, and the electrocatalytic activity for methanol oxidation was
investigated in a 0.5 M H2SO4 + 1 M CH3OH solution. Next, an electrode electrochemical
analyzer was utilized to record all data using cyclic voltammetry (CV) at a scan rate of
50 mVs−1. Table 1 contains the ECSA results, and CV measurements were used to evaluate
ECSA using the equation below.

ECSA (m2gPt
−1) =

Q
Γ.WPt

(5)

Based on the equation, Q is the charge density or area under the graph ((C) of exper-
imental CV), Γ (2.1 CmPt

−2) is the constant for the charge required to reduce the proton
monolayer on the Pt, and WPt is the Pt loading (gPt) on the electrode. The electrocatalytic
activity of the PtRu/GA electrocatalysts MOR using 0.5 M H2SO4 + 1 M CH3OH solution
was tested using a cyclic voltammogram (Figure 3). The anodic peak current density
for the sweep is associated with the oxidation of freshy chemisorbed species originating
from methanol adsorption [47]. Chronoamperometry measurements were performed for
3600 s a with a step potential of 0.6 V [48]. Each experiment was purged for 15 min with
high-quality nitrogen gas to achieve oxygen-free content. Gas chromatography-mass spec-
trometry (GCMS) is a powerful analytical technique used to identify and quantify the
chemical compounds present in a gas sample. In addition, each electrochemical experiment
was conducted using a fresh electrolyte solution to assure repeatability. In addition to test-
ing the strength of the electrocatalyst, the retention value of the electrocatalyst is checked
by CA, which focuses on the level of resistance or force of the electrocatalyst object during
operation for a certain period according to the following equation [40];

Retention value =
Initial current density − Final current density

Initial current density
× 100% (6)

To further clarify the catalytic performance of the electrocatalysts toward MOR, the
poisoning tolerance was evaluated. The forward anodic peak current (IF) to the backward
anodic peak current (IB) ratio, IF/IB, can be employed to evaluate the tolerance to accumu-
lated CO and other adsorbed species [40]. A higher IF/IB ratio generally implies a more
effective removal of CO and other adsorbed intermediates on the electrocatalyst surface
during the anodic scan [42].

4. Conclusions

This work describes a novel graphene aerogel support for bimetallic PtRu that was
successfully fabricated using an environmentally friendly hydrothermal reaction with a
working temperature range of 200 ◦C and a freeze-drying approach. A PtRu/GA electrocat-
alyst was fabricated from the best GA utilizing a simple microwave-aided alcohol-reduction
approach, and the results obtained from prior investigations of bimetallic catalysts were
compared. This work describes the synthesis, characterization, and chemical activities
of bimetallic PtRu with a graphene aerogel support and its catalytic abilities in a direct
methanol fuel cell. XRD, Raman spectroscopy, FESEM, and TEM studies were used to
determine the structure, composition, and morphology of the as-synthesized PtRu/GA.
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PtRu/GA also has an excellent 3D porous structure that prevents the active surface area loss
found for stacked graphene sheets, according to FESEM images. In addition, all electrocata-
lysts were compared to PtRu/C. The as-prepared PtRu/GA nanocomposite catalyst showed
a significantly greater ECSA, superior electrocatalytic activity, lower onset potential, more
significant peak current, and improved stability against the MOR. The high surface area and
synergistic impact of the generated PtRu alloy nanoparticles with high dispersion on the
surface area of the GA support can contribute to these findings. As a result, this study offers
a new avenue for catalyst development, raising the prospect of utilizing the as-developed
PtRu/GA nanocomposites as a viable DMFC catalyst. Alternatively, PtRu/GA synthesis
can be easily expanded to prepare various GA-integrated nanomaterials with diverse uses
in photocatalysis, sensors, batteries, and super-capacitor applications.
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Abstract: Visible-light-active, organic, heterogeneous photocatalysts offer an ecologically friendly
and sustainable alternative to traditional metal-based catalysts. In this work, we report the microwave
synthesis of nanocarbon dots (CDs), loaded with graphitic carbon nitride (g-C3N4). The fabricated
nanocomposite was shown to exhibit various properties, such as the Schottky heterojunction. The
optical properties, functional group analysis, surface morphology, crystallinity, chemical stability,
electronic properties, and pore size distribution of the synthesized nanocomposite were analyzed by
Ultraviolet-Diffuse Reflectance Spectroscopy (UV-DRS), Photoluminescence (PL), Fourier Transform
Infrared Spectroscopy (FTIR), Transmission Electron Microscopy (TEM), X-Ray Diffraction (XRD),
Zeta potential, X-Ray Photoelectron Spectroscopy (XPS), and Brunauer–Emmett–Teller (BET). Until
now, to the best of our knowledge, there have been no reports published on the light-assisted synthesis
of O-arylation of 2-chloroquinoline-3-carbaldehyde. Therefore, we explored the photocatalytic activity
of the fabricated nanocomposite in the production of the O-arylated 2-chloroquinoline-3-carbaldehyde.
This facile technique uses a blue LED light source as a non-conventional source and operates under
moderate conditions, resulting in useful O-arylated products. The experimental data shows the
good recyclability of the catalyst for up to five cycles without a loss in catalytic activity, a simple
operational protocol, easy recoverability of the catalyst, and good product yields (65–90%) within
12–24 h. Additionally, the preliminary mechanistic investigations are discussed. The results show
that the phenoxy and quinoline-3-carbaldehyde radicals generated upon blue LED irradiation during
the course of the reaction are responsible for C-O bond formation, which results in O-arylation.
The present study clearly indicates that 0D/2D nanocomposites have a bright future as metal-free,
heterogeneous photocatalysts suitable for organic reactions.

Keywords: blue LED; O-arylation; photocatalyst; carbon nanodots; CDs/g-C3N4 heterojunction

1. Introduction

Aromatic ethers constitute one of the most basic organic molecular structures. As a
result, various O-arylation processes for aromatic ether synthesis have been developed [1,2].
Ullmann coupling and Chan–Lam coupling are the most extensively used and most trust-
worthy technique of transition-metal-catalyzed O-arylation [3,4]. When transition metal
poisoning from products is a concern, O-arylation by a metal-free catalyst is an appealing
solution [5]. Because of its synthetic and response flexibility, as well as its wide range of
chemical activity, 2-chloroquinoline-3-carbaldehyde chemistry has received a great deal of
attention in recent years. These aldehydes are an intriguing class of organic compounds
that could be used as synthetic intermediates and building blocks in the development of a
wide range of heterocyclic systems, as well as presenting effective antibiotics for microbial
and cancer therapy [6]. Furthermore, the quinoline molecule serves as the basic skeleton
for many alkaloids found in nature, as well as anticancer treatments [7].
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Catalysis is essential for chemical transformations and is fundamental to a vast ar-
ray of chemical processes [8,9], ranging from academic laboratory research to industrial
chemical applications. By employing catalytic reagents, it is possible to control the tem-
perature during synthesis, reduce reagent waste, and enhance reaction selectivity, thereby
potentially preventing unwanted side reactions and contributing to the development of
green technology [10]. Nano-catalysis is widely used to speed up modern synthesis [11,12].
Typically, these catalysts are composed of nano-dimensional active constituents, distributed
on a solid support. Achieving sustainability is the fundamental principle underlying the
use of catalysts in organic synthesis [13,14]. Organic synthesis research in photocatalysis,
particularly in relation to visible light, is also noteworthy [15,16].

Photochemistry is a branch of chemistry that studies chemical reactions caused by light
absorption [17]. Photons are used in these chemical reactions to provide enough energy
to convert the starting materials into the final products [18]. The most common visible
light photocatalysts are expensive and hazardous polypyridyl complexes of ruthenium
and iridium [19]. Furthermore, ligands are required for these species’ catalytic activity,
and tuning their chemical structures is critical to imparting the desired characteristics to
metal-based photocatalysts [20]. Because of these considerations, there is currently a great
deal of interest in developing novel, efficient, metal-free organic photocatalytic systems [21].
To meet these needs, these organic photocatalysts must be effective, safe, cheap, and easy
to obtain using simple synthesis methods.

Photocatalysts based on graphitic carbon nitride (g-C3N4) are gaining popularity due
to their unique electronic band structure and physicochemical properties [22,23]. With
a bandgap of 2.7 eV, g-C3N4, shortly referred to as CN, is an environmentally friendly
metal-free semiconductor [24,25]. Bonding with any metal, nonmetal, or doping agent with
CN is necessary to improve its photocatalytic activities [26].

Carbon dots (CDs) have evolved as flexible metal-free substances with a wide range
of features in terms of catalytic applications when it comes to metal-free catalysts [27,28].
Because of their inertness, high surface functionality, and chemical stability, CDs are an in-
triguing choice of support [29]. CDs are a fluorescent, potential group of zero-dimensional
carbon nanomaterials composed of carbon cores (sp2/sp3 hybridized carbon), with sizes
less than 10 nm, which are amorphous and poorly crystalline [30]. CDs have unique prop-
erties, such as outstanding water solubility at the nanoscale [31], strong photostability [32],
and biocompatibility [33], in addition to captivating size- and excitation wavelength-
dependent photoluminescence activity. All of these characteristics combine to make CDs
environmentally friendly, safe, and cost-effective nanomaterials with a wide range of appli-
cations [34,35]. Similarly, the ease of their mass production from bioresources increases their
versatility of applications [36]. In comparison with other carbon-based nanomaterials, such
as carbon nanotubes [37] and graphene [38], the capability of CDs for catalytic processes in
synthetic organic chemistry has yet to be fully revealed [39].

The optimum form of light source for photocatalytic applications is a light-emitting
diode (LED). In terms of efficiency, energy, flexibility, longevity, and environmental friendli-
ness, blue LEDs exceed other light sources. LEDs are an upgrade over traditional illumi-
nation sources due to their distinct properties; they provide designers with sn additional
conceptual scope while creating various photochemical reactions [40,41].

In 2017, Samanta and his colleagues [42] made a CDs/Bi2MoO6 nanocomposite as a
photocatalyst and tested its efficiency in the synthesis of benzimidazole. In 2017, Sarma
et al. [43] used carbon nanodots with carboxyl groups on them to make several quinazoli-
nones and aza-Michael adducts. In 2018, Majumdar et al. [44] came up with a new way to
make quinazolinone derivatives from alcohol and 2-amino benzamide substrates in a single
pot, using a CDs-Fe3O4 composite as a catalyst in an aqueous medium. Our research team
has also recently published a review on carbon-dot-based organic transformations [45].

In terms of previous work, we report in this study for the first time on the photoirradi-
ation of glucose-derived CDs/CN for promoting the O-arylation of 2-chloroquinoline-3-
carbaldehydes. The Schottky-like heterojunction formed by the CDs/CN provides electron
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mediation through the CDs, enhancing their photocatalytic activity. When compared to
pristine CDs and CN, the prepared CDs/CN nanocomposite demonstrated higher photo-
catalytic activity and stability. UV-DRS, PL, FTIR, TEM, XRD, zeta potential, XPS, and BET
were used to investigate the optical properties, functional group analysis, surface morphol-
ogy, crystallinity, chemical stability, electronic properties, and pore size distribution of the
samples. This study will pave the way for future advances in the field of photocatalysts in
organic synthesis.

2. Results and Discussion

2.1. Characterization of the Prepared Nanocomposite
2.1.1. XRD Analysis

The XRD pattern revealed the crystalline nature and structure of the prepared ma-
terials. The XRD pattern of CN and various loading percentages of CD-modified CN
nanocomposite are shown in Figure 1a. The pristine g-C3N4 has two strong peaks at about
13 and 27.3 degrees, which correspond to the (100) and (002) planes of graphitic carbon
nitride (JCPDS No. 87-1526) [46]. No crystalline CDs were observed in the XRD patterns of
the various as-fabricated loading percentages of CDs/g-C3N4 nanocomposite (Figure 1a),
which may be related to the low CD doping level. The primary diffraction peaks of the CN,
however, are similar to the diffraction peaks of 3CDCN, 6CDCN, and 9CDCN. This demon-
strates that the addition of CD did not alter or disrupt the structure of CN. Meanwhile, the
major peaks of 3CDCN, 6CDCN, and 9CDCN shifted slightly, compared to CN, confirming
that CDs were attached to the CN matrix.

Figure 1. (a) The XRD pattern of CN, 3CDCN, 6CDCN, and 9CDCN, and (b) FT−IR spectrum of
CDs, CN, 3CDCN, 6CDCN, and 9CDCN.

2.1.2. FT-IR Studies

Figure 1b depicts the functional groups of CN and the various CDs/CN nanocomposite
materials. The broad peaks in the 3600–3000 cm−1 range are ascribed to the presence of
−NH and −OH groups. The N−H stretching vibrational peaks in CN originate from
the terminal −NH2 or N−H groups, and O−H stretching or water molecule-absorbing
peaks in CDs [47,48]. At 1750 cm−1 and 1250 cm−1, respectively, vibrational absorption

115



Catalysts 2023, 13, 308

bands corresponding to C=O and C-O-C were recorded on CDs [49]. The characteristic
sharp peak at around 800 cm−1 corresponds to the triazine ring or vibration of the tri-s-
triazine subunit [50]. As the percentage of CDs increases, the peaks shift slightly to the
lower wavenumber side. The addition of CDs weakened the major characteristic peaks of
CN in the FTIR spectrum of the CDs/CN nanocomposite, which was consistent with the
XRD results.

2.1.3. XPS Studies

Surveys and elemental analysis are used in Figure 2a to further identify the amounts
of C, N, and O. The results show that 3CDCN has a carbon/nitrogen mass ratio of 0.98,
which is greater than that of CN (0.95), indicating that the carbon dots were successfully
incorporated. In the XPS analysis of a 3CDCN nanocomposite, a trace amount of O (4.7%)
is detected. The survey spectra in Figure 2a show that CN and 3CDCN contained only
C, N, and O elements and no other impurities. The HR-XPS of C1s is shown in Figure 2b,
where two distinct peaks at 288.1 and 285.0 eV are associated with carbon (sp2-hybridized)
in the aromatic structure (N−C=N) and graphitic C−C, respectively, in CN [51,52].

A mixture of three peaks located at 287.1, 285.9, and 284.4 eV, which exhibit C atoms
in the (N−C=N), C-O, and C-C, existing in the structure of 3CDCN (Figure 2b), can fit the
C 1s XPS signal [53]. The HR-XPS N 1s spectra of CN (401.3, 399.8, 398.5 eV) and 3CDCN
(400.3, 398.7, 397.5 eV) show several N species that can be attributed to amino functions
(−NH), tertiary N bonded to carbon atoms (N−(C)3), and sp2-hybridized aromatic N
(C=N −C) [54,55].

Meanwhile, the C1s and N1s orbital binding energies (CN) in the 3CDCN sample had
shifted (Figure 2b,c). The results clearly show that when CN and CDs are combined, they
form a heterojunction photocatalytic system with the highest electron density, and localize
this charge in the C and N atoms [56].

2.1.4. TEM: Morphological Aspects

Figure 3 shows how the different HR-TEM magnifications and representative HR-
TEM images were used to study the 3CDCN photocatalyst’s characteristic shape and CD
distribution. Figure 3a–c shows TEM images of the CN, CDs, and 3CDCN. The wrinkled
2D lamellar structure of the CN nanosheets with exfoliated layers can be seen in Figure 3a.
The TEM images of the synthesized CDs are shown in Figure 3b. As can be seen, partial
ethanol combustion produces relatively monodisperse CDs, with average sizes of 10 nm
(Figure S1a in the Supplementary Materials). Figure 3c,e shows good CDs dispersion
on CN nanosheets. The CDs in CN had an average size of 9.3 nm (Figure S1b in the
Supplementary Materials), which was slightly smaller than pristine CDs. The HR-TEM
images (Figure 3d) show that CDs have crystalline nature, with a lattice spacing of around
0.31 nm (Figure S1c in the Supplementary Materials). Furthermore, highly dispersed CDs
are clearly visible (Figure 3f), implying that CDs were successfully incorporated into CN
and formed a heterojunction.

2.1.5. BET Surface Area

Surface area is a key metric that influences photocatalytic activity because the process
is surface−dependent. The active sites are bigger and have stronger photocatalytic activity
when the surface area is larger [57]. The BET−specific surface area of 3CDCN is observed
by the N2 adsorption and desorption isotherms, as shown in Figure 4a. The BET−specific
surface area of 3CDCN (108.532 m2/g) is significantly greater than that of CN [58], indi-
cating that the CDs are attached to the surface of CN nanosheets. A larger BET surface
area generates more active sites, which is beneficial for substrate adsorption and photoca-
talytic performance.
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Figure 2. XPS spectra of CN and 3CDCN (a) survey spectra, (b) the HR-XPS of carbon, and (c) the
HR-XPS of nitrogen.
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Figure 3. TEM images of (a) CN, (b) CDs, (c) 3CDCN, HR-TEM of (d) CDs, (e) 3CDCN at a 5 nm
scale, and (f) 3CDCN at a 2 nm scale.

2.1.6. Zeta Surface Charge Potential

The zeta potential value of the pristine CN and CD-loaded nanocomposites was
measured, and the results are shown in Figure 4b. CN nanosheets have a zeta potential
value of −21.9 mV, indicating that their surface is negatively charged, whereas the zeta
potential value of pristine CDs was found to be 20.3 mV. CDs loaded with 3CDCN, 6CDCN,
and 9CDCN have zeta potentials of 13.9 mV, 25.6 mV, and 24.1 mV, respectively. This means
that the CDs were successfully designed on CN surfaces. Electrostatic attraction aids in the
formation of uniform distribution and deposits CDs in the 3CDCN nanocomposite.

2.1.7. Thermal Stability of 3CDCN

The thermal stability of the nanocomposite was characterized by the TGA and DTA
curves. The initial decomposition of CN was recorded at 400 ◦C and the complete weight
loss was observed at 720 ◦C, which is due to the combustion of carbon, while for 3CDCN,
it started to decompose earlier at 300 ◦C than CN, and complete decomposition occurred
as with CN. This clearly indicates the incorporation of CDs into CN. The experimental
findings revealed that 3CDCN was thermally stable up to 600 ◦C (Figure 4c).

2.1.8. Optical Properties

Changes in the UV-vis absorption spectra could be used to detect surface functionality
variations. As a result, Figure 5a depicts the UV-vis spectra of glucose and as-synthesized
CDs, emphasizing the distinct influence of reaction time. Finally, 30 min of microwave
irradiation resulted in the formation of a new absorbance peak at 280 nm, with non-bonding
orbitals such as C=O bonds attributed to the n → π* transitions. The optical properties were
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analyzed using UV-vis DRS spectra (Figure 5c), and the relevant band gap was estimated
using Tauc’s plot (Figure 5c). At about 470 nm, pure g-C3N4 exhibited a fundamental
absorption edge. As the number of CDs that were being loaded increased, the absorption
edge in red gradually migrated from the beginning at 470 nm. This finding implies that
when CN is hybridized with CDCN, it can harvest more visible light, which is crucial for
improving photocatalytic performance because better visible light utilization can result
in producing more effective photo-generated electron-hole pairs. The band gap of pure
CN was calculated to be approximately 2.77 eV, which is very similar to previous g-C3N4
results [59]. The band gaps of 3CDCN, 6CDCN, and 9CDCN were 2.4, 2.2, and 1.9 eV,
respectively, indicating that they narrowed progressively from 2.4 to 1.9 eV when increasing
the loading of CDs.

Figure 4. (a) BET isotherm of the 3CDCN nanocomposite, (b) Zeta potential of CN, 3CDCN, 6CDCN
and 9CDCN, CDs and TGA, and the DTA graph of (c) CN and (d) 3CDCN.

The photogenerated charge carrier separation efficiency in semiconductors is fre-
quently investigated, using PL emission spectroscopy [60]. The PL emission signal is
produced by the combination of excited electrons and holes. Figure 5d depicts the PL
emission spectra of the as-prepared photocatalysts, stimulated at 390 nm. A broad emission
peak with a center wavelength of about 458 nm, as seen in all CDCN photocatalysts, could
be attributed to the band–band PL phenomenon of the photo-induced charge carriers for
CN. The 3CDCN, 6CDCN, and 9CDCN composites exhibited significant PL quenching
when compared to the CN, due to the effective charge transfer at the heterostructure
interface [61].
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2.2. Photocatalytic Activity of CDs/g-C3N4 in the O-Arylation of
2-Chloroquinoline-3-carbaldehyde

After all the characterizations of CDCN were performed, the photocatalytic application
of CDCN was incorporated into the O-arylation of quinoline-3-carbaldehyde. The reaction
of 2-chloroquinoline-3-carbaldehyde (1) and 4-bromophenol (2) was chosen as a model
reaction (Scheme 1). Initially, reaction parameters such as catalyst, base, solvent, and light
parameters were optimized. Various carbon materials were used in the catalyst selection
process. All the chosen materials demonstrated a significant yield. However, 3CDCN was
shown to have a higher yield in terms of efficiency and catalyst separation. When the
loading weight percentage of 3CDCN was examined, it was shown that 10 wt % (9.6 mg)
catalysts loading produced the highest yield (Table 1). When the loading weight percentage
of 3CDCN exceeds 10 wt %, there is no change in the yield of the product and turbidity also
occurs in the reaction. Turbidity affects the yield of the reaction by screening the interaction
between the light source and the reactants in the reaction mixture. Therefore, we fixed
the optimized catalyst loading as 10 wt %. Therefore, further reaction parameters were
optimized with the use of a 10 wt % catalyst.

Figure 5. (a) UV absorption spectra of glucose and CDs. Prepared nanomaterials: CN, 3CDCN,
6CDCN, and 9CDCN. (b) UV-vis DRS spectra, (c) band gap, and (d) PL spectra.
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Scheme 1. Synthesis of 2-substituted-quinoline-3-carbaldehyde.

Table 1. The selection of photocatalysts.

S. No. Catalyst Catalyst Loading Yield a (%)

1. Activated Carbon 10 wt % 25%

2. Graphite 10 wt % 16%

3. Graphene oxide 10 wt % 19%

4. CDs 100 μL 55%

5. GCN 10 wt % 60%

6. 3CDCN 10 wt % 90%

7. 6CDCN 10 wt % 88%

8. 9CDCN 10 wt % 85%

9. 3CDCN 15 wt % 88%
Conditions: 2-chloroquinoline-3-carbaldehyde (0.5 mmol, 96 mg, 1 equiv.), 4-bromophenol (0.5 mmol, 86 mg,
1 equiv.), K2CO3 (1 mmol, 138 mg, 2 equiv.), DMF (2 mL), blue LED (12 W, 450–495 nm), time 12 h, ambient
temperature, a isolated yields.
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In terms of base optimization, the reaction was initially carried out in DMF without
the use of a base. The reaction condition did not produce the desired product. This is due to
the importance of the base in proton abstraction. Furthermore, the reaction conditions were
tuned using weak bases, such as Na2CO3 and K2CO3, and strong bases, such as NaOH and
KOH. All the bases that were chosen demonstrated a prominent yield. Mild bases were
used to produce a significant yield, particularly K2CO3 (Table 2). Therefore, solvent and
light optimization was carried out in the presence of K2CO3 as a base. Non-polar, polar
protic, and aprotic solvents were used to investigate the effect of solvent on the O-arylation
of quinolines. It has been observed that non-polar solvents, such as hexane, tend to suppress
the reaction. The effect of the solvent was further investigated by experimenting with polar
protic and aprotic solvents.

Table 2. Optimization of the base.

S. No. Base Catalyst Solvent Medium Yield a (%)

1. - 3CDCN DMF <5%

2. K2CO3 3CDCN DMF 90%

3. Na2CO3 3CDCN DMF 59%

4. KOH 3CDCN DMF 55%

5. t-BuOK 3CDCN DMF 35%
Conditions: 2-chloroquinoline-3-carbaldehyde (0.5 mmol, 96 mg, 1 equiv.), 4-bromophenol (0.5 mmol, 86 mg,
1 equiv.). Base (1 mmol, 138 mg, 2 equiv.), DMF (2 mL), 3CDCN (9.6 mg, 10 wt %), blue LED (12 W, 450–495 nm),
time 12 h, ambient temperature, a isolated yields.

The reaction did not proceed well and did not give the desired product with the use
of polar protic solvents (EtOH and MeOH). The formation of by-products was observed.
The reaction went smoothly and produced the desired product when polar aprotic sol-
vents (DMF, DMSO, and ACN) were used. Reactions with H2O as a reaction medium
failed to initiate the conversion of the product. However, DMF tended to have a better
yield (Table 3).

Table 3. Optimization of Solvent.

S. No. Solvent Medium Base Catalyst Yield a (%)

1. EtOH K2CO3 3CDCN NR

2. MeOH K2CO3 3CDCN NR

3. H2O K2CO3 3CDCN NR

4. Hexane K2CO3 3CDCN NR

5. THF K2CO3 3CDCN Trace

6. ACN K2CO3 3CDCN 41%

7. DMSO K2CO3 3CDCN 82%

8. DMF/H2O K2CO3 3CDCN 20%

9. DMF K2CO3 3CDCN 90%
Conditions: 2-chloroquinoline-3-carbaldehyde (0.5 mmol, 96 mg, 1 equiv.), 4-bromophenol (0.5 mmol, 86 mg,
1 equiv.), K2CO3 (1 mmol, 138 mg, 2 equiv.), solvent (2 mL), 3CDCN (9.6 mg, 10 wt %), blue LED (12 W,
450–495 nm), time 12 h, ambient temperature, a isolated yields.

To generate UV or visible light, classical photocatalysis depends mostly on xenon or
high-pressure mercury lamps. Although this provides a consistent light source, it consumes
a great deal of energy and generates a large amount of heat. As a result, in recent years, LED
light sources have attracted attention in terms of photocatalysis, due to their low-energy,
practical, and dependable qualities. Table 4 discusses the optimization of visible light of
different powers (150, 300, and 500 W) and blue LED (12 W, 450–495 nm). Reactions carried
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out under visible light had a prominent yield (42–69%), while reactions with blue LED
gave a higher yield of 90%. This is because the photocatalyst under study had a band edge
in the region of 400–500 nm; this is in accordance with the UV-vis DRS plot (Figure 5b).
Thus, the photocatalyst could absorb light effectively between 400 and 500 nm. Out of
the diverse lights considered in this study, the blue LED showed better photocatalytic
activity in terms of lower energy consumption and allows the photocatalyst to absorb light
in this spectral region. With the light-optimized conditions in hand (Table 4), the scope
of the diverse substrates was carried out. Unsubstituted phenol gave the corresponding
O-arylation product (3.1), with an 88% yield. The reactions of phenols containing halogens,
such as 4-Br (3.2) and 4-Cl (3.3), proceeded well, with high to excellent yields (87–90%).
However, the reactions of phenol with electron-withdrawing substituents, such as 4-NO2
(3.4), gave a moderate yield of 65%. The reactions of phenols with electron-donating
groups similar to 4-OMe (3.5) proceeded substantially well, giving good yields (83%).
Furthermore, an aliphatic alcohol substrate yielded the corresponding ether (3.7) at an 89%
yield. Furthermore, we strove to examine the catalyst potential of unusual alcohols instead
of the substituted phenols (Scheme 1).

Table 4. Optimization of the light source.

S. No. Catalyst Base
Solvent
Medium

Condition Yield a (%)

1. 3CDCN K2CO3 DMF Visible light
(150 W) 42%

2. 3CDCN K2CO3 DMF Visible light
(300 W) 69%

3. 3CDCN K2CO3 DMF Visible light
(500 W) 55%

4. 3CDCN K2CO3 DMF
Blue LED (12
W, 450–495

nm)
90%

Note: 2-chloroquinoline-3-carbaldehyde (0.5 mmol, 96 mg, 1 equiv.), 4-bromophenol (0.5 mmol, 86 mg, 1 equiv.),
K2CO3 (1 mmol, 138 mg, 2 equiv.), DMF (2 mL), 3CDCN (9.6 mg, 10 wt %), light source, time 12 h, ambient
temperature, a isolated yields.

The formation of the product was confirmed by 1H NMR, 13C NMR, GCMS, HRMS,
and FTIR analyses (Figures S2–S30 in the Supplementary Materials). The formation of
compound 3.6 was identified by 1H NMR, 13C NMR, HR-MS, and FTIR. The signal for the
-OH proton in 1H NMR vanished around 9–10 ppm, confirming the formation of the C-O
bond between quinoline and the alcohol moiety. Further, by comparing the FTIR plots of
the reactant (alcohol moiety) and the product, 3.6, we can see that the disappearance of
the -OH stretching (3404 cm−1) in the product, 3.6, strongly indicates the O-arylation of
quinoline with the alcohol moiety. Moreover, HR-MS revealed the molecular mass of the
predicted compound.

2.2.1. Plausible Mechanism

Relying on all these findings, we propose a plausible mechanism, as illustrated in
Figure 6. Under light irradiation, the 3CDCN nanocomposite absorbs light, resulting in
photoinduced electron-hole pairs in the conduction and valence bands. The produced
charge carriers are then counterbalanced by recombination, when a few of them move to
the composite’s surface [62]. Thus, the photocatalyst becomes excited. Then, the excited
electrons in the conduction band can easily flow through CDs. Thus, a Schottky-like
heterojunction is formed [63]. This excited photocatalyst thus induces the homolytic C-Cl
bond cleavage of 1, producing 1a. This radical generation is induced by the single-electron
transfer (SET) of the photoexcited catalyst, where the photoreduction takes place [64].
Accordingly, the intermediate, 2a, is found to be produced by the proton abstraction of 2 by
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the base. Then, photo-oxidation takes place, thus generating the phenoxy radical, 2b [65].
Finally, the radical-generated moieties, 1b and 2b, couple together to produce the desired
O-arylated product, 3, by the elimination of KCl.

Figure 6. The charge transfer mechanism of the CDCN nanocomposite and a plausible mechanism.

2.2.2. Radical Scavenging Study

The identified suppression of the reaction in an oxygen atmosphere was congruent
with the proposed radical mechanism. This was further supported by a study performed
in the presence of a free radical scavenger, 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO,
1 equiv). As expected, the desired product, 3, has not been detected. This proves the
generation of radicals during the course of the reaction.

2.2.3. Reusability and Stability Tests

Figure 7 depicts the 3CDCN photocatalyst recovery and reuse activities. In the current
study, 3CDCN was collected by centrifugation, washed with acetone, and reused in the
subsequent round of photocatalytic reactions. According to Figure 7a, the photocatalytic
performance slightly declined after four trials, to 80%. This small decline in 3CDCN
photocatalytic activity could be due to the material losses that might occur during the
recovery process (washing and drying), which would result in a reduced dose in the
following cycle, hence reducing the specific surface catalytic activity and lowering the
performance. In order to determine the reason for this decrease in the photocatalytic
performance of 3CDCN during its recycling, in terms of the photocatalytic O-arylation
of 2-chloroquinoline-3-carbaldehydes, the physicochemical properties of the fresh and
recycled 3CDCN nanocomposite were compared via XRD and XPS analyses. After the
process was completed, the 3CDCN photocatalyst’s XRD patterns and XPS (C1s and N1s)
findings remained consistent, demonstrating that no significant structural or chemical
changes occurred in the 3CDCN photocatalyst (Figure 7b,d). Thus, it can be said that the
CDs/g-C3N4 nanocomposite photocatalyst was stable and had the potential to be used in
industrial applications.
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Figure 7. (a) Reusability of the 3CDCN photocatalyst and the stability of fresh and used 3CDCN,
(b) XRD pattern, (c) XPS of C1s, and (d) XPS of N1s.

3. Materials and Methods

3.1. Details of the Materials Used

The details are available in the supporting document (Text S1).

3.2. Microwave-Assisted Synthesis of Carbon Dots

The CDs were made from glucose in a single step using a microwave. In a beaker, 3 g
of glucose was dissolved in 10 mL of deionized water. Then, 6 mL of concentrated HCl
solution was gradually added to the glucose solution. The mixture was then poured into a
three-neck microwave vial for microwave heating (90 ◦C). The entire mixture was placed in
a microwave oven with 500 watts of power for 30 min. As the CDs formed, the color of the
mixture changed from colorless to dark brown. Before dialysis, the brown solution was
centrifuged at 8000 rpm for 30 min and then filtered through a 0.22 μm membrane after
naturally cooling to room temperature. Finally, the obtained CDs were dialyzed for 10 h
against ultra-pure water and were stored at 3 ◦C in the refrigerator before being used in the
subsequent experiments.

3.3. Preparation of g-C3N4 Nanosheets

First, 10 g of melamine was calcined at 550 ◦C in a muffle furnace for 3 h (10 ◦C min−1).
The bulk g-C3N4 sample was then ground into powder and exfoliated using ultrasonication,
similar to the procedure described previously in the literature [58].
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3.4. Fabrication of CDs/g-C3N4 Composite

Scheme 2 depicts an overall composite preparation schematic and representation
diagram. Under constant stirring, 1 g of g-C3N4 nanosheets was dispersed in 10 mL
of deionized water. The g-C3N4 suspension was then treated with microwave-assisted
synthesized CD solutions of varying concentrations (300, 600, and 900 μL). Finally, the
mixture was subjected to a piezoelectric process for 30 min before being heated at 180 ◦C
for 2 h. CD concentrations of 300, 600, and 900 μL were labeled as 3CDCN, 6CDCN, and
9CDCN, respectively.

Scheme 2. The schematic synthesis procedure of the CDs/g-C3N4 nanocomposite.

3.5. Characterization Details

The details are available in the supporting document (Text S2).

3.6. General Procedure for the Synthesis of O-Arylated 2-Chloroquinoline-3-carbaldehydes (3)

The compound (1) was prepared and compared with the method in the literature [66].
Yield 79%, m.p. 148 ◦C. For the O-arylation of 2-chloroquinoline-3-carbaldehydes, the reac-
tion vial was charged with 2-chloroquinoline-3-carbaldehyde (0.5 mmol, 96 mg, 1 equiv.),
substituted phenol (0.5 mmol, 1 equiv.), K2CO3 (2 mmol, 138 mg, 2 equiv.), DMF (2 mL),
and photocatalyst (9.6 mg, 10 wt %). The mixture was irradiated under blue LED (12W,
495 nm) for 12–24 h until the product was formed. The reaction was monitored by TLC.
After completion of the reaction, the reaction mixture was poured into crushed ice, filtered,
dried, and column-purified, using ethyl acetate/petroleum ether (1:9) as an eluent.

4. Conclusions

In summary, we prepared a facile CDs/g-C3N4 heterojunction and explored its opti-
cal properties, surface morphology, surface functionality, crystallinity, chemical stability,
electronic properties, and pore-size distribution through various characterization tech-
niques. The constructed photocatalyst has been explored for its photocatalytic activity
in the successful O-arylation of 2-chloro-3-formyl quinolines. The efficiency of the cata-
lyst could be extended to diverse substrates. Based on the research findings, 10 wt % of
CDs/g-C3N4 nanocomposite exhibited the best photocatalytic activity when compared
to pristine CDs and g-C3N4. The reaction has been carried out with the irradiation of
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low energy-consumption blue LEDs. The catalyst that was taken into account exhibited
excellent recyclability, easy recoverability, and good reusability. We hope that this will
spark a wave of investigation and open up a theme that we anticipate will emerge as one
of the most prevalent concepts in the coming years.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal13020308/s1, Figure S1: Particle size histogram of (a) CDs,
(b) 3CDCN, and (c) HRTEM d-spacing value of 3CDCN calculation; Figures S2–S30: FT-IR, 1H, 13C
NMR and HR-MS spectra of substituted quinoline-3-carbaldehydes 3.1-3.7. Text S1: Materials details.
Text S2: Characterization details.
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Abstract: Photocatalysis is an ecofriendly and sustainable pathway for utilizing solar energy to con-
vert organic molecules. In this context, using solar light responsive graphene-based materials for C–N
bond activation and coenzyme regeneration (nicotinamide adenine dinucleotide hydrogen; NADH)
is one of the utmost important and challenging tasks in this century. Herein, we report the synthesis
of nitrogen-doped graphene quantum dots (NGQDs)-eriochrome cyanine (EC) solar light active
highly efficient “NGQDs@EC” composite photocatalyst for the conversion of 4-chloro benzylamine
into 4-chloro benzylamine, accompanied by the regeneration of NADH from NAD+, respectively.
The NGQDs@EC composite photocatalyst system is utilized in a highly efficient and stereospecific
solar light responsive manner, leading to the conversion of imine (98.5%) and NADH regeneration
(55%) in comparison to NGQDs. The present research work highlights the improvements in the use
of NGQDs@EC composite photocatalyst for stereospecific NADH regeneration and conversion of
imine under solar light.

Keywords: NADH regeneration; NGQDs@EC composite; Glucose; Graphene

1. Introduction

Using solar light for the conversion of sustainable resources into chemicals by mim-
icking natural photosynthesis is a challenge. Usages of solar light harvesting artificial
photosynthesis are increasing. Due to amazing chemical, mechanical and physical prop-
erties, light-harvesting composites have attracted massive attention. These materials also
show unique π-conjugated structures. Light harvesting composites are extremely useful in
a variety of applications, including organic separation [1,2] gas storage [3] biocatalysis [4]
etc. For the catalytic process, a range of solar light harvesting 2D graphene materials have
been studied, including organic dye-based 2D graphene material [5], nitrogen-containing
2D graphene materials [6,7], and 2D graphene-based nanomaterials [8]. Among this,
nitrogen-enriched graphene has attracted attention due to its solar light active photocat-
alytic ability [9], chemical stability, and extraordinary biocompatibility [10]. Furthermore,
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bulk nitrogen-enriched graphene has the problem of easy, fast recombination of solar light-
irradiated electron–hole couples [11] and allegation of inadequate solar light absorption
capacity-related lighting, which ruthlessly limits the catalytic performance in the presence
of solar light for the regeneration of redox-active cofactors. To date, various efforts have
been made to improve either of the two aspects in order to uplift the redox-active cofactors
in photocatalytic phenomena. Therefore, to enhance the photocatalytic ability of nitrogen-
enriched graphene quantum dots via π–π stacking of dyes [12], we report the synthesis of
NGQDs-based eriochrome cyanine (EC) solar light highly efficient, i.e., NGQDs@EC com-
posite photocatalyst for excellent conversion of NAD+ (nicotinamide adenine dinucleotide)
to NADH (nicotinamide adenine dinucleotide hydrogen) regeneration and coupling of
benzylamine in aerobic conditions under solar lights, as shown in Scheme 1.

Scheme 1. Photocatalytic NADH regeneration and organic transformation.

2. Results and Discussion

The UV absorption studies of NGQDs and NGQDs@EC have been conducted in DMF.
We evaluated the UV–visible spectra of the NGQDs composite to evaluate the optical
properties of the newly generated highly selective NGQDs@EC, as shown in Figure 1a. In
comparison to NGQDs, NGQDs@EC have a broad absorption peak at 576 nm in the visible
region [13]. The optical band gap of NGQDs and NGQDs@EC photocatalyst are 2.32 eV
and 2.15 eV, respectively. The optical band gap energy was calculated using the following
equation: Eg (eV) = 1240/λ (wavelength in nm). The covalent conjugation of melamine and
glucose units (NGQDs) results in a significant increase in the absorption coefficient in the
spectral window of 400 nm, allowing for a more efficient light-harvesting nature [14,15].
Figure 1b,c shows the direct and correct extrapolation approaches used to estimate the
optical band gap of the synthesized photocatalysts, as shown in the tauc plots. From the
tauc plots, the obtained band gap of the NGQDs@EC photocatalyst is 2.15 eV. Additionally,
we compared the energy level or band gap position from the cyclic voltammetry [16]. The
cyclic voltammetry (CV) experiment also confirms the same type of band gap (Figure 2a,b).
As shown in Figure 2a, NGQDs@EC photocatalyst has oxidation and reduction potentials
near +1.22 V and −0.88 V, respectively.
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Figure 1. (a) UV–visible diffuse reflectance spectra (DRS) of NGQDs (black line) and NGQDs@EC (red
line) photocatalyst, respectively, (b) Tauc plot of NGQDs, (c) Tauc plot of NGQDs@EC photocatalyst.

The collected redox potential data can be used to calculate the band gap [17]. Figure 2b
shows the Latimer diagram derived from cyclic voltammetry, which confirmed the band
gap of 2.10 eV, which is similar to the calculated band gap from Figure 1.

The Fourier-transform spectroscopy (FTIR) was used to identify the functional group.
In Figure 3a, the FTIR spectrum of NGQDs has two main peaks: a peak centered at
1637 cm−1 and a broad peak at 3402 cm−1, both revealing O–H bonding. Along with these,
peaks at 1255 cm−1 and 1078 cm−1 indicate the existence of C–H and C–O, respectively.
After the π–π stacking of EC on NGQDs, the peaks were shifted to 3100 cm−1 and 1092 cm−1

due to C–H and C–O stretching and new peaks formed at 2164 cm−1 [18–20]. These results
clearly indicated that the EC chromophore was stacked on NGQDs via π–π stacking.

The thermal behavior of NGQDs and NGQDs@EC photocatalysts was investigated
by differential scanning calorimetry (DSC, model: 2910) in Figure 3b at a heating rate of
5 ◦C/min under N2 flow in the temperature range from 50 to 300 ◦C. The NGQDs@EC
photocatalyst has strong water adsorption effects. Figure 3b clearly indicated that the
synthesized NGQD@EC photocatalyst is stable up to 225 ◦C. As well the sublimation
and thermal condensation of NGQDs was observed at 50–140 ◦C. So, the NGQD@EC
photocatalyst is more stable and more efficient than NGQDs [21].
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Figure 2. (a) Cyclic voltammetry (CV) of NGQDs (red line) and NGQDs@EC (blue line) photocatalyst,
respectively, (b) Latimer diagram of NGQDs@EC photocatalyst.

The nature and the size of particles were investigated by X-ray diffraction pattern
(XRD). Figure 4 shows the diffraction pattern of NGQDs@EC and NGQDs photocatalysts.
The observed diffraction pattern exhibited few well-defined diffraction peak for NGQDs
appeared at 2θ = 11.03◦, 13.07◦, 21.09◦, and 27.08◦. Interestingly, after the π–π stacking of
EC on the NGQDS, the crystalline nature of the composite was increased with a significant
shift in the diffraction peaks. Thus, the observed diffraction pattern for the NGQD@EC
composite show various high-intensity peaks at 2θ = 13.1◦,20.4◦, 24.32◦, and 27.89◦ [22].

The zeta potential of NGQDs and NGQDs@EC were found to be −11.8 and −29.2 mV,
as shown in Figure 5a,b respectively. In comparison to NGQDs, the NGQDs@EC photo-
catalyst has a higher negative zeta potential value, indicating that it is more stable. The
higher chemical stability of the NGQDs@EC due to the creation of the C-N bond is likely to
explain the greater negative zeta potential value when compared to the NGQDs [16,23].

2.1. The Enzymatically Active and Inactive 1,4-NADH Cofactor Regeneration

The goal of this research is to recover the enzymatically active 1,4-NADH
(1,4-Nicotinamide adenine dinucleotide) cofactor from its oxidized versions, NAD+. The
NAD+ undergoes an unselective protonation and radical coupling reaction, as shown in
Scheme 2.

Because of this process, numerous NAD isomers, both active and inactive, are pro-
duced. Using an electron mediator, you can prevent the formation of enzymatically inactive
isomers. Under sunlight irradiation, the rhodium complex mediator helps to regenerate
enzymatically active 1,4-NADH isomer only. At room temperature in an inert atmosphere,
photochemical regenerations of 1,4-NADH cofactors were carried out under artificial sun-
light irradiation (λ > 420 nm) [15,16,24].
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Figure 3. (a) FTIR spectra of EC (red line), NGQDs (black line), and NGQDs@EC (blue line) photo-
catalysts respectively, and (b) DSC of NGQDs@EC (red line) and NGQDs (black line) photocatalyst
respectively.

Figure 4. X-ray Diffraction pattern (XRD) of NGQDs and NGQD@EC.
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Figure 5. The negative potential graph of (a) NGQDs (−11.8 mV) and, (b) NGQDs@EC photocatalyst
(−29.2 mV).

Scheme 2. Enzymatically active and inactive NADH isomer production via electrochemical reduction
of NAD+.
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2.2. Mechanistic Pathway during the Regeneration of NADH Cofactors

Scheme 3 depicts a mechanistic route for the rebirth of NADH cofactors. The cationic
form of Rh-complex, designated as A, can be readily hydrolyzed in an aqueous buffer
medium to give the water-coordinated complex [Cp*Rh(bpy) (H2O)]2+, designated as
B. The formate (HCOO−) reacts with complex A via the hydride elimination process to
produce complex B with the removal of CO2 molecule [25]. The reduced form of complex
D is formed after the supplying of charges to complex C by the photocatalyst. The rhodium
hydride complex receives external electrons from the photocatalyst NGQDs@EC, resulting
in the reduced intermediate D. NAD+ can be coordinated with the D intermediate at this
point, allowing hydride to be transferred to produce the regioselective NAD cofactors [26].

 

Scheme 3. The regeneration of NADH cofactors using NGQDs@EC photocatalyst.

2.3. Schematic Representation of Energy Level Diagram for Transfer of Photo-Excited Electron

The potential energy diagram is shown in Scheme 4. With the absorption of solar light
by NGQDs@EC photocatalyst, an electron–hole pair is created in the valence band (VB).
From the HOMO level (−5.72 eV) of NGQDs@EC photocatalyst to its conduction band (CB),
photoexcited electrons are transferred via AsA. Thereafter, these form the LUMO (lowest
unoccupied molecular orbital) level (−3.62 eV) of NGQDs@EC photocatalyst electrons
transfers to NAD+ (−4.20 eV) via rhodium complex (−3.96 eV) and lead to the regeneration
of NADH. Hence, highly efficient regeneration of NADH cofactor occurs through the use
of NGQDs@EC photocatalyst [24].
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Scheme 4. The energy diagram shows electron generation and transfer of photoexcited electron.

2.4. Quantitative Analysis for Regeneration of NADH

As demonstrated in Figure 6, the yield (%) grew steadily in response to sun radiation.
There was no yield obtained in the dark. In this experiment, product accumulation was
faster, and the conversion of NAD+ to NADH was 55% achieved in just 120 min from the
NGQDs@EC photocatalyst. Therefore, the comparison of the photocatalytic performance of
NGQDs and NGQDs@EC photocatalyst is important in this context. As a result, the ability
of NGQDs and NGQDs@EC to photo-generate NADH under solar light was investigated, as
shown in Figure 6, and an absolute increase in regeneration yield of about 55% was observed
with NGQDs@EC photocatalyst compared to NGQDs under similar circumstances. As a
result, a very promising production of NADH was observed with a yield percent of 55%,
suggesting the huge potential of NGQDs@EC as a solar light harvesting photocatalyst [7].

Figure 6. Regeneration of NADH from NGQDs (black line) and NGQDs@EC (red line) photocatalyst
respectively.
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The UV–visible performance for NADH concentration at 340 nm is studied as shown
in Figure 7. Under photo-stationary circumstances, the constant rise in the absorption
peak at 340 nm represents an increase in the transformation of NAD+ to NADH over
time. At 120 min, the highest conversion rate is achieved. In an artificial photosynthetic
system, utilizing electron and proton transport channels, NAD+ was reduced to NADH
cofactors. [27].

Figure 7. NGQDs@EC photocatalyst was used to record UV-visible spectroscopy for photocatalytic
NADH regeneration at various time intervals.

Additionally, in Figure 8, the photostability of the NGQDs@EC photocatalyst was
investigated under the same experimental conditions.

Figure 8. Photostability test of NGQDs@EC photocatalyst for (a) 1,4-NADH regeneration and,
(b) Formation of Imine.

2.5. Photo-Chemically Coupling of Chlorobenzyl Amine in Presence of Oxygen

The oxidative coupling activity of the photocatalyst was screened in Table 1. When
we optimized the reaction by choosing chlorobenzyl amine (125 μL) as a substrate, and
NGQDs@EC (25 mg) as a photocatalyst in 10 mL ACN in the presence of O2 under solar
light, we obtained 99% yield and 99% selectivity of the product. In addition, standard
reaction conditions using EC as a photocatalyst and NGQDs as a starting material provide
a 33% and 28% yield of product, respectively. We have also screened the reaction in the
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absence of photocatalyst, solar light, and solvent; no product was received. The result
confirms that a photocatalyst, sunlight, and a solvent (acetonitrile)are essential requirements
for a photocatalytic oxidative coupling reaction (Scheme 5) [28].

Table 1. Results of screening experiments.

S. No. Photocatalyst Solvent Solar Light Yield (%)

1. NGQD@EC ACN Yes 98.5

2. EC ACN Yes 34

3. NGQDs ACN Yes 12

4. Absence ACN Yes 0

5. NGQD@EC ACN No 5

Scheme 5. Conversion of 4-Chlorobenzyl amine (a) to 4-Chlorobenzyl imine (b).

2.6. Reaction Mechanism during the Photocatalytic Coupling Reaction

As shown in Scheme 6, the reaction is given based on the previously reported lit-
erature [26,29]. Light irradiation caused charge separation in the photocatalyst, with
photogenerated electrons created in the conduction band (CB) and photogenerated holes
staying in the valence band (VB). Due to its 2D planar conjugated structure, the presence of
NGQDs@EC promoted charge separation and supplied electron mobility on the surface of
the NGQDs@EC photocatalyst [30]. These heated electrons recombined with O2 molecules
adsorbing on the surface of NGQDs@EC, forming the O2 radical [30]. These O2 radicals are
extremely powerful oxidizing agents, capable of converting benzylamine to imine when ex-
posed to solar light. At the same time, due to their great oxidizing properties, reactive holes
in NGQDs@EC VB can directly oxidize benzylamine molecules. As a result, the electrons
and holes that have been separated are fully participating in the photocatalytic process.
The NGQDs@EC photocatalyst system is utilized in a highly efficient and stereospecific
solar light active manner, leading to a higher conversion of imine (98.5%) in comparison
to NGQDs.
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Scheme 6. The mechanistic route represents the coupling of benzylamine in the presence of oxygen
and NGQDS@EC photocatalyst.

The green technology used in photocatalysis has, among its key benefits, the ability
to purify water and clean the environment through solar light-induced photocatalysis.
Numerous significant applications of photocatalysis exist, such as CO2 reduction, organic
pollutant degradation, removal of toxic ions and heavy metal ions, water splitting, an-
tibacterial activity, self-cleaning process, and others. Lack of solar sensitivity and poorer
efficiency are the key drawbacks of photocatalysis. The prepared NGQD@EC photocata-
lyst’s performance was compared to that of a number of other photocatalysts that have
already been published; intriguingly, it was observed that the studied NGQD@EC photocat-
alyst had greater photocatalytic performance compared to other published ones (Table 2).
The prepared photocatalyst demonstrated outstanding photocatalytic performance, strong
stability, reusability, and a highly light harvesting property.

Table 2. Comparative study of different photocatalyst for light reaction.

S.No. Photocatalyst
NADH

Regeneration (%)
Conversion of

Amine (%)
References

1. 5%Ag@rGO ————————— 98% [26]

2. CCG-BIODPY 54.02% 95% [29]

3. CN/BW ————————— 95% [30]

4. CCGCMAQSP 45.54% ———————- [31]

5. NGQDs@EC 55% 98.5% Our work

3. Experimental Details

3.1. Chemicals and Materials

Graphite flakes, NAD+ (nicotinamide adenine dinucleotide), (Pentamethylcyclopen-
tadienyl) rhodium (III) chloride dimer, Glucose (G), melamine (M), eriochrome cyanine
(EC), ethanol (C2H5OH), 4-chlorobenzylamine (C7H8ClN) and acetonitrile (MeCN) were
purchased from Sigma Aldrich and were used as received.

3.2. Synthesis of Nitrogen-Doped Graphene Quantum Dot (NGQDs)

Nitrogen-doped graphene quantum dots (NGQDs) were synthesized (Scheme 7) in
a one-step process reaction. In a typical method, glucose (1 g), and melamine (4 g) were
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mixed together and placed in the crucible. After, that crucible was placed in the muffle
furnace for 2 h at 400 ◦C. The compound turned from a white color into a black color;
finally, nitrogen-doped graphene quantum dots were obtained [22,32].

Scheme 7. Synthesis of NGQDS from Melamine and Glucose.

3.3. Synthesis of NGQDs@EC Photocatalyst

Eriochrome cyanine (750 mg) and previously prepared nitrogen-doped graphene
quantum dots were dissolved in 50 mL of ethanol solution. The mixture was stirred at room
temperature for 12 h and then centrifuged at 2000 rpm for 10 min. The filtrate was collected
for additional analysis and photocatalysis. The compound NGQDs@EC photocatalyst was
found to be 0.484 mg. The synthesis process is shown in Scheme 8 [33,34].

Scheme 8. Synthesis of the NGQDs@EC photocatalyst.
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3.4. Photocatalytic Studies

Here, we report a self-assembled NGQDs@EC photocatalyst for 1,4-NADH regenera-
tion, in which photoexcited electrons are rapidly pumped for NADH regeneration. Firstly,
we prepared a reaction mixture for photocatalytic regeneration of 1,4-NADH. The reaction
mixture contains 0.4 mM NAD+ (248 μL), 0.2 mM electron mediator (124 μL) 0.1 M ascorbic
acid (310 μL), and 10 μM NGQDs@EC photocatalyst (31 μL). Therefore, the reaction mixture
was transferred to a quartz cuvette for solar light irradiation in a UV–visible spectrometer.
All the ingredients were dissolved in a 0.1 M sodium phosphate buffer at pH 7.0. Then,
1,4-NADH regeneration was carried out at room temperature in a nitrogen environment.
A UV–visible spectrometer was used to track the conversion in absorbance at 340 nm to
quantify the photocatalytic 1,4-NADH regeneration [14,15,35].

3.5. Formation of Imine in the Presence of Oxygen

The synthesized NGQDs@EC photocatalyst was used to convert 4-cholrobenzylamine
to imine due to the oxidative coupling of oxygen in the presence of solar light at room
temperature. Acetonitrile was used as a solvent in the reaction medium. In the photo-
catalytic experiment, a 20 W white LED light was used as the light source along with
a 20 mL quartz flask filled with acetonitrile (10 mL) and 4-chlorobenzylamine (125 μL),
NGQDs@EC photocatalyst (25 mg). In the presence of an oxygen molecule, the resulting
mixture was exposed to solar light while being stirred for 10 h. Thin layer chromatography
(TLC) was used to track the progress of the reaction. The photocatalyst was separated
through filtration after the reaction was completed, and the residue was concentrated under
decreased pressure to get a crude product. Purification was performed using ethyl acetone
column chromatography on silica gel with hexane as eluent, yielding the pure compound
(shown in Scheme 9) [36].

Scheme 9. Oxidative coupling of benzylamines under solar light.

4. Conclusions

We demonstrated an eco-friendly and sustainable pathway for the production and
regeneration of imine and NADH from 4-chlorobenzyl amine and NAD+ via highly selec-
tive nitrogen-doped graphene/eriochrome cyanine composite (NGQDs@EC) photocatalyst.
The NGQD@EC photocatalyst was thoroughly studied for its photocatalytic performance
using UV–visible spectroscopy, FTIR spectroscopy, DSC, Zeta potential, and cyclic volta-
metric studies, and important, influential factors were found. Additionally, five consecutive
recycle stability tests were conducted and a comparison table for the conversion and re-
generation of amines and NAD+ was compiled. This study offers a simple technique for
creating benign photocatalysts that are environmentally safe and have reasonably strong
photocatalytic activity for the conversion and regeneration of industrial chemicals under
visible light illumination.
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Abstract: This manuscript emphasizes how structural assembling can facilitate the generation of
solar chemicals and the synthesis of fine chemicals under solar light, which is a challenging task via a
photocatalytic pathway. Solar energy utilization for pollution prevention through the reduction of
organic chemicals is one of the most challenging tasks. In this field, a metal-based photocatalyst is
an optional technique but has some drawbacks, such as low efficiency, a toxic nature, poor yield of
photocatalytic products, and it is expensive. A metal-free activated carbon cloth (ACC)–templated
photocatalyst is an alternative path to minimize these drawbacks. Herein, we design the synthesis and
development of a metal-free self-assembled eriochrome cyanine R (EC-R) based ACC photocatalyst
(EC-R@ACC), which has a higher molar extinction coefficient and an appropriate optical band gap
in the visible region. The EC-R@ACC photocatalyst functions in a highly effective manner for the
photocatalytic reduction of 4-nitro benzyl alcohol (4-NBA) into 4-amino benzyl alcohol (4-ABA) with
a yield of 96% in 12 h. The synthesized EC-R@ACC photocatalyst also regenerates reduced forms
of nicotinamide adenine dinucleotide (NADH) cofactor with a yield of 76.9% in 2 h. The calculated
turnover number (TON) of the EC-R@ACC photocatalyst for the reduction of 4-nitrobenzyl alcohol is
1.769 × 1019 molecules. The present research sets a new benchmark example in the area of organic
transformation and artificial photocatalysis.

Keywords: EC-R@ACC photocatalyst; NADH regeneration; 4-nitro benzyl alcohol; solar light;
photocatalytic

1. Introduction

Solar light has emerged as a sustainable and greener energy source for various solar
chemical synthesis reactions. In the past few years, solar light-induced chemical transfor-
mations have been extensively achieved by eco-friendly processes [1,2]. In this context, the
enlargement of an artificial substitute for this smart system continues to be an extraordinary
challenge in the chemical society [1–6]. The recent research, therefore, involves synthesizing
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and designing a photoreactor system as a photocatalyst for the selective regeneration of
fine chemicals and the reduction of aromatic compounds under solar light. As reported
previously, we noted that about 4% and 46% of the overall solar light accessible on the
planet falls in the UV and visible ranges, respectively [7,8]. Consequently, a solar light
i.e., a visible light-responsive photocatalyst is significantly important for the synthesis of
solar fine chemicals, such as nicotinamide adenine dinucleotide phosphate (NADPH) and
nicotinamide adenine dinucleotide (NADH) cofactor and the photoreduction of organic
compounds. Additionally, a significantly important feature to be noted is that in photocat-
alytic systems, NADH is important for the fixation of carbon dioxide (CO2). Therefore, the
regeneration of the NADH cofactor and the reduction of the organic compound via a highly
efficient pathway is the only way to make it economically and industrially feasible [9–12].

In this context, green chemistry and a related photoreactor, solar light, as one of the re-
actants of chemical synthesis, is a rising research area [13,14]. Solar light sponsored NADPH,
NADH cofactor, and the photoreduction of organic compounds by various solar light har-
vestings materials, such as graphitic carbon nitride, graphene composites, and titanium
oxide TiO2, were well discovered [15,16]. Besides the photoreduction and degradation in
the presence of solar light, different chemical reactions, such as [2 + 2] cycloaddition [17,18],
reductive dehalogenation [19], hydrogen formation from 1,4 asymmetric alkylation [20,21],
and dihydropyridine [22], are also described in the reported literature where various solar
light-responsive metal complexes are utilized as the solar light-assisted photocatalyst. In
spite of the utmost expensive metal complexes, solar chemical conversion can also be
attained by using energy harvesting materials as a solar light-responsive photocatalyst [23].
It is evident from the literature that photocatalytic NADH regeneration and organic trans-
formation consuming solar light illumination are a rising research zone, which provides
various possibilities for future work. In this addition, NAD+ is a bio-enzyme that needs
a steady flux of solar light to photocatalyze a solar chemical synthesis [24]. Thus, solar
light is essential in the chemical transformation reaction catalyzed by the enzyme. In the
nonexistence of solar light and a photocatalyst, the NAD+ type enzyme remains completely
inactive during the catalytic reaction. To date, various types of photo enzymes have been
investigated, which are used as a photosystem for organic transformation and solar chem-
ical regeneration [25]. It is supposed that most of the possible formerly existing solar
light active enzyme derivatives were sorted out by progression and that nowadays, solar
light active coenzymes are only the past survivors of this pathway [24]. The use of many
metal-based compounds for solar chemical regeneration and environmental remediation
has achieved the utmost attention in current times due to the active utilization of naturally
existing solar energy and an effective solar light active system to terminate various types
of unwanted materials [26,27]. Furthermore, photosynthetic pathways can increase the
fast and complete conversion of solar energy into solar fine chemicals [28]. Expensive
metals such as CdS, ZnO, and TiO2 are expensive materials utilized as a photocatalyst in
various fields due to their good photocatalytic ability [29]. However, the key weakness
of such types of photocatalysts is captured only in the ultraviolet (UV) quota of the solar
light spectrum [30]. A diversity of semiconductor materials has been broadly utilized as
light-harvesting photocatalysts by engineering or tuning the energy gap position and for
effective use in the solar light spectrum [31]. Over the decades, expensive metal-based
semiconductor materials have played an important role in solar light photocatalysis due to
their narrow band gap and ionic conductivity, etc. [32,33]. The metal orbital along with a
lone pair is combined with supporting materials, such as graphene, carbon activated cloth,
and graphitic carbon nitride to generate a shift valence band (VB) and conduction band
(CB) that tends to create the suitable band gap [34]. Among the metal-based photocatalysts,
graphene has lately been utilized for the photocatalytic NADH/NADPH regeneration
and conversion of organic substrates in polar and non-polar solvents under solar light
illumination [35]. Expensive metals may exist as different crystalline phases along with
scheelite tetragonal zircon tetragonal and scheelite-monoclinic [36]. It is a fact that the
properties of the photocatalyst always depend on the nature of the crystal structure [37].
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The monoclinic structure of a few expensive metals exhibits stronger photocatalyst ability
under ultraviolet light illumination due to a small energy gap compared to other phasic
structures [38]. Additionally, pure expensive metal has some restrictions, such as the rate of
low absorption capacity of incident light, the fast recombination ability of solar light-created
electrons, and a lack of pores in the structure [39]. It is of utmost importance to strengthen
its solar light or solar spectrum absorption range ability and confine the recombination of
solar light-generated holes and electrons in order to improve the ability of the photocatalyst
under solar light illumination [40]. In this regard, many approaches have been designed by
different researchers [16], such as n and p-type doping, fabricating a heterostructure solar
light active system, and combining bias energy [41]. The combination of a few expensive
metals with different types of porous materials, such as silica, alumina, glass, zeolites,
and activated carbon cloth (ACC) is conducted to enhance the performance of the solar
light absorption ability and overwhelm the charge carrier’s recombination rate [42,43].
Among these, activated carbon cloth (ACC) has excellent physical and chemical proper-
ties to construct solar light active materials. The porous properties, structural stability,
strong solar spectrum adsorption efficiency, and larger surface area of ACC enable healthier
adsorption of substrates, making it a promising material that supports a photocatalytic
procedure [44,45]. Thus, it permits the photocatalyst to absorb a solar spectrum that further
leads to solar fine chemical production and the conversion of organic substrates [46,47]. A
number of alterations have been described by many researchers on the solar light active
catalyst surface using different supporting materials by various pathways of synthesis, such
as sol-gel, co-precipitation, hydrothermal, solvothermal, and microwave synthesis [48].
Among these, the hydrothermal pathway is very easy to use to prepare different types of
light-harvesting composites for solar chemical regeneration and organic transformations.

The solar chemical regeneration and photoreduction of NADH and organic com-
pounds using solar radiation are developing new disciplines for future research. For the
synthesis of new organic chemicals, the mechanism for the reduction of organic functional-
ity is critical. To reduce organic functional groups, numerous methods have been reported,
including (i) metal/acid reduction, (ii) photocatalytic reduction, (iii) electrolytic reduction,
and (iv) catalytic hydrogen transfer [49]. One of the most prominent pollution control and
disposal processes is the photocatalytic reduction of aromatic nitro compounds. Nitrogen-
containing compounds are commonly created as by-products in a variety of industries
and factories, including agrichemicals and pharmaceuticals. Among the many nitrogen-
containing compounds, 4-nitrobenzyl alcohol is one of the most common by-products that
is harmful to the environment [50,51].

4-amino benzyl alcohol (4-ABA) is made in the pharmaceutical industry by reducing
4-nitro benzyl alcohol (4-NBA). 4-ABA is a necessary precursor for the manufacture of a
variety of drugs, including paracetamol, phenacetin, and acetanilide [52]. Metal-based
photocatalysts in acidic conditions are utilized to reduce 4-NBA to 4-ABA to the greatest
extent possible. However, such a procedure produces toxic metal oxide sludge that is
harmful to the environment [52].

To address the aforementioned difficulties, a self-assembled metal-free self-assembled
eriochrome cyanine R (EC-R) based ACC photocatalyst (EC-R@ACC) for the regeneration
of NADH cofactors and the conversion of 4-NBA to 4-ABA is created. The synthesized
metal-free EC-r@ACC photocatalyst has received a lot of interest in photocatalytic reactions
because of its outstanding physicochemical properties, such as a suitable band gap, high
molar extinction coefficient, low rate of intersystem crossing, excellent photocatalytic
ability, easier synthesis, and excellent chemical stability. When compared to the metal-
based photocatalyst, the metal-free self-assembled EC-r@ACC composite demonstrated
significantly higher efficiency for NADH cofactor regeneration and the production of
4-ABA via artificial photocatalysis. Due to the utilization of environmentally acceptable
and sustainable solar energy, artificial photocatalysis has sparked great interest in the
synthesis of solar chemicals (NADH) and the reduction of 4-NBA to 4-ABA. A schematic
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representation of the photocatalytic reduction of 4-NBA to 4-ABA and NADH regeneration
under a solar light spectrum is represented in Scheme 1.

 

Scheme 1. Schematic representation of NADH regeneration and photocatalytic reduction of 4-NBA
under solar light.

2. Results and Discussion

We introduced our study utilizing 4-NBA (a) as the substrate in the open air. The
optimization of the photocatalytic reaction was performed in different solvents (Table 1).
For photocatalytic optimization under different solvents, a low-cost, environmentally
friendly EC-R@ACC (0.010 g) and 4-NBA (0.045 g) were utilized as a solar light spectrum
harvester photocatalyst and starting material model substrate, respectively. The intended
4-ABA product was achieved with 50% conversion when the reaction was optimized in
C2H5OH (49% yield) in 12 h. We screened the same reaction in different solvents: C2H5OH,
PEG (Polyethylene glycol), CH2Cl2, and DMF under the same reaction conditions. DMF
has the highest polar nature among the solvents, so it provides an excellent yield in 12 h.

We found that when the reaction was carried out with 4-NBA (0.045 g), the EC-R@ACC
photocatalyst (0.010 g), and DMF (30 mL) at room temperature under a solar light spectrum
for 12 h, the highest conversion (97%) and yield (96%) of 4-ABA was achieved. In contrast, the
conversion and yield were reduced in different organic solvents as the reaction time increased,
indicating that DMF is the most efficient at promoting the organic transformation reaction [53].

2.1. Mechanistic Pathway for the Photoreduction of 4-NBA

Based on the outcomes and the fiction, it is clear that the current photocatalytic reduc-
tion pathway includes several critical steps, involving: (I) the adsorption of the reacting
molecules on the catalyst’s surface, (II) the excitation of the EC-R@ACC photocatalyst to
its triplet state and the transfer of electrons easily from sodium borohydride to the newly
designed EC-R@ACC photocatalyst, (III) electron transfer from the EC-R@ACC photocata-
lyst to 4-NBA, (IV) the transfer of hydrogen from the BH4/solvent to 4-NBA, and (V) the
desorption of the products from the edges of the newly designed photocatalyst. Scheme 2
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depicts the likely mechanistic routes of the current photocatalytic conversion of 4-NBA to
4-ABA.

2.2. Presence of Conformational Isomers during 1,4-NADH Synthesis

As shown in Scheme 3, NAD+ is reduced directly for radical coupling and unselective
protonation reaction. During this phase, many NAD isomers are formed, which have
a presence in both enzymatically inactive and active states. To avoid the generation of
enzymatically inactive isomers, an electron mediator must be utilized. Only when exposed
to sun rays, the Rh-complex electron mediator supports the creation of the enzymatically
solar light spectrum active 1,4-NADH isomer [54].

The reaction buffer medium for NADH regeneration contained 248 μL NAD+ solution,
124 μL Rh-complex, 310 μL ascorbic acid (AsA), 2387 μL phosphate buffer, and 15 mg of
the photocatalyst EC-R@ACC photocatalyst. Under continuous solar light irradiation cut
by a 420 nm band-pass filter, the reaction was performed in a quartz cuvette as a reactor
with a magnetic stir.

Table 1. Optimization of photocatalytic reduction of 4-NBA.

 

Entry Solar Light Photocatalyst Solvent Time Conversion (%) Yield (%)

1. Yes EC-R@ACC C2H5OH 12 50 49

2. Yes EC-R@ACC C2H5OH 6 47 48

3. Yes EC-R@ACC PEG 12 55 56

4. Yes EC-R@ACC PEG 6 51 49

5. Yes EC-R@ACC CH2Cl2 12 60 58

6. Yes EC-R@ACC CH2Cl2 6 58 57

7. Yes EC-R@ACC DMF 12 97 96

8. Yes EC-R@ACC DMF 6 79 78

9. Yes EC-R DMF 6 46 45

10. No EC-R@ACC DMF 12 05 05

11. Yes EC-R@ACC Absent 12 10 10

12. Yes Absent DMF 12 05 05

Reaction conditions: EC-R@ACC photocatalyst (0.010 g), ‘a’ (0.045 g), and NaBH4 (5 mg/L, various solvents
(30 mL)) illuminated under a solar light spectrum for 12 h in an inert atmosphere at room temperature. (a) and (b)
represent the reactant and product.
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Scheme 2. Mechanistic studies of the photocatalytic reduction of 4-NBA to 4-ABA.

The cofactor of 1, 4-NADH rejuvenation was carried out in an inert environment at
ambient temperature under the effect of sunlight (>420 nm). An FG@ACC photocatalyst
(31 μL), AsA (310 μL), electron mediator (124 μL), and β –NAD+ (248 μL) were dissolved
in 2387 μL of sodium phosphate buffer at neutral pH 7.0. First, the process was run in the
absence of a solar light spectrum for 30 min, and no cofactor of NADH regeneration was
achieved. The cofactor of 1,4-NADH regeneration was achieved in presence of solar light
spectrum illumination, as illustrated in Figure 1. It was discovered that as the reaction
time increased, so did the yield of 1,4-NADH. The absorbance at 340 nm in the UV-visible
spectrum was used to calculate the amount of 1,4-NADH produced. As per a previous
report [54], the molar absorption/extinction coefficient of the cofactor of 1,4-NADH is
6.22 mM−1 cm−1 [54]. We achieved 76.9% catalytic efficiency of 1,4-NADH in two hours
(2 h) utilizing a highly stable and solar light active newly designed EC-R@ACC photo-
catalyst (shown in Figure 1). Because of the π-π interaction, the photocatalytic ability of
the solar light active newly designed EC-R@ACC photocatalyst is greater than that of its
precursor EC-R [40,54].
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Scheme 3. The enzymatically active 1,4 NADH cofactor regeneration after NAD+ reduction.

Figure 1. The photocatalytic activity of the EC-R@ACC photocatalyst and EC-R for NADH regenera-
tion under solar light.

2.3. Reaction Mechanism of Photocatalytic NADH Regeneration

Scheme 4 demonstrates a possible approach for photocatalytic regeneration of NADH
using the EC-R@ACC photocatalyst. During the photocatalytic activity, the cationic type of
the electron mediator (A) hydrolyzes, yielding a water-coordinated complex (B), symbol-
ized as [Cp*Rh(bpy)(H2O)]2+. The complex (B) interacts with the formate (HCOO−) during
the hydride removal procedure [54]. This reaction generates the Rh hydride complex (C),
i.e., [Cp*Rh(bpy)(H)] +, and the release of CO2. When the EC-R@ACC photocatalyst con-
tributes electrons to the complex of Rh, the reduced intermediate complex (D) is generated
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(C). NAD+ interacts with complex D via the activity of amide and transfer of hydride, due
to which the NADH cofactor’s region-selectivity regenerates.

 

Scheme 4. Photocatalytic NADH regeneration utilizing an EC-R@ACC photocatalyst mechanism.

2.4. Solar Light-Induced Catalytic 1,4 NADH Regeneration

We exclusively focused on regenerating the enzymatically active form of 1,4-NADH
from the oxidized form of NAD+. As shown in Scheme 5, an electron mediator was used
to prevent the transformation of undesirable isomeric forms, resulting in the artificial
photocatalytic transformation of 1,4 NADH under sunlight irradiation. A neutral solution
(pH 7.0) of phosphate-buffered solution (NaH2PO4–Na2HPO4, 0.1 M) and an NAD+ cofac-
tor along with scavenger agents were used to regenerate NADH. In addition, combined
with the recently synthesized EC-R@ACC photocatalyst, [Cp*Rh(bpy)Cl]Cl was introduced
to the reaction media.

Recycling experiments for NADH synthesis in the presence of EC-R@ACC photocat-
alyst were conducted by recycling the newly designed same photocatalyst several times
under identical conditions to investigate the utility and sustainability of the EC-R@ACC
photocatalyst under the same experimental conditions. During the reusability test, a nearly
constant conversion yield was observed with no appreciable decline in efficiency, suggest-
ing that the EC-R@ACC photocatalyst has strong catalytic strength [55]. Furthermore, the
extra experiments were carried out under sunlight in the absence of NAD+. No absorbance
peak was observed at a wavelength of 340 nm in this experiment, which suggests that
NADH cannot be produced in the absence of NAD+ (Figure 1). Generally, every component
of the artificial photosynthetic machinery is important, including solar light, EC-R@ACC,
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and NAD+. It should be noted that to eliminate the photo-saturation during the measure-
ment of UV-Visible spectra, the concentration of the reaction media, which included AsA,
NAD+, EC-R@ACC, and Rhodium complex, was kept quite low [54,55].

 

Scheme 5. A simplified potential energy diagram showing carrier generation and its migration in the
photocatalytic system.

Scheme 5 shows the energy-labeled diagram, which depicts the pathway of the in-
duced charge carriers in the photocatalytic system. Initially, on the irradiation of solar
light, ascorbic acid becomes oxidized, and the electron of the EC-R@ACC photocatalyst
is transferred from the valence band/highest occupied molecular orbital (HOMO) to the
conduction band. Subsequently, the electron jumps from the conduction band/lowest
unoccupied molecular orbital (LUMO) of the EC-R@ACC photocatalyst to the conduction
band Rh-complex due to the lower band gap of the Rh-complex. Thus, the Rh-complex
acts as an electron mediator. After the Rh-complex electron, the electron follows the same
manner and easily jumps to the conduction band of NAD+. Here, NAD+ is reduced in
NADH (Nicotinamide Dinucleotide Adenine Hydrate). In this photocatalytic process, after
the reduction of NADH, the photocatalytic system is able to follow the Calvin cycle and
mimic the natural photosynthetic route [54].

2.5. Study of UV-Visible Spectra of Newly Designed Solar Light Spectrum Responsive
EC-R@ACC Photocatalyst

UV-Visible spectroscopy (UV-Visible-1900i, Shimadzu, Japan) was utilized to study
the absorption spectrum of the ACC and EC-R@ACC in DMF (Figure 2). The UV-Visible
spectra of the ACC were observed at about 250 nm [56], whereas the absorption band of
the EC-R@ACC was observed at 545 nm. We estimated the optical band gap using the
Scherrer equation (1240/λ) and found it to be 4.96 eV and 2.29 eV, respectively, indicating
that it can operate as an active catalyst. The predicted optical band gap (2.29 eV) validates
redshift and boosts solar-driven activation. The results showed that the EC-R and ACC
absorb a lot of visible light. The absorption spectra of the newly designed EC-R@ACC
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photocatalyst in the bathochromic shift are most significant and are responsible for cofac-
tor 1,4-NADH regeneration and organic transformation, which improves its solar light
harvesting abilities/capabilities in the solar light spectrum region.

Figure 2. UV-Visible absorption spectra of the photocatalyst.

The optical band gap of the EC-R@ACC photocatalyst was computed using the Scher-
rer equation (1240/λ) [57], and it is close to 2.28 eV at about 540 nm. The cyclic voltammetry
(CV, K-lyte electrochemical station,) measurement supports the computed optical band
gap by the Scherrer method with the value of 2.20 eV [57]. The reduction and oxidation
energy potential values of the newly designed EC-R@ACC photocatalyst were achieved by
the CV measurement technique (Figure 3). The EC-R@ACC photocatalyst oxidation and
reduction potential values were +1.10 V and −1.10 V, respectively. The collected reduction
and oxidation energy potential data were utilized to calculate the energy gap/band gap.

The CV experiment authorizes the energy gap/band gap calculation (see
Figures 3 and 4) [57]. A CV experiment was used to measure the reduction and oxidation
energy potential values of the EC-R@ACC photocatalyst. The reduction and oxidation
energy potentials were measured as +1.10 V and −1.10 V, respectively. The reduction
and oxidation values gathered can be utilized to compute the band gap using the Latimer
diagram (Figure 4), which verifies the optical band gap. Bathochromic shifts in the ab-
sorption spectra of the EC-R@ACC photocatalyst were detected, which boosts its ability to
harvest sunlight.
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Figure 3. Cyclic voltammetry of the EC-R@ACC photocatalyst.

 

Figure 4. Latimer Diagram displaying the photo-redox property of the EC-R@ACC photocatalyst;
(* represent the excited state.)

2.6. Study of Zeta Potential of ACC and EC-R@ACC Photocatalyst

The zeta potential (Malvern Panalytical, Nano-zetasizer (NZS90), Malvern, UK) of
the EC-R@ACC photocatalyst was observed and showed an additional negative value of
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−40.1 mV, while the ACC showed a value of −23.7 mV (Figure 5) [58]. It is illustrated that
the synthesis of the EC-R@ACC composite provides the more negatively charged fractions
as it has a high content of EC-R. Additionally, the more negative zeta potential value for
the EC-R@ACC photocatalyst proves that the interaction between the ACC and EC-R is
quite good [59].

Figure 5. Studies of the (a) ACC (−23.7 mV) and (b) EC-R@ACC solar light spectrum photocatalyst
(−40.1 mV) by Zeta potential pathway.

The FTIR spectra (Shimadzu, IRspirit FTIR-8000, Anan, Japan) of the EC-R@ACC
photocatalyst, as well as the ACC and EC-R in Figure 6, demonstrated the occurrence of an
interaction in the EC-R@ACC. Figure 6 indicates that the FTIR spectrum of the EC-R@ACC
displays a stretching peak of approximately 3450 cm−1, confirming the existence of the
-OH group [60]. The stretching peak of SO3

− is also found at about 1250 cm−1 [61]. The
stretching peak of –COONa is also found at about 950 cm−1 [62]. The stretching peak
of –CO is also found at about 1050 cm−1 [40]. The stretching peak of –CH3 is also found
at about 2850 cm−1; however, it is completely absent in the ACC FTIR spectra [61]. The
results show that the interaction in the EC-R@ACC photocatalyst was formed successfully.
Additionally, we recycled the EC-R@ACC photocatalyst for more than four consecutive
runs (i.e., four reuses) under the same reaction circumstances (Figure 7). It was perceived
that the photocatalytic cofactor 1,4-NADH regeneration is almost constant in all the re-
cycles, confirming the highest solar light spectrum harvesting stability of the EC-R and
EC-R@ACC photocatalyst, respectively. In addition, the observed results revealed that the
EC-R@ACC photocatalyst possesses higher stability (Figure 7a) compared to the EC-R pho-
tocatalyst (Figure 7b), which clearly revealed that the EC-R@ACC is superior to the EC-R
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photocatalyst. The turnover number (TON) of the EC-R photocatalyst for the reduction of
4-nitrobenzyl alcohol is calculated from the below-mentioned equation [63]:

TON = No. of substrate molecules converted into the product by 1 g of photocatalyst

 

Figure 6. Studies of the ACC, EC-R, and EC-R@ACC photocatalyst by FTIR technique.

Figure 7. The recycle stability for NADH regeneration by the (a) EC-R@ACC photocatalyst and
(b) EC-R photocatalyst.

So, the calculated TON of the EC-R@ACC photocatalyst for the reduction of
4-nitrobenzyl alcohol is 1.769 × 1019 molecules.
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3. Experimental Details

3.1. Materials and Chemicals

The ACC, sodium borohydride (NaBH4), EC-R, N, N-dimethyl formamide (DMF),
4-nitro benzyl alcohol (4-NBA), sodium phosphate monobasic dihydrate (NaH2PO4·2H2O),
sodium phosphate dibasic dihydrate (Na2HPO4·2H2O), nicotinamide adenine dinucleotide
(NAD+), and 2,2 bipyridine (pentamethylcyclopentadienyl) rhodium (III) chloride dimer
were purchased from Sigma Aldrich (Munich, Germany) and TCI (Portland, OR, USA).

3.2. Synthesis of ACC

Activated Carbon Cloth (ACC) was synthesized in the reported way. Carbon fabric
(1 cm × 1 cm) was initially washed many times with acetone and distilled water. Following
multiple washes, the carbon fabric was cured with conc. HNO3 at more than 90 ◦C for
roughly 4 h. Following the acid treatment, the carbon fabric was thoroughly cleaned with
distilled water and acetone. After washing, the freshly produced activated carbon cloth
(ACC) was dried in a 70 ◦C oven [64].

3.3. Synthesis of EC-R@ACC Photocatalyst

Typically, 350 mg of carbon powder (graphene) and 150 mg of EC-R were mixed
in 20 mL DMF and stirred for 2 h to ensure complete mixing. Then, the solution was
autoclaved at 150 ◦C for 12 h (Figure 8). Furthermore, the solution was cooled to room
temperature. Then, the solvent in the solution was evaporated at its boiling point. The
obtained compound was thoroughly washed with distilled water 2–3 times. Finally, the
newly designed EC-R@ACC photocatalyst was dried in the oven overnight at 100 ◦C. The
amount of EC-R@ACC achieved was 203 mg [65].

3.4. Synthesis of Rh-Complex

The Rh-complex [Cp*Rh(bpy)Cl]+ was prepared using a well-standard technique. In
5 mL distilled methanol, 0.025 g of rhodium compound ([Rh(C5Me5)Cl2]2) was dissolved
in an N2-purged environment. The methanol solution was then mixed in a dark-incubated
environment at room temperature with 0.013 g of 2,2′-bipyridyl (2 eq.) [15].

As soon as diethyl ether was added, a yellow precipitate formed. In an N2-purged
environment, the complete product was received by the filtration method and dried at
room temperature.

3.5. Synthesis of 4-ABA

The mixture of the EC-R@ACC photocatalyst (0.010 g), 4-NBA (0.045 g), and NaBH4
(5 mg/L) was prepared in 30 mL DMF in a glass vial and mixed with a magnetic stirrer.
The reaction mixture was stirred at room temperature for 12 h in the presence of air under
continuous high solar irradiation. The reaction mixture was then examined using TLC
after it was completed. After filtering, the mixture was thoroughly washed with 50 mL of
distilled water. The filtrate was concentrated using a rotary evaporator to abstract the final
product. The compound’s yield was 97.61% [52].
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.

Figure 8. The schematic diagram for the synthesis of the EC-R@ACC photocatalyst.

4. Conclusions

Overall, with this support, we have explained that the newly designed photocatalyst is
feasible for the regeneration of NADH and organic transformation under solar light. In this
context, photochemically under solar light irradiation, the regeneration of NADH and the
reduction of 4-nitrophenol with NaBH4 can be carried out using a metal-free ACC templated
EC-R@ACC photocatalyst. The regeneration of NADH, as well as the reduction of 4-NBA
into 4-ABA, was accomplished using an EC-R doped ACC photocatalyst (EC-R@ACC)
in conjunction with artificial photosynthetic machinery. The EC-R@ACC photocatalyst
demonstrated good maintenance of catalytic effectiveness during numerous cycles of
photocatalytic reaction due to its great thermal and chemical stability. Most importantly,
the EC-R@ACC, under continuous solar light irradiation, permits the effective regeneration
of NADH cofactors with a yield of 76.9%. This research suggests that solar light could
be used to produce more effective and cost-effective NADH regeneration along with
photocatalytic reduction of 4-NBA and many more reductive processes.
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Abstract: Carbon dots (CDs) are interesting carbon nanomaterials that exhibit great photoluminescent
features, low cytotoxicity, and excellent water stability and solubility. For these reasons, many fields
are starting to integrate their use for a variety of purposes. The catalytic performance of VOPO4 has
been evaluated in the synthesis of nitrogen-doped carbon dots (N-CDs). The synthesis reaction was
carried out at 180 ◦C using VOPO4 as a heterogeneous catalyst for 2 to 4 h of reaction time. After
reaction, the N-CDs were purified using a novel method for the protection of the functional groups
over the surfaces of the N-CDs. The morphological, superficial, and photoelectronic properties
of the N-CDs were thoroughly studied by means of TEM, HRTEM, XPS, and photoluminescence
measurements. The conversion of the carbon precursor was followed by HPLC. After three catalytic
runs, the catalyst was still active while ensuring the quality of the N-CDs obtained. After the third
cycle, the catalyst was regenerated, and it recovered its full activity. The obtained N-CDs showed a
great degree of oxidized groups in their surfaces that translated into high photoluminescence when
irradiated under different lasers. Due to the observed photoelectronic properties, they were then
assayed in the photocatalytic degradation of methyl orange.

Keywords: carbon dots; doping; VOPO4; heterogeneous catalysis; xylose; acetic acid; hydrothermal
method; photoluminescence; photocatalysis

1. Introduction

Carbon dots (CDs) are zero-dimensional particles normally smaller than 10 nm in
diameter [1]. Their morphology is quasi-spherical and comprises a graphite-like core
composed mainly of carbon, which can present inclusions of different adatoms such as
N and S, and of a surface decorated by different organic functional groups. This super-
ficial functionalization allows CDs to develop different surface trap states, lowering the
energy band gap [2]. This is coupled with the fact that graphitic sp2 structures favor the
projection of the recombination of electrons and hole [3], thus promoting a possible transi-
tion HOMO-LUMO and explaining their outstanding electronic properties. As for their
optical properties, these nanoparticles are widely recognized as highly photoluminescent
systems, with tunable and up-conversion photoluminescence properties [3]. CDs’ optical
properties show enormous variation with size. An increment in size directly translates
into a decrease in the energy gap between HOMO and LUMO. Therefore, a bathochromic
shift to higher-wavelength emissions is observed. However, sp2 clusters can act as aux-
ochromes, decreasing the energy gaps and exhibiting a completely opposite effect to the
formerly described size-gap relation [4]. As CDs are functionalized by a great variety
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of groups, they exhibit surface state photoluminescence, considering that the functional
groups on their surface have multiple energy levels that can interact and result in emissive
traps, thus dominating the emissions. The surface state is a synergetic contribution of all
groups conforming to the surface of the carbon dot that hybridize with the outer graphitic
core [5]. The presence of different functional groups on the surfaces of the CDs not only
control their electronic properties, but are the cause of their water stability and solubility.
Since they are carbon-based materials, their cytotoxicity has been proven to be very low
and more environmentally friendly than their analogues, metallic quantum dots. Due to
this phenomenon, known as quantum confinement, along with their low cytotoxicity and
excellent optical properties, CDs have numerous practical applications: bioimaging [6],
light-harvesting [7], photocatalysts [8] and photosensitizers [9], bio- and chemosensors [10],
and drug delivery [11].

Their outstanding optical features are very sensitive to minimal structural changes,
including heteroatomic inclusions [12]. For that reason, one of the main methods of
tuning the photoluminescent properties of CDs consists of doping the CDs with either
one kind of element, such as N, P, or S, in different concentrations, or combining them to
synthesize codoped CDs [13]. The nature and quantity of the dopant are key parameters
for the improvement of the photophysical properties of CDs, as their electronic structure
is modified by the presence of adatoms originating from n or p carriers [14]. Nitrogen is
frequently used for doping CDs, as the variety of precursors that can be used is wide, from
organic to inorganic compounds. These dopants can be added during synthesis or post-
synthesis, and its presence can highly impact the quantum yield (QY) of CDs [15], increasing
it to values as high as 26% when it acts as a codopant along with sulfur atoms [16] in water,
and up to nearly 100% depending on the emission wavelength when using solvents different
from water [17]. Doping [18], along with surface functionalization [19] and size [20,21], are
the three main factors controlling the emission wavelengths of CDs. A high amount of N
as the dopant [22] reduces the bandgap between valence and conduction bans, causing
a bathochromic shift. The presence of several organic groups on the surfaces of CDs can
be observed, as different contributions appear in the photoluminescence spectra. Each
emission can be assigned to a different group [23,24]. CDs energy gaps are also strongly
affected by size. As size increases, the bandgap decreases, red-shifting the emission [25].

Generally, for the synthesis of CDs, whether the carbon precursor is a green precur-
sor [26] or a commercial one and whether the dopant is added during the synthesis or
post-synthesis, the preferred method is hydrothermal synthesis. Although hydrothermal
synthesis is, in general terms, a green synthetic process, many authors still rely on strong
mineral acids for the production of CDs [27,28]. These mineral acids are corrosive, con-
taminant, and cannot be recovered or reused after reaction, generating streams that must
be neutralized before disposal. This is why greener alternatives based on the use of solid
catalysts are starting to be considered [26,29]. However, heterogeneous catalysis also faces a
major issue. In terms of acidity, they present much lower values of Brønsted acidity, which
is necessary for the major transformation of the precursors into CDs. In this sense, catalysts
based on V, Nb, Sn, and Zr are widely used in processes that require strong Brønsted
acidity [30–32].

The aim of this work is to synthesize CDs doped with N adatoms by means of het-
erogeneous catalysis. Thus, in this work, vanadyl phosphate (VOPO4) is proposed as a
bifunctional catalyst that will promote the dehydration and aggregation of the carbon pre-
cursor while oxidizing the functional groups on the surfaces of N-CDs. With this approach
to CD synthesis, we present a mineral acid-free hydrothermal alternative that replicates
the conditions of real biomass-derived monosaccharides without compromising the purifi-
cation, quality, or quantity of N-CDs, nor their photophysical or catalytic properties, and
ensuring the recyclability of the catalyst.
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2. Results and Discussion

2.1. Characterization of the CDs
2.1.1. Morphological and Superficial Study

The synthesis of CDs was carried out following a bottom-up approach, using xylose
as a model biomass molecule, VOPO4 as a catalyst, and nitrogen as the doping adatom of
the surface. Moreover, considering that the fractionation of lignocellulosic biomass yields a
liquor of hemicellulosic sugars with an acidic pH, basically originating from acetic acid,
this acid was added to the xylose solution.

It is important to note that the acetic acid was not sufficient to produce the CDs;
therefore, the catalytic activity was only due to the presence of the solid catalyst. The
morphology and size distribution (Figure S1) were studied by TEM (Figure 1) and HRTEM
(Figure S2). The resulting images show that the N-CDs were effectively obtaining using
VOPO4 as the catalyst. There was a substantial difference in the yield of CDs when reaction
time was doubled, as in Figure 1a, the reaction was stopped after 2 h, and in Figure 1b, it
was kept for 4 h. The reaction time did not affect the quality of the nanoparticles in any
way, as the shape remained quasi-spherical after 4 h and the average size ranged between
3.5 and 4 nm in diameter for both reaction times (Figure 1), meaning that a great degree of
size homogeneity was achieved. It was thus decided to carry out the synthesis of CDs for
4 h. For further confirmation of the presence of N-CDs in the solution after reaction, the
graphite spacing was identified by means of HRTEM and is presented in the Supplementary
Materials (Figure S2). When measured, the spacing value was 0.287 nm on average. The
obtained XRD pattern is also presented as further confirmation of the graphitic nature of
the cores of N-CDs (Figure S3), as a broad peak at 21◦ was detected, corresponding to the
(111) plane of graphite [33].

Figure 1. TEM images of N-CDs solutions synthesized using 100 mg VOPO4 as the catalyst, 0.75 M
of xylose as the C precursor, NH4Cl as the dopant, and 17 g/L of CH3COOH at 180 ◦C after (a) 2 h of
reaction and (b) 4 h of reaction. Both samples were dialyzed prior to the analysis.

The acid properties of the catalyst were evaluated by means of the adsorption of
pyridine coupled with FTIR spectroscopy (Figure S4). The TEM images confirm that the
acidic properties of the catalyst are strong enough for the synthesis of the nanoparticles
to be carried out. Due to the noise of the spectra and the fact that the catalyst was diluted
in KBr, since its yellow coloration was blocking the IR beam, the concentrations of both
the Brønsted and Lewis acid sites were not calculated. Thus, the spectra are provided
as a qualitative approach to understand the nature of the acid sites of VOPO4, due to its
importance regarding the acidity of the medium needed to carry out the synthesis of the
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CDs. Despite the noise that hindered the interpretation of the spectra of VOPO4, a band
attributed to a strong Brønsted acidity site could be identified. A main band regarding the
adsorption of pyridine on the catalyst was located at 1677 cm−1. This band was ascribed to
the presence of strong Brønsted acid sites [34] and corresponded to the ν8a vibration mode
of pyridinium species [35].

As the temperature rose, the band maintained a similar value of absorbance until,
drastically, it almost disappeared at 125 ◦C. The Lewis acid sites were not detected, indicat-
ing that this catalyst can be considered as a Brønsted solid. Additional characterization for
the VOPO4 catalyst (XRD pattern and Raman spectrum) is presented in the Supplementary
Materials of this publication (Figures S5 and S6).

The surfaces of the N-CDs were analyzed by means of XPS analysis. We found that
45.6% of the surface was C (Table 1), as was expected due to the graphitic nature of the
core. As can be observed in the deconvolution of the C1s core level (Figure 2a), there
was a major contribution at 284.7 eV (Table 2) that corresponded to the C-C bond [36].
The existence of highly oxidized groups was doubly confirmed, on the one hand, by the
high percentage of O present on the surface (47.7%), and on the other hand, by the next
two bands in the deconvolution at 286.3 eV and 288.6 eV, which were associated with the
C–N/C–O bond and the O=C–O type of bond, respectively [37]. The N1s core level was
analyzed to determine the nature of the species included on the surfaces of the N-CDs
(Figure 2b). The band at 401.3 eV (Table 2) made the greatest contribution. This band is
usually attributed to graphitic N. The other band (399.4 eV) present in the deconvolution
spectrum was related to a small amount of amine nitrogen [38,39].

Table 1. XPS mass concentration table of the surface of N-CDs synthesized using 100 mg VOPO4 as
the catalyst, 0.75 M of xylose as the C precursor, NH4Cl as the dopant, and 17 g/L of CH3COOH at
180 ◦C after 4 h of reaction.

N-CDs C (1s) O (1s) N (1s) Cl (2p)

Mass concentration (%) 45.6 47.7 5.0 1.6

Figure 2. XPS deconvoluted spectra of (a) the C1s core level and (b) the N1s core level of dialyzed
and lyophilized N-CDs synthesized from 100 mg VOPO4 as the catalyst, 0.75 M of xylose as the
precursor, NH4Cl as the dopant, and 17 g/L of CH3COOH at 180 ◦C after 4 h of reaction.
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Table 2. XPS energy binding deconvoluted bands of the C1s core level and N1s core level of N-CDs
synthesized using 100 mg VOPO4 as the catalyst, 0.75 M of xylose as the C precursor, NH4Cl as the
dopant, and 17 g/L of CH3COOH at 180 ◦C after 4 h of reaction.

C1s (eV) N1s (eV)

284.7 (43.76%)
286.3 (29.97%)
288.6 (26.27%)

399.4 (12.68%)
401.3 (87.32%)

In order to support the XPS results and to confirm the presence of N inclusions and the
carboxylic functionalization of the surface of CDs, the Fourier-Transform Infrared (FTIR)
spectrum of the sample was recorded (Figure 3).

Figure 3. FTIR of dialyzed and lyophilized N-CDs synthesized using 100 mg VOPO4 as the catalyst,
0.75 M of xylose as the C precursor, NH4Cl as the dopant, and 17 g/L of CH3COOH at 180 ◦C after
4 h of reaction. Before measurement, the N-CDs were dialyzed, purified, and lyophilized.

The IR spectrum presented five main bands, located at 3118 cm−1, 3018 cm−1, 2802 cm−1,
1726 cm−1, and 1388 cm−1. The bands that appeared at 3118 cm−1 and 3018 cm−1 cor-
responded to the N–H vibration bands [40–42] of the two N species present on the CDs,
amine/pyrrolic N and graphitic N, respectively. On the other hand, the 2800 cm−1 band
could be assigned to the vibration of the C–H bond and the 1388 cm−1 band to its cor-
responding bending band. The signal at 1726 cm−1 was associated with the C=O bond
vibration band from carboxylic acids. Thus, this corroborated the XPS characterization data,
as N was successfully included in the structure and functional groups, and the surfaces of
the CDs were fully oxidized to carboxylic species.

2.1.2. Optical Properties of the CDs

The photoluminescent properties were studied at two different wavelengths, 325 nm
and 473 nm, in order to study the possibility of tuning their emission. There was a clear
difference between the photoluminescence of the solution of N-CDs that was left for 2 h and
that that was left for 4 h. The intensity of the spectrum doubled as time passed, indicating
a higher concentration of species emissions [43]. Two maximums can be identified in the
spectrum of N-CDs irradiated under 325 nm (Figure 4a) after 4 h at 484 and 563 nm; these
can be associated with C–N-emitting species and O–C=O-emitting species, respectively [44].
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Figure 4. Photoluminescence spectra under (a) 325 nm (b) 473 nm irradiation of dialyzed solutions of
N−CDs synthesized from 100 mg VOPO4 as the catalyst, 0.75 M of xylose as the precursor, NH4Cl
as the dopant, and 17 g/L of CH3COOH at 180 ◦C after 4 h of reaction. No dilution was performed
prior to the analysis.

A third emission at 518 nm can be observed for the spectrum of the N-CDs after 2 h
of reaction. This emission can be attributed to an intermediate species of C–O/C=O; after
another 2 h, it fully oxidized into O–C=O.

When the N-CDs were irradiated under 473 nm (Figure 4b), the intensity of the spectra
was lower, as a less energetic laser was used. two major contributions can be identified,
at 566 nm and 625 nm, which can be associated with the formerly mentioned species.
They suffered bathochromic shifts of 82 and 62 nm, respectively, proving the tunable
photoluminescence properties of N-CDs [45–47].

The QY and fluorescence lifetime were also measured for both N-CDs, resulting in
QYs of 2.3% when the synthesis lasted 2 h and 6.2% when it was left for 4 h. Fluorescence
lifetimes of 2.59 ns for N-CDs and 3.04 ns for N-CDs were also observed when the reaction
time was set at 2 h and when the reaction was maintained for 4 h.

2.1.3. Photostability Tests

Since the designated application for CDs is to work as photocatalysts, it becomes
clear that photostability is a key parameter that confirms whether N-CDs are suitable for a
photocatalysis reaction. The photostability tests were carried out in the same conditions
as the photoluminescence measurements, changing only the exposure time. Samples for
photoluminescence typically undergo a 2 min exposure time in order for the spectra to
be recorded. During photostability assays, the solutions were irradiated for 28 min, and
spectra were recorded every 2 min. During this time, there was a slight variation in intensity
(Figure 5) in the spectra of both lasers, but it was not significant enough to consider the
samples unstable in the selected conditions for the photocatalytic tests.

2.2. Catalyst Recovery, Recycling, and Regeneration

After 4 h of reaction, the catalyst was recovered, calcined to eliminate the organic
matter over its surface, and re-assayed for several catalytic runs. The catalyst also under-
went a regeneration step, at which point it was decided that its catalytic performance had
excessively decreased. The changes in the active surface of the catalyst were followed by
XPS (Figures S7–S10, Tables S1 and S2).
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Figure 5. Photostability tests of dialyzed solutions of N−CDs using 100 mg of VOPO4 as the catalyst,
0.75 M of xylose as the precursor, NH4Cl as the dopant, and 17 g/L of CH3COOH at 180 ◦C after 4 h
of reaction under (a) a 325 nm irradiation laser and (b) a 473 nm irradiation laser. No dilution was
performed prior to the analysis.

2.2.1. Recycling Tests

After three reaction cycles, the conversion did not suffer an alarming decrease in
the conversion of xylose (Figure 6a). However, the presence of particles per squared
micrometer dropped substantially with every cycle, suggesting that the catalyst’s selectivity
to N-CDs diminished as it was used in the reaction (Figure 6b). A possible reason for the
decrease in the number of CD particles could be attributed to the presence of carbonaceous
species adsorbed on the catalyst surface (Table S1), as shown by the increase in the atomic
concentration of C after the reaction. Since no reactivation procedure was conducted
between each catalytic run, these species may have been blocking the acid sites necessary
for the dehydration reactions. Additionally, a partial reduction in V(V) was observed
after the reaction (Table S2), indicating a potential decrease in the acidity of the catalyst.
This reduction in acidity can be attributed to the fact that V(V) is more acidic than V(IV),
providing a clue to the mechanism behind the observed changes.

In the bottom-up mechanism of CD synthesis, the role of the VOPO4 catalyst was
firstly to promote the dehydration of the xylose to furfural, which afterwards aggregated
into higher structures that carbonized into N-CDs [43,48]. Secondly, the catalyst was able
to oxidize the surfaces of the N-CDs. However, both the xylose and acetic acid dissolved
in the reaction medium can act as reducing agents, promoting the rapid reduction of
V(V) to V(IV), as confirmed via XPS (Table S2, before reaction). This partial reduction of
vanadium could lead to leaching of the vanadium species, as it is a much more soluble
species, especially in acidic media. Therefore, in order to avoid any contamination of the
N-CDs with vanadium species, a purification step of the N-CDs was carried out. Thus, the
pH was lowered to 2 after a reaction using a citrate/citric acid to ensure the protonation
of the acidic groups on the surfaces of the N-CDs so they would not interact in any way
with vanadium species such as VO2

+ or VO2+. After the purification of the N-CDs by
means of dialysis, the presence of vanadium in the sample inside the dialysis tube was
analyzed via ICP-MS (Table S3), confirming, along with the absence of vanadium in the
XPS survey spectra of the N-CDs (Figure S11), that whether the reaction lasted 2 h or 4 h,
the purification method was effective, as no significant quantities of V were detected on the
samples of the N-CDs solutions.
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Figure 6. (a) Conversion of xylose in N-CDs solution samples after three catalytic runs of the VOPO4

catalyst. (b) Particle density per squared micrometer in N-CDs dialyzed solutions after 4 h of reaction
time. No dilution was performed prior to the analysis.

2.2.2. Regeneration Tests

After heating the used catalyst at 500 ◦C for the regeneration procedure, it was assayed
for another catalytic run (Figure 7). The conversion of xylose attained in this new cycle
was nearly the same as that obtained during the first catalytic run of the catalyst (blue bar).
Nevertheless, this did not translate exactly into the same catalytic activity, as the ratio of
particles per micrometer (red bar) achieved after the regeneration was higher than that
obtained after the first recycling, but lower than the ratio reached when the catalyst was
added fresh (Figure 7b). This can be attributed, again, to a partial blockage of the acidic
sites due to residual carbonaceous species. Since, after regeneration, there is a reoxidation of
V(IV) to V(V) a change in conversion or activity would not be due to a lack of V(V) species.

Figure 7. Conversion of xylose after the regeneration of the VOPO4 catalyst and particle density
per squared micrometer in N-CDs dialyzed solutions after 4 h of reaction time. No dilution was
performed prior to the analysis.
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2.3. Photocatalytic Assay

Since the photoluminescence measurements revealed that the synthesized N-CDs had
good photoelectronic potential, meaning that their surface properties would be optimal
for electronic transfer and movement, it was decided to test their activity as catalysts in
the photodegradation of methyl orange (MO) (Figure 8). The assay was performed under
visible light. During the first 20 min of the reaction, the degradation was moderate, but
after 30 min, the absorbance observed in the UV-Vis had greatly diminished. By the time
the hour of reaction was reached, nearly no absorbance was detected, meaning that the
CDs had effectively promoted the degradation of the colorant. The UV-vis absorbance
spectrum of N-CDs was measured in order to ensure that no secondary absorbance to MO
absorbance was taking place (Figure S12).

Figure 8. Photodegradation of methyl orange over time using 50 mg of N-CDs as the catalyst on an
aqueous solution of 5 ppm of methyl orange.

3. Materials and Methods

3.1. Materials

Vanadium (V) oxide (V2O5) (>99.6%) and NH4Cl (>99.5%) were purchased from
Sigma-Aldrich. Orthophosphoric (H3PO4) (>85%) and nitric acid (HNO3) (>65%) were
purchased from Panreac (Barcelone, Spain) and VWR (Radnor, PA, USA). Xylose (>98%)
was purchased from Millipore (Burlington, MA, USA).

3.2. VOPO4 Catalyst Synthesis

Briefly, the VOPO4 preparation was based on a previous existing method [49], in
which 1.93 g of V2O5 is magnetically stirred along with 10.5 mL of H3PO4, 22 mL of water,
and 2 mL of concentrated HNO3. The resulting suspension is kept for 2 h at 105 ◦C in reflux
until the yellow precipitate is completely formed. Then, the vibrant yellow solid is filtered
and left to dry in the stove overnight at 60 ◦C.

3.3. CDs Preparation

CDs were prepared following a hydrothermal procedure (Figure 9) that consisted
of the addition of 100 mg of VOPO4 as the catalyst, 1.62 mL of CH3COOH, and 25 mL
of 0.75 M xylose solution into a Teflon-lined steel hydrothermal reactor (Parr, Moline,
IL, USA). As the ultimate target was to optimize the production for large-scale biomass
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transformation of olive pits, in order to replicate the conditions of acidity of a biomass-
derived xylose solution, the expected amount of acetic acid that would be produced as
a by-product when treating the biomass was added into reaction media. With the aim
of doping the surfaces of the CDs to enhance their photocatalytic and photoluminescent
properties, 5 g of NH4Cl was added into the hydrothermal reactor along with the rest of the
components for the synthesis. The reaction temperature was set at 180 ◦C inside a muffle
furnace in all cases, while the reaction time varied between 2 h and 4 h. Since the obtained
N-CDs showed a high photoluminescence yield, it was decided that the synthesized N-CDs
would be assayed in the photocatalytic degradation of methyl orange.

Figure 9. Scheme of the hydrothermal one-pot method for the synthesis of N-CDs from xylose as the
carbon precursor, VOPO4 as the catalyst, and NH4Cl as the doping agent.

3.4. CDs Purification

After the reaction, the purification method involved a centrifugation step to separate
the remaining carbonization solids and the majority of the catalyst; then, there was a second
centrifugation step, along with 10 mL pH = 2 citrate-citric acid buffer. After centrifugation,
the suspended solid particles of the catalyst were separated by filtrating the solution
over 0.45 μm syringe filters. Before continuing with the purification process, after this
filtering step, the photoluminescent emission of every sample was checked under a UV
lamp (Electro DH, Barcelone, Spain) as a rapid way to confirm the success of the synthesis.
Filtered solutions were then poured into dialysis membranes (Pur-A-LyzerTM 1 kDa,
Sigma-Aldrich (St. Luis, MO, USA)), along with citric/citrate buffer solution. After 48 h,
the samples were removed from the dialysis tubes, while keeping the rinsing water. To
obtain solid N-CDs for XPS analysis and for their use in the photodegradation of methyl
orange as catalysts, the samples were lyophilized after dialysis using Scanvac® Coolsave™
(Bjarkesvej, Denmark) lyophilizer equipment. After lyophilization, 10 mg of solid N-CD
was recovered each time the procedure was carried out, so the average N-CD mass yield of
the synthetic process rose to 0.36%.

3.5. Catalyst Recovering

The separated carbonaceous solid underwent a thermal treatment in order to remove
all the organic residues masking the catalyst. The calcination of this solid was performed at
550 ◦C for 6 h, at a heating rate of 5 ◦C/min.
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3.6. Catalyst Recycling

The calcined solid was then reused into further catalytic cycles in the same reaction
conditions. As some of the catalyst was inevitably lost during the process of recovery
and calcination, the recovered catalyst from two identical catalytic runs was evenly mixed
for reuse.

3.7. Catalyst Regeneration

After three catalytic runs, the catalyst followed a regeneration step based on a previ-
ously published procedure [50], which involved the addition of H3PO4 along with HNO3
to a suspension in the rinsing water used for the dialysis of the catalyst after the reaction.

3.8. Photocatalytic Assay

For the photocatalytic assay, 50 mg of CD was added into 0.5 L of an aqueous solution
consisting of 5 ppm of methyl orange dye. A photoreactor (Luzchem (Gloucester, ON,
Canada) Model CCP-4V 220 V 50 Hz 3 A) was used to irradiate the samples with visible
light, employing the fourteen white visible lamps inside the reactor. After 5, 10, 20, 30, 60,
and 80 min, an aliquot of the solution was taken to control methyl orange (MO) photodegra-
dation by determining its remaining concentration. After 5, 10, 20, 30, 60, and 80 min, an
aliquot of the solution was taken to control the methyl orange (MO) photodegradation
by determining its remaining concentration. Prior to the measurement of the sample, a
calibration curve was performed using five standards of methyl orange of 1, 2, 3, 4, and
5 ppm.

3.9. Characterization Conditions

Transmission electron microscopy (TEM) was carried out in a FEITalos F200X (Thermo
Fisher Scientific, Waltham, MA, USA) equipped with an FEG 200 kV electron gun, four
STEM detectors, and four FEG detectors. A Thermo Scientific-FEI Tecnai G2 20 Twin
Transmission Electron Microscope equipped with LaB6 filament, tomography software,
a cryo-transmission system, and an EDS/EDX (energy-dispersive X-ray spectroscopy)
elemental analyzer (Thermo Fisher Scientific, Waltham, MA, USA) was used to evaluate
the characteristics of the surfaces of the CDs. TEM and HRTEM images were processed
using ImageJ v. 1.53k software. The photophysical characteristics of the CDs were studied
by photoluminescence measurements using a LabRAM Odyssey PL microscope (Horiba,
Kyoto, Japan). Samples were irradiated under two lasers: (1) 325 nm, ×40 lens, 100-hole
aperture, 5% ND filter, 28 mW power. (2) 473 nm, ×40 lens, 100-hole aperture, 5% ND filter,
100 mW power. Photostability was measured using the same equipment and irradiation
conditions over time, following a previously published study [51]. QY and the fluorescence
lifetime were measured using an Edinburgh Instruments FLS920 fluorimeter coupled with
a 1-M-1 integrating sphere for calculating the QY, and using the ultra-rapid F-G05 detector.
XPS analysis was utilized to characterize the superficial composition of the CDs and the
surface of the catalyst, VOPO4. It was performed by means of a Physical Electronics
PHI5700 spectrometer using monochromatic Al Kα of 15 kV and 1486.6 eV, with a dual
charge beam and a hemispheric multichannel detector for the VOPO4 and N-CDs spectra.
The analysis zone comprised an area 100 μm in diameter when AlKα radiation was used.
The constant pass energy mode was set at 29.35 eV. The obtained spectrum was processed
using MultiPak v.9.3 software. The XPS analysis was carried out for the lyophilized
samples in the case of N-CDs. All values were referenced to adventitious carbon (C 1s at
284.8 eV). FTIR was performed for N-CDs in a Bruker Vertex70 coupled with a Golden
Gate Single Reflection Diamond ATR System (Bruker, Billerica, MA, USA). The spectral
resolution was set at 4 cm−1 in a spectral range of 4000–500 cm−1. The Raman spectrum of
VOPO4 was measured using a FT-Raman RFT-6000-JASCO spectrometer (JASCO, Tokyo,
Japan) with a 1064 nm laser at 150 mW of power. The XRD patterns were collected on a
PANanalytical EMPYREAN (Malvern Panalytical, Malvern, UK) automated diffractometer.
The PIXcel 3D detector was set at a step size of 0.017◦ (2θ). The diffractograms were
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recorded between 4 and 70 in 2θ. The remaining xylose in the reaction samples was
controlled using an HPLC instrument (JASCO, Tokyo, Japan) equipped with an autoinjector
(AS-2055), which injected 6 μL of the sample into a Phenomenex (Torrance, CA, USA) Rezex
ROA-Organic Acid H+ (8%) (300 mm × 7.8 mm) column. The mobile phase (0.0025 M
H2SO4) was pumped by a quaternary gradient pump (PU-2089) at a 0.35 mL/min−1 flow
rate to the column, heated at 40 ◦C. The possible remains of vanadium species after the
reaction were studied by means of ICP-MS in a Nexon 300D at a flow rate of 0.8 L/min
of nebulizer gas, 18 L/min of gas for the plasma, and 1.2 L/min of auxiliary gas at a
potential RF of 1600 W. The Brönsted–Lewis acidic sites were determined via pyridine
adsorption measurements. The catalyst was shaped into wafers along with KBr and
saturated in pyridine for 10 min at room temperature; then, it was gradually heated in a
tubular oven until 125 ◦C, recording the spectrum each 20 to 30 ◦C. The adsorption and
desorption spectra, at different temperatures, were recorded by a SHIMADZU (Kyoto,
Japan) FTIR-8300 infrared spectrophotometer at a fixed irradiation wavelength and power
of 632.8 nm and 0.5 mW, respectively. The photodegradation of MO was followed by UV-
vis spectrophotometry (UV 1800 SHIMADZU (Kyoto, Japan) UV). The UV-vis spectrum of
N-CDs was recorded using the same equipment in a 300–900 nm range.

4. Conclusions

Green-emitting N-CDs were successfully obtained using heterogeneous catalysis via
a hydrothermal synthetic procedure. Nevertheless, there is still work to be done as this
procedure could be improved in terms of production yield. VOPO4 played a bifunctional
role in the synthesis, while Brønsted acidity promoted the dehydration and condensation
of the carbon precursor. Its oxidizing properties provoked a complete oxidation of the
organic groups functionalizing the surface of the N-CDs, as was deduced from the XPS
results and confirmed by photoluminescent emissions. The addition of a certain amount of
CH3COOH in order to replicate the composition of a real biomass liquor positively affected
the synthesis, as it enhanced the oxidizing properties of the catalyst. The VOPO4 catalyst
was successfully recovered, recycled, and regenerated with no further negative effect on
its performance in terms of the dehydration, aggregation, and oxidation of the surfaces of
the N-CDs. CDs were doped with N atoms using NH4Cl, and the doping was confirmed
by XPS. The doping of CDs to N-CDs greatly improved the photophysical properties of
pristine CDs, as was observed in the photoluminescent measurements that affected the
photocatalytic performance of the CDs in a positive way, as methyl orange was easily
degraded at a high rate after 30 min of reaction. After 1 h of reaction, the degradation was
considered to have been completed.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal13101358/s1, Figure S1: Size histograms of N-CDs synthesized
using 100 mg VOPO4 as catalyst, 0.75 M of xylose as C precursor, NH4Cl as dopant, and 17 g/L of
CH3COOH at 180 ◦C after 4 h of reaction calculated from TEM images; Figure S2: Graphitic spacing
of N-CDs dialyzed solution samples synthesized using 100 mg VOPO4 as catalyst, 0.75 M of xylose
as C precursor, NH4Cl as dopant, and 17 g/L of CH3COOH at 180 ◦C after 4 h of reaction; Figure S3:
XRD pattern of dialyzed and lyophilized N-CDs synthesized using 100 mg VOPO4 as catalyst,
0.75 M of xylose as C precursor, NH4Cl as dopant, and 17 g/L of CH3COOH at 180 ◦C after 4 h of
reaction; Figure S4: Pyridine adsorption and desorption on VOPO4 followed by FTIR; Figure S5: XRD
pattern of freshly synthesized VOPO4; Figure S6: Raman spectrum of freshly synthesized VOPO4;
Figure S7: XPS spectrum of V 2p core level binding energy of freshly synthesized VOPO4; Figure S8:
XPS spectra of V 2p core level binding energy of (a) VOPO4 before reaction* and (b) VOPO4 after
reaction; Figure S9: Survey XPS spectrum of freshly synthesized VOPO4; Figure S10: Survey spectra
of (a) VOPO4 before reaction* and (b) VOPO4 after reaction; Table S1: XPS atomic concentration
table of VOPO4; Table S2: XPS energy binding deconvoluted bands of VOPO4; Table S3: ICP-MS
measurements of vanadium species in N-CDs-dialyzed solutions; Figure S11: XPS survey spectrum
of dialyzed and lyophilized N-CDs synthesized using 100 mg VOPO4 as catalyst, 0.75 M of xylose as
C precursor, NH4Cl as dopant, and 17 g/L of CH3COOH at 180 ◦C after 4 h of reaction; Figure S12:
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UV-vis spectrum of N-CDs dialyzed synthesized using 100 mg VOPO4 as catalyst, 0.75 M of xylose
as C precursor, NH4Cl as dopant, and 17 g/L of CH3COOH at 180 ◦C after 4 h of reaction solution
from 300 nm to 900 nm. No dilution was performed prior to the analysis. References [52–57] are cited
in the Supplementary Materials.
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Abstract: Herein, we have successfully prepared self-doped carbon dots with nitrogen elements
(NCD) in a simple one-pot hydrothermal carbonization method, using L-histidine as a new precursor.
The effect of as-prepared carbon dots was studied for photoelectrochemical (PEC) water splitting
by decorating NCDs upon TiO2 nanorods systematically by changing the loading time from 2 h to
8 h (TiO2@NCD2h, TiO2@NCD4h, TiO2@NCD6h, and TiO2@NCD8h). The successful decorating
of NCDs on TiO2 was confirmed by FE-TEM and Raman spectroscopy. The TiO2@NCD4h has
shown a photocurrent density of 2.51 mA.cm−2, 3.4 times higher than the pristine TiO2. Moreover,
TiO2@NCD4h exhibited 12% higher applied bias photon-to-current efficiency (ABPE) than the pristine
TiO2. The detailed IPCE, Mott–Schottky, and impedance (EIS) analyses have revealed the enhanced
light harvesting property, free carrier concentration, charge separation, and transportation upon
introduction of the NCDs on TiO2. The obtained results clearly portray the key role of NCDs in
improving the PEC performance, providing a new insight into the development of highly competent
TiO2 and NCDs based photoanodes for PEC water splitting.

Keywords: TiO2 photoanode; L-histidine; nitrogen-doped carbon dots; photoelectrochemical; light
harvesting

1. Introduction

Rapidly spiking global energy demands and pollution caused by the depletion of
fossil fuels necessitated the development of natural and renewable sources of energy [1].
Hydrogen is an excellent contender capable of replacing fossil fuels owing to its both
eco-friendly and reusable nature. Photoelectrochemical (PEC) water splitting is the most
reliable and popular method employed for converting solar light energy into clean and
sustainable chemical fuels, such as hydrogen [2,3]. The initial study on photocatalytic water
splitting using TiO2 was published way back in 1972 [4]. Since then, different types of semi-
conductor materials including ZnO, [5] BiVO4, [6] WO3, [7] Fe2O3, [8] SrTiO3, [9] C3N4 [10],
and Ta3N [11] were reported as photoelectrodes for PEC. The TiO2 material is considered as
the most competent semiconductor for investigating PEC devices due to its characteristics
such as advantageous band-edge positions, ease of fabrication, abundance, excellent photo-
corrosion resistance, eco-friendliness, and cost effective nature [12]. However, application
of TiO2 in PEC has been constrained by comparatively greater band gaps for its rutile
(3.0 eV) and anatase (3.2 eV) phases [12], severe bulk charge recombination, and slow
OER kinetics [13]. As a result, numerous attempts were made to surpass the limitations,
such as use of dopants [14], formation of heterojunctions [15], surface modification [16],
introduction of defects [17], and quantum dot sensitization [15].
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Recently, carbon dots (CDs) have been gaining enormous attention by virtue of their
fascinating characteristics such as low cost, simple synthesis, functionalization, superior
chemical inertness, and photobleaching resistance. Most essentially, CDs are a viable
alternative for heavy metal-based QDs and organic dye, owing to its low toxicity with envi-
ronmental friendliness [18–20]. Since the last decade, astonishing progress has been made
in the preparation of CDs either in the top-down or bottom-up route [21,22]. However, new
inexpensive, large-scale, and green synthetic approaches of CDs still need to be developed.
For instance, a study on the CQDs/BiVO4 and CQDs/NiFe-LDH/BiVO4 demonstrated
that after the decoration of CDs on their respective semiconductor, negatively shifted
onsite potentials and enhanced charge injection rate were observed in PEC water split-
ting [22–24]. In addition, CDs, such as CQDs/TiO2 [11] CQDs/ZnO [25], CQDs/WO3 [26],
CQDs/BiVO4 [1], and CQDs/bFe2O3 [27], etc., can improve the light harvesting nature of
photoanode in ultraviolet region and expand the range of visible region.

The CDs decorated TiO2 films have been reported earlier from different origin mate-
rials by different methods and utilized as photoanode for PEC [23]. Zhou et al. utilized
glucose as precursor and alkali-assisted ultrasonic chemical method to prepare CDs; and
spin-coated TiO2 film with CDs solution [15]. Wang et al. employed a hydrothermal
method to synthesize CDs from phloroglucinol [24]. Usually, for photo-driven reactions,
N-doped carbon dots exhibit improved activity both theoretically and experimentally than
CDs, owing to beneficial quantum confinement and were capable of creating defect-rich
heterostructures [25,26]. Based on the N-doping source material, light-harvesting ability
and energy levels can be modulated [27], while the functionality of NCDs may interpret
the interaction with the semi-conducting material [28]. Han et al. described the process of
preparation of N-doped CDs (NCDs) anchored to TiO2 photoanode in electrochemical and
hydrothermal methods by using graphite rods and ammonia to obtain a nitrogen-doped
CDs (NCDs) solution. This report has demonstrated the enhanced PEC efficiency due to
an increased interface charge transfer [12,29]. The report by Wang et al. on NCDs@TiO2
showed an enhanced photocatalytic property owing to its extended light responses with
narrowed bandgap upon introduction of NCDs [30]. However, due to the complexity of
NCDs with regards to energy states and chemical structure, the mechanism of NCDs in
boosting PEC performance remains unknown [25,31]. Moreover, synthesis of CDs and
preparation of photoanode was proceeded in multiple steps, which again increases the
preparation cost of the electrode [32,33]. Therefore, it is of critical importance to prepare at
low cost, as well as understand the nanostructure of NCDs, their interfacial interactions
with semiconductor materials and further developments of NCDs.

In the present study, we report the synthesis of new NCDs decorated TiO2 film in a
simple one-pot hydrothermal method using L-histidine as source material. The effect of
NCDs on TiO2 nanorod film for PEC water splitting has been analyzed systematically by
changing the NCDs’ loading time from 2 h–8 h. The prepared photoanodes are named
as TiO2@NCD2h, TiO2@NCD4h, TiO2@NCD6h, and TiO2@NCD8h. NCDs loaded pho-
toanodes showed higher PEC performance than pristine TiO2, suggesting the contribution
of NCDs towards enhancing the performance of PEC. The highest efficiency was found
for TiO2@NCD4h (2.51 mA.cm−2), 3.4 times greater than pristine TiO2 (0.73 mA.cm−2).
The higher photocurrent for TiO2@NCDs could be ascribed to the improved light har-
vesting property, decreased rate of recombination, and increased charge carrier density.
The detailed characterization of NCDs and NCD loaded TiO2 and PEC water splitting
performance analysis were performed and discussed.

2. Results and Discussion

2.1. Characterization

FE-SEM and HR-TEM analyses were executed in order to assess the successful load-
ing of NCDs on TiO2 and their morphology and the obtained images are illustrated in
Figures 1 and 2. The FE-SEM analysis of pristine TiO2 film (Figure 1a) has shown dense
nanorod morphology of TiO2 which have perpendicularly grown on FTO glass showing
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an average length of ~2.8 μm and width of ~150 nm. Moreover, no obvious changes in
the size and morphology of TiO2 were observed in Figure 1b, even after dipping for 8 h in
NCDs solution. Further, HR-TEM (Figure 1c) analysis confirmed the nanorod morphology
of TiO2. Moreover, the observed lattice fringes’ distance in Figure 1d was 0.35 nm, which
corresponds to the d-spacings of the rutile TiO2 (101) planes, which has well-matched with
XRD results [12]. Further, HRTEM image of TiO2@NCD4h (Figure 2) showed that NCDs
are uniformly loaded on the TiO2 nanorods and appeared in a sphere and ellipsoidal mor-
phology with particle size ranging from 4 to 10 nm. In addition, 0.21 nm lattice spacing was
observed for NCDs particle, associated with the (100) facet of NCDs (Figure S3) [15,18,34].
Moreover, to further investigate the distribution of Ti, O, C, and N elements, the elemental
mapping analysis was executed, and the respective results are displayed in Figure 2b. The
obtained results have shown even distribution of C and N elements on TiO2 nanorods’
surface, suggesting the successful decoration of NCDs on the TiO2.

 

Figure 1. (a,b) Typical SEM of TiO2, TiO2@NCD4h. The corresponding cross-sectional SEM images
are shown in the insets. (c) FETEM images of TiO2. (d) FETEM images of TiO2@NCD4h.
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Figure 2. (a1–a3) FETEM of TiO2@NCD4h. (b) HAADF-STEM of TiO2@NCD4h and elemental
mapping for Ti, O, C, and N.

The crystalline structure of the as-synthesized TiO2 and the effect of NCDs loading
time on TiO2 crystallinity (TiO2@NCD2h, TiO2@NCD4h, TiO2@NCD6h, and TiO2@NCD8h)
and the orientation growth were examined using XRD analysis. The obtained XRD peaks
are displayed in Figure 3. The diffraction peaks of pristine TiO2 films appeared at 36.10◦,
41.27◦, 54.39◦, 62.86◦, and 69.80◦ and correspond to the (101), (111), (211), (002), and
(112) crystal planes of tetragonal rutile structure [15,18,35,36]. Moreover, regardless of
the loading time of NCDs, the peak positions are the same, but the (101) plane intensity
has increased with NCDs loading time. The results suggest that the TiO2 nanorod crystal
structure does not get affected by loading NCDs but size of the crystal and preferred
orientation directions sparsely get affected. Furthermore, no noticeable diffraction peak
of NCDs was observed for TiO2-NCDs, which could be attributed to the modest load of
NCDs, lower than the minimum limitation of XRD detection [15,35].

−

Figure 3. XRD patterns of TiO2 and TiO2@NCD2h-8h.
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As seen in Figure 4, the Raman peaks of TiO2 located at 615.2, 450.5, and 240 cm−1

correspond to (A1g), (Eg), and multi-photon scattering process, respectively, and represent
the TiO2 rutile phase. The peaks which appeared at 1580 and 1333 cm−1 can be attributed
to the D (disordered sp2) band and G band of NCDs, respectively [37,38]. Thus, the Raman
spectrum of TiO2@NCD4h has shown five peaks, indicating successful fabrication of NCDs
in TiO2 nanorods. Furthermore, the enhancement of Raman intensity might be contributed
by the increased crystallinity, and it is consistent with the XRD results.

−

Figure 4. Raman spectra of TiO2 and TiO2@NCD4h.

The elemental composition and chemical binding of NCDs decorated on TiO2 catalyst
were determined by the XPS analysis (Figure 5). The survey scans illustrated the elements
in two structures, e.g., C, N, Ti, and O elements in TiO2@NCDs4h, whereas C, Ti, and O
elements were in the pristine TiO2 [12,39] (Figure 5a). An increase in the carbon content and
the presence of N1s peak compared with the bare TiO2 evidently confirm that the NCDs
were successfully decorated on TiO2. Ti2p spectra (Figure 5b) showed two representative
peaks at 464.0 and 458.4 eV (difference: 5.6 eV), which correspond to the spin-orbit coupling
for Ti2p1/2and Ti2p3/2, respectively, and was identical to those for TiO2 [15]. Furthermore,
Ti2p peaks of the TiO2@NCDs4h structure have considerably shifted (by 0.2 eV) compared
to bare TiO2 (Figure 5b). This is due to the electronegativity of C/Ns, which increased
the binding ability of extra-nuclear electrons, hence raising the binding energy. The C 1s
spectra (Figure 5c) is fitted with three peaks corresponding to C-C, C-O & C-N, and C=O
& C=N bonds at 284.8, 286.0, and 288.3 eV, respectively [40]. The N1s spectra (Figure 5d)
shows three peaks which appeared at 396.7 eV, 401.4 eV, and 403.7 eV, ascribed to the
pyridine-N, pyrrole-N, and Graphitic-N, respectively, indicating the carbon dot doped with
the N element [41,42]. In Figure S4, the peak in the O1 s region of TiO2@NCDs@4h was
deconvoluted into three peaks at 532.3, 530.1, and 529.6 eV, which are assigned to O-H,
C-O, or O-N, and Ti-O bonds in TiO2@NCDs4h, respectively. In agreement with the above
microstructure analysis, XPS results suggest that NCDs were successfully deposited on the
TiO2 [40,42,43].
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Figure 5. XPS spectra of pristine TiO2 and TiO2@NCD4h (a) survey scan (b) Ti 2p (c) C 1s (d) N 1s.

The absorption properties of the materials are important parameters to estimate the
light harvesting nature and energy levels to be used in solar energy conversions. The optical
properties of the prepared NCDs in solution and on TiO2 photoanode with changing time
were analyzed systematically. The UV-vis spectra of NCDs in solution and TiO2@NCDs
thin films are shown in Figure 6a,b and c by changing the loading time. The absorption
band of pristine TiO2 ~400 nm represents the rutile TiO2 band edge [44]. After introduction
of the NCDs on TiO2, the light harvesting property was enhanced with the increased
amount of NCDs loading. The results suggest the successful decoration of NCDs and
their contribution in improving the light harvesting property. Moreover, the Tauc plot
Equation (S1) was employed to calculate the bandgap (Eg) of pristine TiO2 and TiO2@NCD
photoanodes [36,45,46]. The calculated Eg values of TiO2, TiO2@NCD2h, TiO2@NCD4h,
TiO2@NCD6h, and TiO2@NCD8h were 3.12, 3.07, 3.03, 3.04, and 3.05 eV, respectively.
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Figure 6. Absorption spectrum of (a) NCDs solutions. (b) Pristine TiO2 and TiO2@NCDs thin films
(c) bandgap energy of Pristine TiO2 and TiO2@NCDs thin films.

2.2. PEC Performance of the Photoanodes

The effect of newly prepared NCDs on photoelectrochemical water oxidation was
studied systematically by changing the loading time of NCDs on TiO2 film and compar-
ing it with the pristine TiO2. Figure 7a shows linear sweep voltammetry performance
of TiO2, TiO2@2hNCD, TiO2@4hNCDs, TiO2@6h NCDs, and TiO2@8hNCDs, and their
photocurrent data at 1.23 V are illustrated in Table S2. The pristine TiO2 film displayed a
0.73 mA.cm−2 photocurrent at 1.89 V vs. RHE. After loading NCDs upon the TiO2 film,
an enhanced photocurrent was observed compared the pristine TiO2, which instigated
to perform optimization studies to improve the NCDs loading and thereby achieve op-
timum PEC performance using TiO2 with NCDs. In order to optimize the TiO2@NCDs
photoanodes, the decorated NCDs on TiO2 was controlled by monitoring the hydrothermal
reaction. In Figure 7a, the photocurrents of four NCDs decorated TiO2 (TiO2@NCDs)-based
photoanodes showed higher photocurrent than pristine TiO2, indicating the contribution
of NCDs in enhancing PEC performance of TiO2. Significantly, the photoanode correspond-
ing to TiO2@NCD2h has displayed an improved photocurrent density of 2.33 mA.cm−2

at 1.89 V vs. RHE, while pristine TiO2 photoanode has shown 0.73 mA.cm−2 at 1.89 V
vs. RHE. Further, by increasing the loading time from 2 h to 4 h (TiO2@NCD4h), the
photocurrent density has also increased to 2.51 mA.cm−2 at 1.89 V vs. RHE, which was
3.4 times greater than the pristine TiO2. Moreover, TiO2@NCD4h photoanode possesses
both enhanced photocurrent density and smaller onset potential than pristine TiO2. The
higher photoresponse of NCD decorated TiO2 might be due to the addition of NCD which
could effectively promote the separation of photogenerated electron-hole, and promote
the capture of water molecules and intermediates in the process of water decomposition
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by electrons and holes at the interfaces [15,47,48]. However, further increasing the NCDs
loading by increasing loading time to 6 h (TiO2@NCD6h) and 8 h (TiO2@NCD8h) showed
declined photocurrent density of 1.99 and 1.85 mA.cm−2 at 1.89 V vs. RHE, respectively.
In addition, onsite potentials also increased compared to the TiO2@NCD4h-based films,
possibly due to the variation in conductivity by decorated NCDs. This phenomenon will
be further discussed in electrochemical impedance spectroscopy (EIS) section [29].

Figure 7. (a) Photocurrent density vs. applied potential curves; (b) Transient photocurrent density
curves at 1.89 V vs. RHE of the as-prepared photoelectrodes; (c) Stability test of pristine TiO2 and
TiO2@NCD4h at 1.89 V vs. RHE.

Chronoamperometric analysis was performed under chopped illumination for all the
prepared electrodes at 1.89 V vs. RHE for 30 s to better understand photo response with
time and stability. As depicted in Figure 7b, the photocurrent has rapidly increased immedi-
ately after illumination and sharply fell to zero upon stopping the illumination. It confirms
that the prepared photoanodes have a well-reproducible photocurrent. Meanwhile, after
decorating NCDs on TiO2, the response speed was boosted compared with the pristine
TiO2, indicating that the presence of NCDs can significantly reduce the charge recombina-
tion in the intersection of electrolyte and photoanode surface. The highest photocurrent
density was detected for the TiO2@NCD4h, which is consistent with the observed LSV
results. In order to understand the durability of the prepared electrode, 1 h of continuous
illuminated chronoamperometric analysis was performed with a high performing pho-
toanode (TiO2@NCD4h) by comparing with the pristine TiO2 based photo anode at same
experimental condition. As displayed in Figure 7c, after continuous illumination for 1 h,
TiO2@NCD4h has retained 99% of its initial activity, which supports the excellent stability
of NCDs decorated TiO2 photo anode. The current densities have matched well with the
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LSV data. Both TiO2 and TiO2@NCD4h showed excellent stability after 1 h of continuous
irradiation without any photocurrent decay.

The incident photon-to-current conversion efficiency (IPCE) was evaluated to analyze
the contribution of various photons in obtaining solar photocurrent. The IPCE has been
deduced by using the formula (1):

IPCE (%) =
1240J(λ)

λP(λ)
× 100 (%) (1)

where, P(λ), λ, and J(λ) are the intensity of a specific wavelength, wavelength of incident
light, and photocurrent density at specific wavelength, respectively. Figure 8a shows
enhanced IPCE after decorating NCDs on TiO2 with highest IPCE of 29.76% at ~390 nm for
TiO2@NCD4h, which was ~3 times greater than the pristine TiO2 (9.76%). The IPCE trend
was consistent with the obtained photocurrent density and the enhanced IPCE region is
in good agreement with the optical absorption properties. The improved IPCE after the
introduction of NCDs to the TiO2 reveals the contribution of NCDs in obtaining enhanced
photocurrent density.

Figure 8. (a). Incident photon-to-current conversion efficiency (IPCE) curves; (b) Applied bias ABPE
of TiO2, TiO2@NCD2h, TiO2@NCD4h, TiO2@NCD6h, and TiO2@NCD8h measured at 1.23V vs. RHE.

Besides, the applied bias photon-to-current efficiency (ABPE) has been calculated by
using the Equation (2):

ABPE (%) =
J(1.23 − V)

P
× 100 (%) (2)

where P, J, and V are the power density of incident light (100 mW cm−2), photocurrent
density (mA cm−2), and the applied bias (V vs. RHE), respectively. As seen in Figure 8b,
the pristine TiO2 reached maximum 0.11% ABPE at 0.88 V vs. RHE, while TiO2@NCD4h
reached 1.37% photo conversion efficiency at 0.36 V vs. RHE, 12 times greater than the pris-
tine TiO2 ABPE, suggesting an effective electron-hole pairs separation after the introduction
of NCDs [12].

To further comprehend the interfacial charge transfer kinetics at the intersection of
photoanode and electrolyte, EIS was employed under illumination and the respective
Nyquist plots are displayed in Figure 9a. The decreased radius order of semi-circle was
TiO2 > TiO2@NCD8h > TiO2@NCD6h > TiO2@NCD2h > TiO2@NCD4h. The smallest arc of
the TiO2@NCD4h compared with its counter parts demonstrates the improved interfacial
charge transfer kinetics due to the introduction of NCDs [18]. Furthermore, using Zview
software program, the EIS curves have been fitted with an analogous circuit model given
in Figure 9a inset, where CPE, Rct, and Rs indicate the constant phase element, charge
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transfer resistance, and series resistance at the electrolyte/electrode interface, respectively.
The observed Rct values of TiO2 and NCDs decorated TiO2 films (2 h–8 h) were 376.0 Ω,
273.6 Ω, 248.3 Ω, 277.2 Ω, and 297.4 Ω, respectively. The lowest Rct value of TiO2@NCD4h
further demonstrates the advantage of NCDs decorated TiO2 nanorods in enhancing the
charge separation and transfer kinetics.

Figure 9. (a) EIS spectra; (b) 0 Mott–Schottky plots of TiO2, TiO2@NCD2h, TiO2@NCD4h,
TiO2@NCD6h, and TiO2@NCD8h. (c) Schematic energy levels of TiO2, TiO2@NCD4h.

Mott–Schottky analyses have been executed to estimate the energy band position of
pristine TiO2 and TiO2@NCDs, and the corresponding curves are displayed in Figure 9b
and the data are depicted in Table S1. The positive slope of both curves indicates n-type
semiconductor of TiO2 [18]. The flat band (VFB) potential can be calculated following the
Equation (S1). The obtained VFB values of TiO2 and TiO2@NCDs (2 h, 4 h, 6 h, and 8 h)
were 0.17, 0.27, 0.34, 0.22, and 0.19 V vs. NHE, respectively, which could be accomplished
by the X-axis intercept. Moreover, NCDs decorated TiO2 films have shown decreased VFB
than pristine TiO2, suggesting an increased band bending of the photoanode, favorable to
enhance the charge transfer between the photoanode interfaces and electrolyte. Eventually,
enhanced PEC was observed for NCDs decorated TiO2 films. As per the available litera-
ture [49,50], the bottom of the conduction band (CB) was −0.1 V lower than the VFB of an
n-type semiconductor [50]. Therefore, the CB of TiO2 and TiO2@NCDs were estimated to
be positioned at less than 0.1 V of their VFB [33]. Based on the VFB, the CB edge of TiO2
and TiO2@NCDs (2 h, 4 h, 6 h, and 8 h) were determined to be at 0.07, 0.17, 0.24, 0.12, and
0.09 V, respectively. Particularly, doping of NCDs promotes a downward shift in energy
levels towards higher potentials and enhances the carrier density in TiO2 [51].

190



Catalysts 2022, 12, 1281

3. Experimental

3.1. Materials

All chemicals were used directly without purifying any further. Hydrochloric acid
(35%) was obtained from OCI Company Ltd., titanium butoxide (TBOT, 98%) was pur-
chased from Sigma-Aldrich, L-histidine (98%) was procured from Alfa Aesar, and sodium
sulfate anhydrous (99%) was obtained from Duksan. For all the experiments, Milli-Q water
(MΩ 18) was used.

3.2. Preparation of Rutile TiO2 Film (TiO2):

The FTO coated glasses (1.5 mm × 2.5 mm, 8 Ω/cm2) were cleaned ultrasonically
using detergent, milli-Q water, ethanol, and acetone for 1 h, respectively. TiO2 film was
synthesized by following a reported hydrothermal method with certain modifications [18].
Under continuous stirring, 0.33 mL titanium (IV) butoxide was added dropwise to 20 mL
equal volumes of HCl (35%) and milli-Q water mixed solution until it turned translucent.
The solution was then moved to a 50 mL autoclave lined with Teflon, and the FTO glass
was placed against the walls of Teflon vessel, conducted side down, for 12 h and heated to
150 ◦C. The TiO2 layer was completely cleaned with milli-Q water and ethanol after cooling
to RT, before being sintered in air at 450 ◦C for 1 h.

3.3. Preparation of TiO2@NCDs:

NCDs have been prepared using a hydrothermal approach (Scheme 1). First, 0.2 g of
L-histidine was included in 20 mL mixture of milli-Q water and HCl in the ratio of 19:1. The
solution was shifted to 50 mL autoclave, and two TiO2 films on FTO glasses were inserted
in the Teflon vessel with the TiO2 side facing down. Then, the hydrothermal reaction was
performed at 180 ◦C for 2, 4, 6, 8, and 10 h. The samples were denoted as TiO2@NCD2h,
TiO2@NCD4h, TiO2@NCD6h, TiO2@NCD8h, respectively (Figures S1 and S2). The TiO2
@NCD films were extensively washed with milli-Q H2O and ethanol upon cooling to RT.
Then, copper wires and as prepared photoanodes were adhered using silver paint. The
samples were air dried for 3 h. Finally, the samples were encased by nonconductive epoxy
with the illuminated area of 1 cm2 and left to rest in air for at least 3 h.

Scheme 1. Schematic illustration of TiO2@NCDs.

4. Conclusions

In conclusion, the new NCDs were successfully prepared in a simple one-pot hy-
drothermal synthesis method using L-histidine as an initial precursor and the as-prepared
NCDs were decorated on the TiO2 nanorod-based photoanode. The as-prepared NCDs
and NCD decorated TiO2 nanorods were well characterized using FE-SEM, HR-TEM, EDS
elemental mapping, which revealed the nanorod morphology of TiO2 and uniform distribu-
tion of CDs on TiO2 surface while, XPS and Raman analyses have confirmed the successful
self nitrogen element doping, preparation and decorating of NCDs on TiO2 nanorod. The
effect of NCDs decorated TiO2 was tested for photoelectrochemical water splitting anal-
ysis systematically by changing the loading time of NCDs from 2 h to 8 h. The highest
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efficiency was observed for the TiO2@NCD4h-based photoanode (2.51 mA.cm−2), which
was a 3.4 times higher photocurrent density than the pristine TiO2-based photoanode. It
might be attributed to the increased light harvesting property with charge separation and
transportation. The observed IPCE of TiO2@NCD4h has shown 3 times higher quantum
yield (29.76%) than pristine TiO2 (9.76). In addition, the calculated ABPE was 12% higher
for TiO2@NCD4h than the pristine TiO2, which revealed the enhanced light harvesting
property of photoanodes upon loading the NCDs. Moreover, the reduced charge transfer
resistance and higher charge carrier density, as observed from EIS and Mott–Schottky anal-
yses, respectively, further support the advantage of newly prepared NCDs in enhancing
the PEC performance by promoting effective charge separation and transportation. This
study may open up new insights into the rational design and synthesis of highly efficient
photoanodes for PEC water splitting.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12101281/s1; Figure S1: Imagies of NCDs’ solution under
natural and UV light. Figure S2. NCDs solution based on the reaction time. Figure S3. TEM of NCD.
Figure S4. XPS O 1s spectra of TiO2@NCDs4h. Table S1. EIS Data of TiO2 and NCD decorated TiO2
photoanodes Table S2. The photocurrent densities of the TiO2 and TiO2@NCDs photoanodes.
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Abstract: In this study, Anacardium occidentale (A. occidentale) nut skin waste (cashew nut skin waste)
was used as a raw material to synthesize functionalized carbon nanodots (F-CNDs). A. occidentale
biomass-derived F-CNDs were synthesized at a low temperature (200 ◦C) using a facile, economical
hydrothermal method and subjected to XRD, FESEM, TEM, HRTEM, XPS, Raman Spectroscopy,
ATR-FTIR, and Ultraviolet-visible (UV–vis) absorption and fluorescence spectroscopy to determine
their structures, chemical compositions, and optical properties. The analysis revealed that dispersed,
hydrophilic F-CNDs had a mean diameter of 2.5 nm. XPS and ATR-FTIR showed F-CNDs had a
crystalline core and an amorphous surface decorated with –NH2, –COOH, and C=O. In addition,
F-CNDs had a quantum yield of 15.5% and exhibited fluorescence with maximum emission at 406 nm
when excited at 340 nm. Human colon cancer (HCT-116) cell assays showed that F-CNDs readily
penetrated into the cells, had outstanding biocompatibility, high photostability, and minimal toxicity.
An MTT assay showed that the viability of HCT-116 cells incubated for 24 h in the presence of F-CNDs
(200 μg mL–1) exceeded 95%. Furthermore, when stimulated by filters of three different wavelengths
(405, 488, and 555 nm) under a laser scanning confocal microscope, HCT-116 cells containing F-CNDs
emitted blue, red, and green, respectively, which suggests F-CNDs might be useful in the biomedical
field. Thus, we describe the production of a fluorescent nanoprobe from cashew nut waste potentially
suitable for bioimaging applications.

Keywords: cashew nut skin; carbon nanodot; human colon cancer cell; cell viability; bioimaging

1. Introduction

Carbon nanodots (CNDs) [1], carbonized polymer dots [2], carbon quantum dots [3],
graphene quantum dots [4], and other nanoscale carbon particles with dimensions of
~≤10 nm are all regarded as carbon dots (CDs) and are considered a new class of fluorescent
carbon-based nanomaterials. Xu et al. accidentally discovered CDs in 2004 while purifying
carbon nanotubes [5]. Ever since, a wide range of CDs with various chemical and optical
properties have been produced using a number of different techniques. The characteristic
features of CDs, which include tunable fluorescence emission [6], aqueous dispersibility [7],
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chemical inertness [8], biocompatibility [9], and ease of functionalization [10], make them
powerful alternative semiconducting nanomaterials. Various biomedical utilities, such
as nanoplatforms for biosensors [11], bioimaging [12], drug delivery vehicles [13], and
gene transfer [14], are made possible by the ability of CDs to coexist with biological tissues
without causing adverse effects. Because of their high fluorescence quantum yields, CDs are
used as fluorescent probes in biological samples [15], and can be easily functionalized with
biomolecules such as peptides or antibodies. In addition, they have a low photobleaching
characteristic nature [16]. CDs are particularly useful for in vivo bioimaging and can be
functionalized for targeted drug delivery. Worldwide, one in every six deaths is caused by
cancer, which is the second most frequent cause of death. Uncontrolled cell growth is a main
characteristic of cancer. For the effective treatment of cancer, early diagnosis is essential.
Early cancer detection can help choose the best course of treatment and increase patient
survival. Important information about a disease’s course and a patient’s response to therapy
is provided by a diagnosis, which aids in modifying the patient’s treatment plan while
they are undergoing it [17]. The intriguing physicochemical and optical characteristics of
CDs have great potential in the diagnosis and treatment of cancer. Furthermore, CDs can
increase the efficacy and delivery of molecules because they are readily absorbed by cells,
but more research is required to determine their safety and efficacy for in vivo applications.

Regardless of the synthetic process used to produce nanomaterials, the production
of CDs can be categorized as top-down, bottom-up, or physical or chemical. In general,
physical techniques involving arc discharge [18], laser ablation [19], and electrochemical
etching [20] are hazardous to the environment and difficult to manage. Hydrothermal
(HT) [21], ultrasonic [22], microwave-assisted [23], thermal decomposition [24], and electro-
chemical [25] processes are examples of chemical methods. The HT approach is usually
used to produce CDs because it uses mild chemicals and is inexpensive. This approach
has been widely employed to prepare a variety of carbon compounds because HT syn-
thesis has negligible toxicological impact. Furthermore, HT conditions can cause reagent
solubility, enhance chemical and physical reactions, and enable carbonaceous structures to
develop. Conventionally, developing materials with high carbon contents, such as carbon
nanotubes, mesoporous carbon, graphene, and graphitic carbon compounds, requires high
temperatures (300–800 ◦C), whereas those produced by dehydration and polymerization
are produced at lower temperatures (<300 ◦C), and often possess various surface functional
groups after carbonization. In general, CNDs can be functionalized and doped with het-
eroatoms to enhance their fluorescence characteristics and quantum yields. Particularly, the
HT method has become more popular for the synthesis of functionalized CNDs (F-CNDs)
because it is a one-step procedure without additional oxidation and passivation, has gentle
reaction parameters, and requires inexpensive equipment.

CDs are noted for their photophysical characteristics, particularly their fluorescence
properties [26], which, like structure, morphology, and composition, are sensitive to the pre-
cursors and preparation techniques used [27]. In general, CDs are composed of crystalline
carbon cores and decorated with carboxylic acid, alcohol, and amine functional groups [28].
Several biosources, such as lemon juice [29], leaf extract [30], grape juice [31], honey [32],
hair [33], carrot juice [34], garlic [35], egg [36], betel leaf [37], and food waste [38] are used
as CD precursors.

It is generally known that the transitions between intrinsic states cannot fully account
for CD optical properties. The emission of many CDs, however, appears to be primarily
influenced by surface-related extrinsic contributions, such as emissions from surface defects
and surface charge traps. A proper passivation procedure is essential to produce highly
fluorescent CDs, and solvents and pH significantly impact CD fluorescence. Research goals
in the engineering area include tuning the photophysical and electrochemical properties of
CDs by altering ground and excited state properties [39] and modifying the form, chirality,
composition, size, and surface chemistry of CDs [40]. In the present study, we sought to de-
velop non-toxic, <10 nm sized CDs compatible with aqueous environments using Anacardium
occidentale (A. occidentale) nut skin waste as a precursor for the synthesis of F-CNDs.
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Cashew is the popular name for A. occidentale (AO), a member of the Anacardiaceae
family, and it is commonly grown in tropical areas of India, Brazil, and Africa. An essential
by-product generated during the processing of cashews is the testa (skin) of the cashew
kernel. The resulting testa is a potential candidate for commercial exploitation given that
cashew kernels are consumed worldwide on an annual basis in excess of 1,000,000 tonnes. It
is said to be an excellent source of hydrolyzable tannins. The cashew nut is a significant cash
crop worldwide. India produces and exports the most cashew kernels worldwide, making
up nearly 50% of all exports. A brown skin, known as testa, completely envelops cashew
nuts, and this skin is one of the best sources of hydrolyzable tannins such as catechin, epicat-
echin, and epigallocatechin [41,42]. The seed testa has the greatest proportion of phenolic
compounds that serve as a barrier of protection for the cotyledon in seeds. Furthermore,
it also contains high levels of three phenolic acids, viz. syringic, gallic, and p-coumaric
acids [43], which confer significant antioxidant activity [44]. In order to understand the
possible mechanisms behind the formation of F-CNDs, it is presumed that the testa of
cashew nuts consists of hydrolyzable tannins, phenolic acids, and various other molecules.
These constituents undergo the process of dehydration, polymerization, and carbonization
to form F-CNDs. We investigated AO biomass-derived F-CNDs synthesized using the
HT approach at a lower temperature of 200 ◦C. The best quality F-CNDs with significant
fluorescence properties were subjected to cellular imaging of human colon cancer cells.

2. Results and Discussion

FESEM images of F-CNDs at different magnifications are provided in Figure 1a–c.
F-CNDs formed a thin layer over the surface of the sample holder. EDX revealed the
elements present on the surface of F-CNDs (Figure 1d–g). Elements were identified by
color, e.g., green, red, and yellow indicated carbon (C), oxygen (O), and nitrogen (N),
respectively. O and N were distributed evenly over carbon substrates. EDX peaks shown
in Figure 1h confirmed the presence of carbon, nitrogen, oxygen, silicon, and platinum.
Silicon and platinum were attributed to sample preparation. For FESEM analysis, F-CNDs
were spin-coated on silicon wafers and sputtered with platinum.

HRTEM was used to determine F-CND morphology and sizes. The morphological
features of F-CNDs are well demonstrated by the micrographs in Figure 2a–c. F-CNDs
were observed as spherical, well-dispersed dark dots with a few aggregations. In the high
magnification, it is clear that F-CNDs were composed of graphitic layers with an interlayer
spacing of 0.21 nm (inset in Figure 2c). The particle size distribution of F-CNDs is shown as
a histogram in Figure 2d, which was derived via Gaussian particle-size-distribution fitting
and by measuring the sizes of 100 randomly selected particles in HRTEM images (Figure 2a.
F-CND sizes ranged from 1.5 to 4 nm with a mean particle size of ~2.5 nm).

X-ray powder diffraction was used to determine the crystal phases in F-CNDs.
Figure 3a shows that the XRD spectrum of F-CNDs contained a broad peak at 2θ = 23◦,
corresponding to the (0 0 2) carbon lattice [45]. The shoulder peak at 2θ = 43◦ was ascribed
to the (1 0 0) plane, and the corresponding d-spacing value was 0.21 nm, which agreed
well with TEM results. The absence of a sharp peak, corresponding to the formation of
an amorphous layer on F-CNDs, suggested the presence of surface functional groups.
F-CNDs were also subjected to Raman spectroscopy to determine the purity and degree
of graphitization of samples. The Raman spectrum of F-CNDs is shown in Figure 3b.
Two prominent peaks corresponding to carbon D and G bands were observed at 1360 and
1585 cm–1, respectively [46]. These bands correspond to the disorder (vibration of sp3

carbon atom) and graphitic nature (vibration of sp2 carbon atom) of carbon materials and
had an intensity ratio (ID/IG) of 0.63 [47,48], which confirmed a graphitic nature and a
few surface defects [48,49]. The deconvoluted Raman spectrum shown in Figure 3c was
used to assess the degree of graphitization in F-CNDs. Areas of the D and G bands (AD
and AG, respectively) were used to calculate the areal D to G ratio (AD/AG), which was
0.65. This value indicates the formation of graphitized F-CNDs with minimal surface disor-
der or few defects. Surface disorder could be due to functional groups or edge effects. An
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ATR-FTIR (attenuated total reflectance-Fourier transform infrared) spectrum of F-CNDs
provided information about surface functional groups (Figure 3d). The hydrophilic nature
of the F-CNDs was confirmed by the presence of N–H and O–H stretching vibrations at
3500–3100 cm–1 [50,51]. Peaks between 2870 and 2962 cm–1 were assigned to the C–H
asymmetric and symmetric stretch [52]. The presence of carboxyl/carbonyl groups was
confirmed by C=O and C=C stretching vibration peaks at 1670 and 1575 cm–1, respec-
tively [53]. The peaks between 1021 and 1120 cm–1 indicated the presence of the C–O–C
group, and peaks at 1445, 1260, and 1397 cm–1 were ascribed to–C–N, C–OH and bending
vibrations of N–H and O–H, respectively [54]. Out-of-plane stretching vibrations of C–H
were confirmed by an absorption band at 665 cm–1 and were attributed to the carboxylic
groups on F-CNDs [55]. These findings show that F-CNDs were composed of C, N, and O
and decorated with–COOH, –OH, and –C–N groups.

 

Figure 1. (a–c) FE-SEM images of functionalized carbon nanodots (F-CNDs; (d–g) EDX elemental
mapping images of F-CNDs (d) carbon, (e) oxygen, (f) nitrogen, and (g) overlapping image showing
all elements; (h) EDX spectrum of F-CNDs.

X-ray photoelectron spectroscopy (XPS) was used to determine the elemental compo-
sition, type of bonding, and nature of functional groups. An XPS spectrum of F-CNDs is
provided in Figure 4a. The peaks observed at the binding energies (BEs) of 285, 400, and
532 eV indicated the presence of C 1 s, N 1 s, and O 1 s, respectively. Interestingly, the
atomic ratio of carbon to other elements was 3:1, and the atomic weight percentages of
carbon, nitrogen, and oxygen were 75, 4, and 21%, respectively. Furthermore, the high-
resolution XPS spectrum of C 1 s (Figure 4b) was deconvoluted into five distinct peaks.
The binding energy (BE) of the peak at 284.5 eV corresponded to the C=C/C–C bond of
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the sp2 and sp3 graphitic structure of F-CNDs [56,57]. The binding energy peak at 285.1 eV
corresponded to the pyridinic C–N–C bonds of F-CNDs. The presence of C–OH/C–O–C
was confirmed by the peak at 286.1 eV, corresponding to hydroxyl bound to carbon [58].
The peak at 287.0 eV corresponded to C=N/C=O bonds representing pyrrolic nitrogen
and carbonyl groups (–C=O) [58], whereas the presence of carboxyl groups (O=C–OH)
was confirmed by the peak at 288.5 eV [57]. Figure 4c depicts the XPS spectrum of N 1 s,
which exhibited three deconvoluted peaks signifying the presence of pyridinic nitrogen
(C–N–C), pyrrolic nitrogen (C–N–H), and graphitic nitrogen (C3–N bonds) with Bes of
399.2, 400.2, and 401.7 eV, respectively [59,60], and showing that F-CND carbon had been
doped with nitrogen. Notably, fluorescence results from the ability of excited nitrogen-
doped carbon to emit light. The chemical type and concentration of nitrogen, carbon
structure, and the conditions used for material synthesis can all affect the mechanism of
nitrogen-doped carbon fluorescence. However, in most cases, movements of nitrogen
electrons to lower energy levels are responsible. The XPS spectrum of O 1 s (Figure 4d)
had two deconvoluted peaks at BE 531.5 and 533.1 eV corresponding to C=O/C–OH and
C–O–C/O–C=OH, respectively [61]. These findings imply that the surfaces of F-CNDs
had –OH, –C–N, and –COOH groups, which provide hydrophilicity and dispersibility in
water. Furthermore, ATR-FTIR results were in line with XPS results.

 

Figure 2. (a–c) HRTEM images of synthesized F-CNDs at different magnifications and (d) a particle
size distribution histogram.
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Figure 3. (a) Powder XRD pattern, (b) Raman spectrum, (c) deconvoluted Raman spectrum, and
(d) ATR-FTIR spectrum of synthesized F-CNDs.

The optical properties of F-CNDs were evaluated using Ultraviolet-visible (UV–vis)
absorption and fluorescence spectroscopy. The UV–vis absorption spectrum of F-CNDs
(Figure 5a) exhibited two prominent peaks at 217 and 275 corresponding to π–π* transitions
of C–C/C=C and C=C, respectively. In addition, a shoulder was observed at 323, corre-
sponding to the n–π* transition of C=O or C=N [62]. The inset in Figure 5a demonstrates
the dispersion of F-CNDs in water and the difference between exposure to daylight or
365 nm UV light. F-CNDs were dispersed thoroughly in aqueous solvents, and UV expo-
sure resulted in a color change from pale yellow to cyan. This phenomenon was ascribed
to the different functional groups on F-CNDs.

F-CNDs exhibited maximum fluorescence at 406 nm when excited at 340 nm (Figure 5b);
that is, a Stokes shift of 66 nm occurred. The magnitude of a Stokes shift can significantly
impact the practical use of fluorescence. For instance, a significant Stokes shift can improve
biological imaging by lowering background noise and increasing the signal-to-noise ratio.
However, in some situations, such as in fluorescence resonance energy transfer, a slight
spectral overlap between excitation and emission spectra is required to enable energy
transfer between fluorescent molecules. The effects of fluorescence excitation wavelengths
in the range of 330–420 nm on the emission spectrum of F-CNDs are shown in Figure 5c.
Interestingly, the intensity of the emission spectrum increased upon increasing the excitation
wavelength from 330 to 340 nm but reduced upon increasing it from 340 to 420 nm, and
maximum emission intensity was observed at 340 nm. A normalized excitation-dependent
emission spectrum (Figure S1) implies a redshift in the 395 to 495 nm wavelength range.
The shift primarily results from electron transfer from the conjugated surface functional
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groups narrowing the energy gap. Presumably, if an emitting molecule or fluorophore
is in a different environment than the absorbing molecule, a redshift in emission could
also occur. In addition, some types of fluorescence, such as two-photon fluorescence, in
which two photons of lower energy are simultaneously absorbed, can also cause a redshift.
The photostability of F-CNDs was studied by continuously irradiating them with 365 nm
UV light at a power of 4 W for 0–120 min (Figure 5d). The intensities of the emission
spectra obtained were unchanged without any decay in emission, which confirmed the
photostability of F-CNDs. Furthermore, prolonged UV exposure for 120 min caused no
color change or precipitate formation (inset of Figure 5d). In addition, the quantum yield
of F-CNDs was calculated to be 15.5%. These characteristics of F-CNDs might be due to a
wide range of particle sizes, interactions caused by quantum confinement, and the presence
of different functional groups.

Figure 4. (a) XPS-survey spectrum and high-resolution XPS spectra of (b) C 1 s, (c) N 1 s, and (d) O
1 s of synthesized F-CNDs.

In the carbon core of CDs, sp2-conjugated frameworks are typically accompanied by a
number of imperfect sp2 domains. These areas will generate or induce surface energy traps
that can serve as exciton capture sites, leading to fluorescence associated with the surface
defect state. Therefore, surface flaws are responsible for visible light multicolor emissions
from CDs. The band gap primarily controls the emission wavelength and is influenced
by a wide range of variables, including CD surface chemistry, synthesis techniques, and
edge configuration. Due to the epoxy, carboxyl, and hydroxyl groups present in the sp2
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clusters, which encompass an extensive spectrum of size distribution, various band gap
energies exhibit a variety of emission spectra. Two main types of mechanisms underlie
luminescence, namely, quantum confinement in nanometric structures and those involving
radiative relaxation of excited states attained by different functional groups within CDs [63].
Furthermore, pyrolytic processing and partial thermal decomposition of precursors cause
the formation of intermediate organic fluorophores [64]. Based on our results, we suggest
the emission properties of F-CDs are probably due to radiative transitions within or between
functional groups on the surfaces of F-CNDs.

Figure 5. (a) UV-vis absorption spectrum (inset: photographic images of synthesized F-CNDs in
aqueous solution under daylight (left) and 365 nm UV light (right)); (b) fluorescence excitation and
emission spectra, and (c) fluorescence excitation-dependent emission spectra of synthesized F-CNDs.
(d) Fluorescence emission spectra of synthesized F-CNDs before and after continuous irradiation
with 365 nm UV light (inset: photographic images of synthesized F-CNDs in aqueous suspension
under 365 nm UV light before (0 min) and after (120 min) continuous irradiation with 365 nm UV).

F-CNDs emit controllable fluorescence, have appropriate quantum yields, high water
dispersibility, low cytotoxicity, and excellent biocompatibility, and do not exhibit photo-
bleaching. The produced F-CNDs were used for cellular imaging without modification.
MTT cell viability test results for HCT-116 cells (a human colon cancer cell line) at F-CND
concentrations of 0 to 200 μg mL–1 are shown in Figure S2. The bar chart provides a com-
parison between the viabilities of F-CND treated and untreated cells (controls) and shows a
slight decrease (from 100 to 97%) in cell viabilities with increasing concentration of F-CNDs
from 0 to 200 μg mL–1. This observation indicated good compatibility and low cytotoxicity
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of F-CNDs with a human colon cancer cell line, and cytotoxicity does not lead to cell death
even at higher concentrations of 200 μg mL–1, which is an essential property required for
F-CNDs to make them suitable for bioimaging of cells. To comprehend the dynamics, one
must first understand how F-CNDs become internalized within cells, tissues, or cellular
cytoskeleton components. Actin filaments, Microtubules, and intermediate filaments are
intracellular components that actively collaborate with cancer cells. Confocal microscopy
was used to investigate the bioimaging characteristics of F-CNDs in human colon cancer
cells. Figure 6 contains confocal microscopy photographs of HCT-116 cells, treated or not
with F-CNDs, taken using different wavelength filters, viz. 405 (blue), 488 (green), and
555 nm (red) after exposure to bright field illumination for 12 or 24 h. No emission was
observed from untreated HCT-116 cells, whereas fluorescence was observed from human
colon cancer cells treated with F-CNDs when 405, 488, or 555 nm filters were used, which
produced blue, green, and red emissions, respectively. The overlapping image was multi-
colored (Figure 6), indicating excitation wavelength-dependent emission characteristics.
Upon increasing the exposure time from 12 h to 24 h, enhancement in the intensity of
fluorescence is well observed from the image. It has been well established that F-CNDs are
easily internalized and uniformly distributed in human colon cancer cells. Therefore, these
results show that F-CNDs are candidate fluorescent nanoprobes for imaging human colon
cancer cells.

 

Figure 6. Confocal microscopy fluorescence images of human colon cancer cells treated with or
without F-CNDs and the synthesized F-CNDs treated for 12 and 24 h with the concentration of
100 μg mL−1 using different excitation filters 405, 488, and 555 nm (blue, green, and red, respectively)
as well as bright-field illumination.

3. Materials and Methods

3.1. Materials

Cashew nut skin waste was collected from Tamil Nadu, India. Aqueous ammo-
nia (NH4OH, 25%) was purchased from Sigma-Aldrich, Republic of Korea. Phosphate
buffered saline (PBS), N-(2-hydroxyethyl)piperazine-N’-(2-ethane sulfonic acid) (HEPES),
p-formaldehyde, quinine sulfate, and dimethyl sulfoxide (DMSO) were purchased from
Sigma-Aldrich, Republic of Korea. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
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bromide (MTT) was purchased from Generay Biotech, Shanghai, China. HCT-116 human
colon cancer cells were purchased from ATCC, CCL-247, Manassas, VA, USA. All the
chemicals were used as purchased and distilled water was used throughout this study.

3.2. The Synthesis of Functionalized Carbon Nanodots

F-CNDs were synthesized using washed, dried, and ground cashew nut skins. The
whitish-brown powder obtained was added to 50 mL of water with 1 mL of 25% ammonium
hydroxide solution and placed in an autoclave at 200 ◦C for 24 h. Large carbon particles
were eliminated via filtration, and the filtrate was passed through a mixed cellulose ester
membrane filter with a pore size of 0.22 μm, frozen in liquid nitrogen, and dried at below
−80 ◦C in a freeze dryer. The F-CNDs obtained were used in subsequent experiments.
Scheme 1 shows the synthesis procedure of F-CNDs from cashew nut skin waste using the
hydrothermal-carbonization.

 

Scheme 1. Hydrothermal synthesis of functionalized carbon nanodots from cashew nut skin waste.

4. Conclusions

Using a single-step method, cashew nut skin waste was used to synthesize F-CNDs
using a simple hydrothermal route at a very low temperature without any further modifica-
tions that were quite economical. The formations of F-CNDs were considered to be due to
the dehydration, polymerization, and carbonization of hydrolyzable tannins, and phenolic
acids present in the testa of cashew nuts. F-CNDs exhibited a graphitic structure at the
core with few surface defects as determined by XRD and Raman Spectroscopy. F-CNDs
had a mean particle size of 2.5 nm and were composed of carbon, nitrogen, and oxygen
decorated with functional groups (C=O, –OH, –NH2, and –COOH), as determined by XPS
and ATR-FTIR, which conferred F-CNDs with significant hydrophilicity and dispersibility.
F-CNDs had excellent fluorescent properties and exhibited maximum emission at 406 nm
when excited at 340 nm due to radiative transitions within or between functional groups
present on the surfaces of F-CNDs. F-CNDs were photostable, had a quantum yield of
15.5%, and at concentrations of 0–200 μg mL−1 returned MTT viability greater than 95% for
HCT-116 cells. F-CNDs thus proved to have remarkable biocompatibility and low cytotoxi-
city with the cancer cell line. Confocal microscopy of human colon cancer cells treated with
or without F-CNDs revealed blue, green, and red emissions when exposed to 405, 488, and
555 nm light, respectively, in addition to a bright field. After increasing the time of exposure
from 12 h to 24 h, significant enhancement in the intensity of fluorescence was observed.
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Our results show nano-sized, cashew-nut-skin-derived F-CNDs have a graphitized core
structure and are surface functionalized by organic moieties. They are suitable nanoprobes
for bioimaging, drug delivery, and cell labeling. In the near future, a material that is safe
for the delivery of anticancer drugs could be developed using the successful integration of
F-CNDs with anticancer drugs.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/catal13030547/s1. Instrumentation methods, quantum yield measurements, photobleaching
measurements, cell culture, cell viability assay, and microscopy results. Figure S1. Fluorescence
excitation-dependent emission normalized-spectra of synthesized F-CNDs; Figure S2. Cell viability
MTT assay results. The bar chart provides a comparison of the viabilities of F-CND treated cells and
untreated controls.
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Abstract: Carbon dots are one of the most promising nanomaterials which exhibit a wide range of
applications in the field of bioimaging, sensing and biomedicine due to their ultra-small size, high
photostability, tunable fluorescence, electrical properties, etc. However, green carbon dots synthesized
from several natural and renewable sources show some additional advantages, such as favorable
biocompatibility, wide sources, low cost of production and ecofriendly nature. In this review, we
will provide an update on the latest research of green carbon dots regarding their applications in
cancer therapy and in the development of electrochemical sensors. Besides, the toxicity assessment of
carbon dots as well as the challenges and future direction of research on their anticancer and sensing
applications will be discussed.

Keywords: green carbon dots; toxicity; electrochemical sensor; anticancer agent; biomedicine

1. Introduction

Carbon-based fluorescent nanoparticles, or carbon dots (CDs), are classified into three
main categories, namely carbon nanodots, carbon quantum dots and graphene quantum
dots [1]. These three different materials have several applications in various fields [2–4].
In 2004, while purifying single-walled carbon nanotubes (SWCNTs), Xu and colleagues
discovered carbon quantum dots (CQDs). This group of carbon allotropes has a particle
size of less than 10 nm [5]. Since its discovery, CQDs have attracted the attention of
scientists due to their unique properties, such as favorable biocompatibility, low toxicity,
large surface-to-volume ratio, stable photoluminescence and excellent hydrophilicity, along
with tunable optical and electrical properties [6,7]. CQDs have been used in a wide range
of applications, which includes carbon fixation, gas storage, cell biology, cancer imaging,
drug administration, etc. [8]. Since its discovery, many synthetic routes for the preparation
of CQDs have been established, including green means. Although the green approach to
prepare CQDs is advantageous, the as-prepared CQDs offers limited practical applications
due to its low fluorescence intensity and single emission wavelength. These shortcomings
of green CQDs have been improved later upon incorporating special strategies that enhance
the intensity and multicolor emission of CQDs [9].

Recently, green carbon dots (GCDs) have gained immense attention, owing to the
availability of plenty of natural resources, excellent photophysical properties of the as-
prepared GQDs and several other advantages over the CQDs (Table 1). The natural
precursors for GCDs include several plant parts, fruits, amino acids, etc. [10–12]. GCDs
are more biocompatible, which makes them highly suitable for a wide variety of biological
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applications, including drug delivery, antibacterial and anticancer agents [13–15]. GCDs
possess large surface areas due to their small size, which facilitates their applications in
sensor development [15,16]. One of the advantages of GCDs is their tunable luminescence
intensity and surface area by size control. In addition, the reaction conditions, precursors
and surface modifications can also play crucial roles for tuning the properties of GCDs.

Table 1. Advantages of GCDs over CQDs.

Applications and Advantages
Green Carbon
Dots (GCDs)

Carbon Quantum
Dots (CQDs)

Precursors availability High Low

Preparation cost Low High

Aqueous solubility Generally high Generally low

Biocompatibility/therapeutic applications High Low

Requirement of additional
surface passivation/Doping Not/Less required Highly required

Biodegradability Generally high Generally low

GCDs have tremendous potential applications in biomedicine and bioimaging [13].
For advancements in biological applications, it is important to test the biocompatibility
of GCDs. Several in vitro studies have been carried out to test the cytotoxicity of GCDs
and found that GCDs have shown low toxicity on different cell types [17–19]. How-
ever, studies related to GCDs toxicity evaluation in vivo are limited [20,21]. For example,
Atchudan et al. [22] evaluated the toxicity of GCDs on C. elegans and found low toxicity.
GCDs are also reported to be potential anticancer agents [19,23] and are used for bioimag-
ing [21] applications. Although most of the GCDs are highly biocompatible and exhibit
low cytotoxicity toward cancer cells, they can be used as an effective drug delivery carrier
for various cancerous cells due to their small size, which enable them to be absorbed by
the cancer cells easily. Both hydrophilic and hydrophobic anticancer drugs can be loaded
on the GCD surface via electrostatic, covalent, hydrophobic or pi-pi stacking interaction,
and the drug-loaded GCDs show sustained release pattern of the drug under mildly acidic
conditions [24]. Besides, GCDs can also be used for the delivery of hydrophobic photosensi-
tizer molecules and other near infrared active substances into cancer cells for photothermal
or photodynamic therapy [25].

Fluorescent GCDs can be employed in the sensing of metal ions and organic com-
pounds [15]. Very recently, GCDs are emerging as an excellent probe in electrochemical
sensing applications due to their excellent electronic properties, excellent conductivity, low
cost of production, and facile surface modification [15]. The electrical conductivity and
stability of GCDs can be tuned by changing precursors or synthesis conditions to obtain
desired GCDs for electrochemical sensing applications. GCDs offer high active areas and
many hydrophilic functional groups, which are important for electrochemical sensing [4,16].
Because of these attractive properties, carbon dots are widely used in sensing applications
as modifiers for the fabrication of electrode materials which can improve the rate of electron
transferring process [26–29].

However, there are not many reviews focusing on the toxicity and electrochemical
sensing applications of GCDs. Herein, first, we briefly discussed a few of the recent studies
regarding the green synthesis and optical properties of GCDs. Thereafter, we summarized
the recent literature related to the toxicity of GCDs, anticancer activity and electrochemical
sensing applications. We further pointed out the challenges and opportunities for GCDs in
toxicity assessment, anticancer and electrochemical applications.

2. Green Synthesis Methods and Optical Properties of GCDs

The green synthetic method of carbon dots, also referred as GCD in this review, is
carried out by using renewable precursor and solvents that are nontoxic and environ-
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mentally benign [14]. Either top-down or bottom-up approaches are mostly adopted for
the synthesis of GCDs; however, each method offers unique advantages and challenges.
We have reviewed recent bottom-up synthetic methods, such as, microwave pyrolysis,
hydrothermal (solvothermal process) and electrochemical etching techniques here. GCDs
synthetic routes follow three common steps: (i) high temperature pyrolysis of the carbon
sources, which results in (ii) carbonization and nucleation, followed by (iii) surface passi-
vation using stable surfactants. The microwave pyrolysis method is selected for the rapid
carbon dot synthesis. On the other hand, the hydrothermal (or solvothermal) method
produces isotropic (typically below 10 nm diameter) carbon dots which also offers strong
emission properties with high quantum yield (QY). The electrochemical etching-based
method to prepare carbon dots is simple and convenient to operate; therefore, it can easily
be carried out in the laboratory condition. By using these methods, the sizes of GCDs and
its luminescent (PL) performance are easily tailored [8,16,30–32].

Each of the green precursor needed to meet certain requirements to be used in these
techniques for the synthesis of desired carbon dots. For instance, the carbohydrates with
C:H:O as 1:2:1 and which are easy to dehydrate were selected as carbon dot precursor
for hydrothermal synthesis [31]. Therefore, carbohydrates sourced from leaves, roots or
flowers, fruits and seeds from plants or plant biomass, such as bark, shells, kernels, peels,
etc., were used as green carbon dot source [14].

Huo et al. reported a hydrothermal method for the preparation of GCDs from grape-
fruits. They prepared three types of GCDs: undoped green carbon dots (UGCDs), UGCDs-
peel and nitrogen-doped green carbon dots (N-GCDs) [9]. The three types of GCDs showed
size-dependent absorption and emission properties plausibly due to their difference in
surface energy states. As the size increases in the UGCDs-peel, it exhibited a red-shifted
PL emission compared to others [9]. Size dependency was also reported by Ahmadian
Fard Fini et al. in a separate hydrothermal method [33] as shown in the scanning electron
microscopy (SEM) image in Figure 1 [33].

Figure 1. SEM images of carbon dots with different sizes. Reproduced with permission from ref. [33].
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Zhu et al. decomposed alkali lignin (AL) to GCD through hydrothermal method.
As part of the process, the AL were hydrolyzed in presence of mild organic acids
(e.g., 4-aminobenzoic acid, benzenesulphonic acid, 4-aminobenzenesulphonic acid,
2,4-diaminobenzenesulphonic acid) before the hydrothermal treatment. These GCDs
showed stability in a wide pH range (3–11). They also exhibited yellowish green fluo-
rescence below pH 7 due to the protonation, and green due to deprotonation in basic
medium [7]. The emission property also changed with respect to the sizes of the GCDs as
shown in Figure 2.

Figure 2. Classification of GCD based on their size and emission properties. While smaller GCDs
emit blue color, the red shifting of emission occurs as the GCD size increases. Reproduced with
permission from Zhu et al. [7].

Zheng et al. used 2,7-dihydroxynaphthalene as the carbon source for the synthesis of
GCDs with high product yield through an effective one-step solvothermal method. With
a particle size close to 3.31 nm (Table 2), these GCDs offer high quantum yield (QY) [34].
From the results of their study, Zheng et al. found that the red-green-blue (RGB) spectral
composition was 93.86% for the GCDs [34].

Table 2. GCDs quantum yield (QY) values under different reaction conditions [34].

V(EDA) (mL) QY% GCDs Size
Reaction

Duration (h)
Reaction

Temperature (◦C)

0 5.29 3.31 nm 12 180

2 41.07 3.31 nm 12 180

4 62.98 3.31 nm 12 180

8 36.22 3.31 nm 12 180

4 15.07 3.31 nm 12 160

4 62.98 3.31 nm 12 180

4 43.05 3.31 nm 12 200

4 25.42 3.31 nm 10 180

4 62.98 3.31 nm 12 180

4 24.02 3.31 nm 14 180
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Hoan et al. reported hydrothermally prepared GCDs from lemon juice (at 120 to
280 ◦C for 12 h) which were amorphous in nature. Dynamic light scattering measurement
confirmed the ~50 nm size of the GCDs. The zeta potential value of the GCDs was ~9.48 mV,
confirming that they are relatively stable. Under UV irradiation, the GCD dispersion emits
green color. The fluorescence intensity is only influenced by the hydrothermal reaction
times (3, 6, 9 and 12 h) as emission increases with the increase in reaction time. Size
distribution, band gaps and the excitation-emission wavelength of the as-prepared GCDs
are impacted by the reaction temperature as shown in Table 3. Temperature-dependent
aggregation and the absence of functional groups contribute toward the properties of the
GCDs [31]. Mathew et al. prepared GCDs from Simarouba glauca (SG) leaves through
hydrothermal method, where the SG leaves are of carbon source. The prepared GCDs
showed selective electrochemical sensing properties toward doxycycline [35].

Table 3. Quantum yield values of hydrothermally prepared GCDs under different
temperature conditions [31].

V(Lemon Juice) (mL) Reaction Temperature (◦C) Reaction Duration (h) QY%

40 150 12 14.8

40 200 12 16.87

40 240 12 21.37

40 280 12 24.89

In another synthesis of GCDs, Asghar et al. reported the preparation of 2–7 nm GCDs
from honey through microwave digestion. As-prepared GCDs showed D (presence of
sp3 defects) and G (in-plane stretching vibration of sp2 carbon atoms) band in Raman
spectrum [36]. Zhao et al. studied blue-emitting GCDs (prepared through hydrothermal
method) where they used biomass water hyacinth as a carbon source [37].

Visheratina et al. used D- and L-cysteine for the preparation of chiral GCDs by
hydrothermal carbonization. At the identical hydrothermal condition (150 ◦C for 4 and
20 h), L-GCDs size ranges from 4.4 ± 0.5 to 5.3 ± 0.3 nm, which are all larger in diameter
than D-GCDs [38].

Yen et al. selected a simple three-electrode (graphite-coated rod, Ag/AgCl reference
electrode and platinum (Pt) wire as the counter electrode) electrochemical method to make
high-quality GCDs in pure water electrolyte (i.e., in the absence of acids and bases). With
the use of this facile electrochemical fabrication, smaller than 5 nm GCD-water suspension
could be prepared in a single step, without separate workup, such as filtering, dialysis,
centrifugation, column chromatography, or gel-electrophoresis [39]. Summary of the above-
mentioned reports are shown in Table 4.

Hydrothermal technique is therefore the most widely used method for the preparation
of GCDs because of its easiness, low cost, high scalability and eco-friendly nature. However,
in order to bring GCDs into commercial applications, more study should be conducted on
the search for high-quality natural precursors for the synthesis of GCDs with improved
chemical and photo-stability, which will allow GCDs to become an excellent alternative to
existing quantum dots or other dyes for bioimaging applications.
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Table 4. Size and optical properties of the hydrothermally (solvothermally) prepared GCDs
are summarized.

Author Treatment GCDs Source Size (nm)
Excitation

Wavelength
(nm)

Emission
Wavelength

(nm)
Ref.

Huo et al. Hydrothermal Natural grapefruit 4.74–8.20 320–360 411–420 [9]

Zhu et al.
Hydrolysis
followed by

hydrothermal
Alkali lignin 2.88–5.05 450 520 [7]

Zheng et al. Solvothermal 2,7-dihydroxynaphthalene 3.31 460 513 [34]

Hoan et al. Hydrothermal Lemon juice 3–5 410–480 500–550 [31]

Mathew et al. Hydrothermal Simarouba glauca leaves 2.64 365 445 [35]

Asghar et al. Microwave Honey 2–7 - - [36]

Visheratina et al. Hydrothermal L-cysteine
D-cysteine

4.4 and 5.3
4.4 and 5.3 350 ~430 [38]

Yen et al. Electrochemical Graphite-coated rod 0.5–4 365 500 [39]

3. Electrochemical Sensing Ability of GCDs

In the case of GCDs, the smaller the particle size, the more the surface-to-area ration
increases, which in turn enhances the contact area in the electrode. This observation makes
GCD a good candidate for electrochemical sensing. To study the electrochemical behavior
of GCDs, Borna et al. modified the glassy carbon electrode (GCE) with CQDs and used
cyclic voltammetry (CV) as well as linear sweep voltammetry (LSV) to detect the anticancer
drug, letrozole. In CV, the GCE modified with GCDs exhibit the highest intensity of the
anodic and cathodic peak current, plausibly due to the small size of GCDs. The enhanced
surface area increased the contact area of the modified electrode with the analyte, and
boosted the current intensity. These findings also demonstrate the function of GCDs as
an electrocatalyst. In the presence of letrozole, a significant current increase was seen in
the modified electrode with electrochemically synthesized GCDs at a current intensity of
100 mA. As a result, the GCE modified with GCDs was chosen as the best electrode for use
in the construction of sensors and drug analysis (letrozole analysis) as shown in Table 5 [6].

Table 5. Detection limit of different sensors [6].

Sensor Material
Detection
Limit (M)

Sensitivity
(A/M)

GCDs
Synthesized

Method

Required
Current for

GCDs Synthesis

GCDs
Size Range

GCE/GCDs Letrozole 1.85 × 10−5 0.111 Electrochemical 100 mA 1–10 nm

GCE/GCDs Clomifene 70 × 10−5 0.041 Electrochemical 100 mA 1–10 nm

GCE/GCDs Letrozole 4.23 × 10−5 0.076 Electrochemical 200 mA 1–10 nm

GCE/GCDs Clomifene 85 × 10−5 0.033 Electrochemical 200 mA 1–10 nm

GCE/GCDs Letrozole 5.15 × 10−5 0.067 Electrochemical 300 mA 1–10 nm

GCE/GCDs Clomifene 90 × 10−5 0.028 Electrochemical 300 mA 1–10 nm

GCE/GCDs Letrozole 4.27 × 10−5 0.069 Hydrothermal - 1–10 nm

GCE/GCDs Clomifene 87 × 10−5 0.031 Hydrothermal - 1–10 nm

Zhou et al. reported an increase in oxidation efficiency of ascorbic acid (AA) using
NH2-GCDs-modified GCE. The NH2-GCDs could increase the conductivity of the electrode
surface, and the positively charged amine groups allow them to interact with the dienol
hydroxyl groups in AA through electrostatic contact, thereby detecting AA with a high
degree of specificity. They found that, compared to many other previously reported
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quantum dot materials, the NH2-GCDs had a superior effect on detecting AA in both
electrochemistry and fluorescence approaches. It is due to this reason that the NH2 -GCDs
is able to boost the rate of electron transfer via direct connection with dienol hydroxyl
groups in AA. Additionally, NH2-GCDs can also be joined to AA by hydrogen bonds [40].

Ran et al. used WP6-N-GCD (water soluble pillar [6] arenes nitrogen-doped green
carbon dot) nanocomposite as an electrode material to build a sensitive electrochemical
sensing platform for trinitrotoluene (TNT) detection. The electrochemical analysis demon-
strated that WP6-N-GCDs outperformed the β-CD-N-GCDs in terms of supramolecular
recognition and enrichment capabilities, and displayed a higher peak current toward TNT.
The WP6-N-GCD-modified electrode showed a linear response ranging from 0.001 μM to
1 μM and form 1 μM to 20 μM with a LOD of 0.95 nM due to the synergistic effects of WP6
and N-GCDs. These results indicate that WP-N-GCD composites are ideal materials for
electrochemical sensing platforms as shown in Table 6 [41].

Table 6. Comparison of some electrode materials for electrochemical sensing of TNT [41].

Materials Linear Range (μM) LOD (nM)

Ionic liquid-graphene 0.13–6.6 17.6

Boron-doped diamond 0.088–1.76 44

Ordered mesoporous carbon - 0.88

Nitrogen-doped graphene 0.53–8.8 129.9

Deposited graphene 0.0044–0.88 0.88

N-rich carbon nanodots 5–30 1

PtPd-rGONRs 0.044–13.2 3.5

Vanadium dioxide 0.44–4.4 4.4

N-doped graphene nanodots 0.0044–1.76 0.88

WP6-N-GCDs 0.001–1; 1–20 0.95

GCDs have also been used to determine hydrogen peroxide (H2O2), a common in-
dustrial oxidant electrochemically. Hassanvand et al. [16] demonstrated the use of GCE
modified with GCDs as an amperometric H2O2 sensor. When compared to octahedral
Cu2O, GCDs/octahedral Cu2O exhibited more favorable electrocatalysis behavior for the
glucose oxidation and H2O2 reduction reactions, as shown in Table 7 [16].

Table 7. H2O2 and glucose detection by GCDs-based electrochemical sensors [16].

Modified Electrode Target Compounds Detection Limit GCD Size Electrochemical Method

GCDs/GCE H2O2 3 × 10−9 M - Amperometry

GCDs/Cu2O/NF/GCE H2O2 2.8 × 10−6 M 10 nm Amperometry

CuO/GCDs/CHNS/GCE H2O2 2.4 × 10−9 M ~4–6 nm Amperometry

GCDs/Cu2O/GCE Glucose 6 × 10−6 M - Amperometry

GCDs/AuNPs-GOx/Au Glucose 17 × 10−6 M - Amperometry

GCDs/Au-NPs-Gox/GDAE Glucose 13.6 × 10−6 M - Amperometry

Accurate clinical dopamine (DA) diagnosis can help to address several neurological
disorders. Modifying GCE with N-doped green carbon dots (NGCDs) can be used for DA
detection with a wide linear range and a low detection limit, as shown in Table 8 [16].
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Table 8. DA detection using different GCDs-based sensors [16].

Modified Electrode Method
Target

Compound
GCDs

Average Size
Detection Limit

GCDs/MoS2/Mo foil CV DA - 0.0090 μM

NF/NGCDs/GCE DPV DA 7.4 nm 1.0 nM

GCDs/GCE LSV DA 3.3 nm 2.7 μM

β-CD/GCDs/GCE DPV DA 7.6 nm 0.14 μM

Wang et al. have shown that when GCDs are mixed separately with layered-double-
hydroxides (LDHs), metal sulfides, and metal phosphides, etc., they can be used as electro-
catalysts for oxygen reduction reaction (ORR), oxygen evolution reaction (OER), hydrogen
evolution reaction (HER), CO2 reduction reaction (CO2RR), etc. OER activity of CoP/GCDs
composite is better with 400 mV overpotential in alkaline electrolytes than pure CoP.
The CoP/GCDs composite’s electrical catalytic performance is increased due to the pres-
ence of functional groups, its small size, good conductivity, and fast electron transfer of
GCDs. If specific surface area is high, the presence of electrochemical active sites will
be high, and contact area with the electrolyte will be large, which results in increasing
HER performance [30].

Lin et al. [15] described the potential use of GCDs as electrochemical sensors as it
can be synthesized through different methods, have rich functional groups, and can make
composites with other materials easily. When GCE was modified with GCDs, it showed an
increase in response current and potential compared to bare GCE. It also showed a greater
electrochemical reaction due to the presence of many functional groups in GCDs/GCE [15].
When Mathew et al. compared the bare GCE and the developed ternary sensor, they
found that the anodic peak current becomes threefold in the case of the developed ternary
sensor. This shows that the developed ternary sensor was able to detect small levels of
doxycycline accurately. They conducted the electrochemical sensing in phosphate buffer
solution, where the potential range was 0 to 1 V for cyclic voltametric measurement, with a
scan rate of 50 mV/s. The modified GCE was remarkably stable and had great repeatability
and reusability [35].

From the above discussion, it is clear that GCDs are widely used for the sensitive and
selective detection of a large number of biomolecules, such as ascorbic acids, hydrogen
peroxide, drug molecules, as well as explosives (trinitrotoluene). However, only limited
studies are reported till date. Therefore, more research should be conducted to explore the
potential applications of GCDs.

4. Toxicity Assessment and Anticancer Properties of Green Carbon Dots (GCDs)

GCDs synthesized from various green sources have many potential biological applica-
tions. Here, we will discuss about the biocompatibility of these synthesized GCDs studied
by several researchers with normal and cancerous cells.

Ensafi et al. prepared fluorescent carbon dots from a naturally sourced saffron. Cyto-
toxicity of saffron carbon dots was tested on olfactory mucosa cells and bone marrow cells
after incubating for 24 h, and low toxicity for all the different concentrations (Table 9) of car-
bon dots was observed [42]. Zhang et al. prepared green carbon dots using schizonepetae
herba carbonisata (SHC). Cytotoxicity of the prepared carbon dots was evaluated in RAW
264.7 cells in various concentrations (Table 9). Cell viability was negligible, but with
increasing concentration from 840–10,000 μg/mL, cell viability started to decrease [10].
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Table 9. Toxicity of GCDs for normal cells.

Sl
No.

Material
Source of Green

Carbon Dot Synthesis
Average

Size (nm)
Toxicity Assay in

Cell Line
Concentration Remark Reference

1 Fluorescent
carbon dots Saffron 6.0

Olfactory mucosa
cells and bone
marrow cells

0.005–1.5 mg/mL
Low toxicity (more

than 70% cell
viability remains)

[42]

2 Carbon dots Schizonepetae herba
carbonisata (SHC) 0.8–4.0 RAW 264.7 cells 39.06–10,000 μg/mL

Negligible cytotoxicity
up to 840 μg/mL

concentration
[10]

3 Carbon dots Phellodendri cortex (PC) 1.2–4.8 RAW 264.7 cells 0.01–10,000 μg/mL
Negligible cytotoxicity

up to 1000 μg/mL
concentration

[17]

4 Enantiomeric
carbon dots

L-lysine
4.0 SH-SY5Y cells 0.2 and 0.4 mg/mL

L-lysine carbon
dots showed

negligible cytotoxicity
[12]

D-lysine

5 Carbon dots

Gum tragacanth (GT)

70–90
Human umbilical

vein endothelial cells
(HUVEC cell line)

0–50 μg/mL
Low cytotoxicity (more

than 80% cell
viability remains)

[18]Gum tragacanth (GT)
and chitosan

6 Re-based
carbon dots

Ginsenoside Re,
citric acid and EDA 4.6

Human renal
epithelial cells 293T,

HL-7702 (L-02),
MCF-10A and NSFbs

0–1.0 mg/mL

Low toxicity
(after 24 h of incubation,
cell viability was more

than 90%)

[23]

7
Fluorescent
carbon dots

Cinnamon 3.4

Human kidney
cells (HK-2)

0.1–2.0 mg/mL

Low toxicity (more
than 80% cell

viability remains)
[19]

Red chili 3.1 0.1–2.0 mg/mL

Turmeric 4.3 0.1–2.0 mg/mL

Black pepper 3.5 0.1–4.0 mg/mL

8 Carbon dots

Kiwi 4.4
Epithelial human

kidney cells (HK-2) 0.25–5.0 mg/mL

Low toxicity (up to
1 mg/mL concentration

cell viability more
than 60%)

[11]Avocado 4.4

Pear 4.1

9
Fluorescent

NP-
carbon dots

Wet algal biomass 4.7

HEK-293
(normal human

embryonic kidney
cell line)

5–75 μg/mL Negligible cytotoxicity [43]

10 Fluorescent
carbon dots Cyanobacteria powder 2.5 PC12 cells 0–1000 μg/mL Low cytotoxicity [44]

11 Carbon dots Banana peel waste 5 Nematode 0–200 μg/mL Negligible cytotoxicity [45]

12 Carbon dots Fusobacterium
nucleatum cells 4.1

BEAS-2B
(Lung normal
epithelial cells)

12.5–200 μg/mL
Low cytotoxicity (more

than 80% cell
viability remains)

[46]

13 Fluorescent
carbon dots Fresh mint leaves 6.5 Primary H8 cells 0–200 μg/mL Negligible cytotoxicity [47]

14
Carbon

dots (CDs)

E-CD Citric acid
and EDA 10

EA. hy926 cells 0.1–3.2 mg/mL Low cytotoxicity [48]
U-CD Urea and

citric acid 5

From the natural source of Phellodendri cortex (PC), Liu and his coworkers prepared
green carbon dots. Cytotoxicity of these green carbon dots was evaluated in RAW 264.7 cells
with eight different concentrations (Table 9). After 24 h of incubation, cell viability was
negligible by up to 1000 μg/mL of concentration. However, when the concentration
increased to more than that amount, cytotoxicity also started to increase [17]. Malishev et al.
prepared two types of green carbon dots using amino acids (Table 9) as a natural source.
Cytotoxicity of these amino acid-based carbon dots was evaluated in SH-SY5Y cells. For
the cytotoxicity assay, Aβ42 was induced in both types of the carbon dots. Cytotoxicity
was measured for Aβ42 alone and Aβ42-induced carbon dots. Without carbon dots, in
the presence of Aβ42, cell viability decreased to 25%. In the case of pre-incubated Aβ42
with D-lysine carbon dots at the above concentrations (Table 9), the results did not show
much difference with Aβ42 alone. However, in the case of pre-incubated Aβ42 with L-
lysine carbon dots at both the concentrations (Table 9), the results have shown significantly
low cytotoxicity [12].

Two types of green carbon dots (GT carbon dots and GT/Chitosan carbon dots)
were prepared by Moradi and his coworkers using natural and ecofriendly sources, gum
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tragacanth and chitosan. Cytotoxicity of these prepared carbon dots was tested in human
umbilical vein endothelial cells (HUVEC cell line) at different concentrations (Table 9) after
24 h of incubation, and low cytotoxicity and high biocompatibility were observed [18].

Carbon dots prepared from natural sources (Table 9) were used by Yao and his
coworkers to evaluate the cytotoxicity assay in human renal epithelial cells 293T, HL-
7702(L-02), MCF-10A and NSFbs. After 24 h of incubation of the cell lines with various
concentrations (Table 9) of prepared carbon dots, they observed low cytotoxicity for all
the concentrations [23].

Vasimalai et al. prepared four different types of carbon dots from four different spices,
i.e., cinnamon, red chili, turmeric and black pepper. Cytotoxicity of these prepared carbon
dots were evaluated in different concentrations (Table 9) on human kidney cells (HK-2)
after 24 h of incubation. For all the carbon dots, cell viability remained at more than
80% at 0–2.0 mg/mL concentration, but in the case of black pepper carbon dots at higher
concentrations (3.0 and 4.0 mg/mL), results showed high toxicity for the cell line [19].
Cytotoxicity of these four carbon dots in different concentrations on HK-2 and LN229 cells
is shown in the Figure 3.

Figure 3. Cell viability evaluation in two different types of cells (cancerous LN229 cells and normal
HK-2 cells) after a 24 h incubation with increasing concentrations of: (A) cinnamon, (B) red chili,
(C) turmeric and (D) black pepper carbon dots. Represented results are mean ± SD of at least three
independent experiments. * p < 0.05, *** p < 0.001 and **** p < 0.0001 are for statistical significance of
differences between the effect of the same concentration of spice-based carbon dots in other cell line
(LN229). Adapted from ref. [19].

Fruit-based carbon dots were prepared by Dias and his team from kiwi, avocado and
pear. For the cytotoxicity evaluation at different concentrations (Table 9) of the prepared
carbon dots, epithelial human kidney cell (HK-2) line was used. Cells were incubated for
two different time periods (48 and 72 h) with different concentrations of carbon dots. After
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72 h of incubation, cell viability was more than that measured at 48 h. When concentration
is more than 1 mg/mL, cell viability started to decrease. Overall, pear-based carbon dots
showed more cell viability and kiwi-based carbon dots showed less cell viability [11]. Wet
algal biomass source was used by Singh and his coworker to prepare green carbon dots.
HEK-293 (normal human embryonic kidney) cell line was used for the cytotoxicity evalua-
tion of these carbon dots. After 24 h of incubation in different concentrations of carbon dots
(Table 9), more than 80% of cell viability was observed, even in the highest concentration
(Table 9) [43]. Wang et al. evaluated the cytotoxicity of cyanobacteria-based carbon dots in
PC12 cells in different concentrations (Table 9), and 94.4% of cell viability was observed, up
to 100 μg/mL concentration. Even at a high concentration (500 μg/mL), cell viability was
observed to be more than 80%, which concludes low cytotoxicity and biocompatibility [44].

From the banana peel waste, Atchudan and his team prepared green carbon dots, and
for the cytotoxicity evaluation in different concentrations (Table 9), live-cell line (nematode)
was used. From their observations, overall, only 5% cell viability was decreased even at
the highest concentration, thereby indicating negligible cytotoxicity with excellent biocom-
patibility [45]. Liu et al. prepared carbon dots from Fusobacterium nucleatum cells, and a
cytotoxicity test was evaluated in BEAS-2B (lung normal epithelial cells) cell line. After
incubation for 48 h at different carbon dots concentrations (Table 9), low cytotoxicity was
observed for all concentrations [46]. From fresh mint leaves, Raveendran and Kizhakayil
prepared green carbon dots and performed a cytotoxicity assay with different concentra-
tions (Table 9) in primary H8 cells. For all the concentrations, no significant change was
observed in cell viability [47].

Cytotoxicity of curcumin-loaded green carbon dots (Curc-GCDs) and prepared GCDs
were studied in different concentrations (Table 9) by Arvapalli et al. [48] in EA. hy926 cells.
They prepared two different types of carbon dots (Table 9) and then loaded the carbon
dots with curcumin. Their observations showed very low cytotoxicity for both Curc-
GCDs and GCDs at EA. hy926 cells, even at the highest concentration (Table 9) after 24 h
of incubation [48].

Most of the GCDs mentioned in the list had shown excellent biocompatibility in
the normal cells. Therefore, all the green sources used in Table 9 has great potential
toward GCDs preparation. However, most of the studies used low concentrations for the
cytotoxicity evaluation. Thus, future studies should focus on toxicity evaluation using a
wide range of concentrations.

Most of the prepared GCDs mentioned in Table 10 showed low toxicity and excellent
biocompatibility in all the cancerous cells. Chatzimitakos et al. [49] prepared GCDs from
two different green sources (Table 10) and studied the cytotoxicity of prepared GCDs in
various cancerous cells (Table 10). Results showed that after 48 h of incubation, cell viability
for citrus sinensis CD and citrus limon CD is more than 90% and 95%, respectively [49].
GCDs prepared from green sources (water chestnut and onion) were used by Hu and
his team to evaluate the cytotoxicity in the cancerous cell (Table 10) and observed low
cytotoxicity in all the concentrations (Table 10) [50].

Among all the discussed literature in Table 10, only limited GCDs showed cytotoxicity
toward some selected cancer cells and are therefore useful for cancer therapy. Yao et al.
prepared carbon dots from natural sources (Ginsenoside Re, citric acid and EDA) to evalu-
ate their toxicity in cancer cell lines, i.e., HepG2, MCF-7 and A375 cells and normal cells
(Table 9). After 24 h of incubation with various concentrations (Table 10) of prepared carbon
dots, they observed that with increasing concentrations, cell viability decreased to 50%, 40%
and 30% for HepG2, MCF-7 and A375 cells, respectively. A375 cells showed the highest
inhibition than other cells. Further LDH-release assay and ROS generation was checked in
A375 cells. From the LDH-release assay, they observed a concentration-dependent LDH
release in the medium. When compared to the normal cell, ROS generation was compara-
tively high in cancer cells, thereby causing oxidative damage and apoptosis in the cancer
cells. Therefore, these carbon dots can be considered as potential anticancer agents [23].
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Table 10. Toxicity assay of GCDs for cancerous cells.

Sl
No.

Material
Source of

Green Carbon
Dot Synthesis

Average
Size (nm)

Toxicity Assay in
Cell Line

Concentration Remark Reference

1 Luminescent
carbon dots

Citrus sinensis 6.5 HeLa, A549,
MDA-MB-231 and

HEK-293 cells
400 μg/mL Extremely low cytotoxicity [49]

Citrus limon peels 4.5

2
S and N

co-doped
carbon dots

Water chestnut
and onion 3.5 Human bladder

cancer T24 cells 0–300 μg/mL

Low cytotoxicity
(after 24 h of incubation, cell

viability remained at more than
80% for all the concentrations)

[50]

3

Nitrogen-
and sulfur-co-

doped
carbon dots

Ginkgo leaves juice 2.2 HeLa cells N/A Low cytotoxicity [51]

4
NIR-light
emission

carbon dots
Fresh spinach 3–11 A549 cells 0–200 μg/mL

Negligible toxicity (after 24 h of
co-incubation, cell viability
showed above 94.2% at all

the concentrations)

[52]

5
Multicolor

luminescent
carbon dots

ATP 3.8 HeLa cells 0–500 μg/mL

Negligible toxicity
(very less change was observed

between 24 h and
48 h incubation)

[53]

6 N-doped
carbon dots Sucrose and urea 1.6 HeLa cells 0–1.0 mg/mL

Negligible cytotoxicity (cell
viability was more than 98.5%

after 24 h of incubation, even at a
high concentration,

i.e., 1.0 mg/mL)

[54]

7 Hydrophilic
carbon dots Glucose powder 2.6 HeLa cells 0–1.0 mg/mL

Negligible cytotoxicity (cell
viability was more than 98% after
24 h of incubation, even at a high
concentration, i.e., 1.0 mg/mL)

[55]

8 Carbon dots Date kernels 2.5 Human MG-63 cells 200.0 μg/mL
Low cytotoxicity

(after 48 h of incubation, cell
viability remains more than 85%)

[56]

9 Carbon dots Quince fruit (Cydonia
oblonga) powder 4.9 HT-29 cells 5–1000 μg/mL Low toxicity [57]

10 Re-based
carbon dots

Ginsenoside Re, citric
acid and EDA 4.6 MCF-7, A375

HepG2 cells 0–1.0 mg/mL

High cytotoxicity
* While carbon dots were prepared
separately from Ginsenoside; citric

acid and EDA, cytotoxicity was
relatively low.

[23]

11 Fluorescent
carbon dots

Cinnamon 3.4

Human glioblastoma
cells (LN-229 cancer

cell line)

0.1–2.0 mg/mL

High toxicity [19]
Red chili 3.1 0.1–2.0 mg/mL

Turmeric 4.3 0.1–2.0 mg/mL

Black pepper 3.5 0.1–4.0 mg/mL

12 Carbon dots

Kiwi 4.4 Epithelial
human colorectal

adenocarcinoma cells
(Caco-2)

0.25–5.0 mg/mL

Low toxicity
(below 1.5 mg/mL concentration,
cell viability was more than 80%,

but cell death can induce in
higher concentrations)

[11]Avocado 4.4

Pear 4.1

13 Fluorescent
carbon dots

Prunus cerasifera
fruits juice 3–5 HepG2 cells 0–500 μg/mL

Low toxicity
(after 24 h of

incubation below 500 μg/mL
concentration, cell viability was

more than 90%)

[58]

14 Carbon dots Celery leaves 2.1 HepG2 cells 0.01–0.022 g/mL

Low toxicity
(cell viability was more than 85%
for all the concentration after 24 h

of incubation)

[59]

15 Carbon dots Lychee waste 3.1 A375 (Skin
melanoma) cells 0.0–1.2 mg/mL

Low cytotoxicity
(after 48 h of incubation, cell

viability was more than 89% for
the highest concentration,

i.e., 1.2 mg/mL)

[60]
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Table 10. Cont.

Sl
No.

Material
Source of

Green Carbon
Dot Synthesis

Average
Size (nm)

Toxicity Assay in
Cell Line

Concentration Remark Reference

16
Fluorescent-N-

doped
carbon dots

Lemon juice and
ethylenediamine 3.0

Human breast
adenocarcinoma

(MCF7) cells
0.312–2.0 mg/mL

Low cytotoxicity
(after 24 h of incubation cell
viability for 2.0 mg/mL, the

highest concentration was more
than 88%)

[61]

17 Fluorescent
carbon dots Fresh lamb

At 200 ◦C = 2.8

HepG2 cells 2.0 mg/mL

Low cytotoxicity
(after 4 h of incubation cell,

viability was more than 90% at
this particular concentration)

[62]At 300 ◦C = 1.9

At 350 ◦C = 1.7

18 Carbon dots Osmanthus
fragrans flowers 2.2 A549 cells 25–1000 μg/mL

Negligible toxicity (after 24 h of
incubation, cell viability showed
above 90% at all concentrations)

[63]

19 Carbon dots Dried wheat straw 2.1 HeLa cells 0–0.8 mg/mL
Negligible cytotoxicity (cell

viability remains more than 90%
at all concentrations)

[64]

20 Carbon dots Gelatin and papain 3.8 A549 cells 0–300 μg/mL

Negligible cytotoxicity (very less
difference between 12 h and 24 h
incubation for all concentrations,

after 24 h incubation, cell
viability remained above 91%)

[65]

21 Carbon dots Glucose 3.0 HeLa, HepG2 and
HEK-293 cells 0–300 mg/L

Negligible cytotoxicity (no
change in cell viability for HeLa
and HepG2 cells, but in the case
of HEK-293 cell with increasing

concentration, cell viability
also increases)

[66]

22

N, B co-doped
bright

fluorescent
carbon dots

Solanum
betaceum (S. betaceum)

fruit extract
5.0 HeLa cells 10–50 μg/mL

Low cytotoxicity
(at minimum and maximum
concentration, i.e., 10 μg/mL
and 50 μg/mL, cell viability

were 100% and 70%, respectively)

[67]

23 Carbon dots Gelatin 5.0 MCF-7 cell line 20–120 μg/mL

Low cytotoxicity
(cell viability was more than 80%

even for the highest
concentration after 24 h

of incubation)

[68]

24 Zwitterionic
carbon dots

Citric acid and
L-histidine 8.5 A549 cells 0.01–1.5 mg/mL

Low cytotoxicity
(after 24 h of incubation, cell

viability was more than 90% even
at a high concentration)

[69]

25 Carbon dots Corn stalk shell 1.2–3.2 A549 cells 0–100 mg/L

Low cytotoxicity
(after incubation for 24 h, cell

viability remained more than 90%
for all concentrations. Again,
after 48 h of incubation, cell

viability remained more than 75%
for 100 mg/L concentration)

[70]

26 Carbon dots Fusobacterium
nucleatum cells 4.1 HeLa cells 12.5–200 μg/mL

Low cytotoxicity
(more than 80% cell
viability remains)

[46]

27
Nitrogen-

doped
carbon dots

Jackfruit peel (JFP) 6.4

Dalton’s lymphoma
ascites

cells (DLA)

50–200 μg/mL

Low cytotoxicity only in low
concentrations, i.e., below

50 μg/mL
(at 200 μg/mL concentration for
JFP-carbon dots 100%, cell death
was observed, but in the case of
TP-carbon dots, only 60% cell

death happened)

[71]

Tamarind peel (TP) 5.3

28 Carbon dots Arginine, chitosan,
citric acid 6–11 AGS cells 30:1–70:1

(carrier/DNA)

Negligible toxicity
(at highest weight,

cell viability decreased to 90%)
[72]

29
Folic acid-

functionalized
carbon dots

Red Korean ginseng 70 MCF-7 cells 10–50 μg/mL High toxicity after 48 h
of incubation [73]
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Table 10. Cont.

Sl
No.

Material
Source of

Green Carbon
Dot Synthesis

Average
Size (nm)

Toxicity Assay in
Cell Line

Concentration Remark Reference

30 Carbon dots Tea leaves 200 HepG2 cells 0–160 μg/mL

Low cytotoxicity
(more 90% cell viability after 24 h

of incubation at
all concentrations)

[74]

31 Carbon dots Simarouba glauca leaf 2.6 Human breast cancer
cell line (MCF-7) 0–100 μg/mL High toxicity with

increasing concentration [35]

32 Carbon dots Walnut oil 12.3 PC3, MCF-7, and
HT-29 cells 0–10 μg/mL High cytotoxicity after 24 h

of incubation [75]

33
Carbon

dots (CDs)

E-CDs

Citric
acid
and
EDA

10.0

HepG2 and
A549 cells

0.1–3.2 mg/mL High cellular toxicity with
increasing concentration [48]

U-CDs

Urea
and
citric
acid

5.0

Four types of natural carbon dots were prepared by Vasimalai and his team using
four different spices (Table 10). Toxicity assay was performed after 24 h of incubation in
human glioblastoma cells (LN-229 cancer cell line) with various concentrations (Table 10).
A significant decrease was observed in cell viability for all the concentrations of carbon
dots (Figure 3). At 2.0 mg/mL concentration, 35%, 50% and 75% reduction in cell viability
was observed for cinnamon, red chili and turmeric, and black pepper-derived carbon dots,
respectively. In the case of black pepper-derived carbon dots, cell viability reduced to 100%
at the highest concentration (Table 10) [19]. Tejwan et al. studied the anticancer property
of rutin drug loaded with folic acid-functionalized carbon dots (FA-CDs-RUT) extracted
from ginseng root in MCF-7 cells. After 48 h of incubation in different concentrations
(Table 10) of FA-CDs-RUT, CDs and RUT were compared with each other for anticancer
property. Moreover, results showed that in the presence of rutin drug in the carbon dots
(FA-CDs-RUT), anticancer property was found to be more in MCF-7 cells than in CDs
and RUT drug alone. Furthermore, they observed that intracellular ROS generation was
increased with subsequent cellular apoptosis when the cells were treated with FA-CDs-
RUT nanohybrid [73].

Mathew et al. [35] studied the anticancer activity of carbon dots prepared from natu-
rally occurring Simarouba glauca (S. glauca) leaf. Cell viability of prepared GCDs was tested
with different concentrations (Table 10), and cellular morphologies were also checked in
human breast cancer cell line (MCF-7). They observed that cell viability decreased with an
increasing concentration of the GCDs. After 24 h of incubation at the highest concentration
(Table 10), complete cell death was observed. Arkan et al. [75] studied the anticancer
property of prepared GCDs (Table 10) in three different cancerous cells (PC3, MCF-7 and
HT-29). After 24 h of incubation in various concentrations (Table 6), 50% of cell death
was observed for PC3 and MCF-7 at 1.25 μg/mL and 5 μg/mL concentration, respectively,
indicating that walnut oil-based carbon dots have anticancer property. However, there was
no cell death observed in the case of HT-29 cell lines. At the highest concentration, cell
viability was also observed to be more than 70% for HT-29 cell lines.

Arvapalli et al. [48] prepared two different types of GCDs (E-CDs and U-CDs) loaded
with curcumin and then compared the GCDs with curcumin-loaded carbon dots (Curc-
GCDs) to test the cell viability in HepG2 and A549 cells. Incubation was performed for
24 h in different concentrations (Table 10) of GCDs and Curc-GCDs. They found that,
compared to synthesized GCDs, Curc-GCDs showed more toxicity to the cells. In HepG2
cells, cell viability was decreased to 40% and 30% at the highest concentration (Table 10)
when the cells were treated with Curc-E-GCDs and Curc-U-GCDs, respectively. In A549
cell, cell viability was decreased even more than HepG2 at the same concentration to 38%
and 18% when treated with Curc-E-GCDs and Curc-U-GCDs, respectively. In both cases,
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Curc-U-GCDs showed higher toxicity to the cells. Furthermore, when the cell viability test
was extended up to 48 h and 72 h for A549 cells at the same concentration, they observed
that, in the presence of Curc-E-GCDs, cell viability decreased to 30% and 25%, and in the
presence of Curc-U-GCDs, cell viability decreased to 5% and 2%, respectively [48].

From the above discussion, we can propose that GCDs are mostly biocompatible
toward most of the cancer cell lines and display only negligible cytotoxicity. Besides, the
size-dependent toxicity measurement was also not reported so far for both cancerous and
non-cancerous cells. However, when the GCDs are conjugated with several anticancer drug
molecules, they could increase the drug stability in biological media and its concentration
in the target organ, thereby increasing the pharmacological action of the drug. Therefore,
more research should be conducted to establish GCDs as an efficient drug delivery vehicle.

5. Conclusions

Carbon dots are one of the fascinating nanomaterials with a broad range of applica-
tions. Taking environmental importance into account, GCDs are considered as promising
nanomaterials since the past decade and are very crucial for a sustainable future. As
we discussed in this review, due to their unique biological and physico-chemical proper-
ties, carbon dots can be used in several applications, including electro-chemical sensors,
bioimaging, nanomedicine, in drug delivery and in cancer therapy. In this review, we
specifically focused on GCDs and their applications. Although several reports on GCDs
are already documented, the research with GQDs is still in the initial phase. However,
the following points need to be addressed to further explore the sensing and anticancer
applications of GCDs:

1. In order to bring GCDs into commercial applications, more study should be conducted
on the search for high-quality natural precursors for their synthesis.

2. In vivo toxicity studies are limited, hence, more in vivo studies involving GCDs should
be considered for the implementation of GCDs in biological/clinical applications.

3. In addition, toxicity of GCDs prepared from different natural sources under differ-
ent synthesis conditions should be investigated to obtain comprehensive details on
GCDs toxicity.

4. Future studies should focus on evaluating the anticancer activity of GCDs using
in vivo models.

5. More research should be conducted to explore the possibility of using GCDs in
photodynamic and photothermal therapy.

6. GCDs-based sensors should also be used for the sensitive and selective detection of
cancer biomarkers, such as miRNA and antigens, to explore the application of GCDs
in clinical cancer diagnosis.

7. It is also important to check the effect of GCDs’ size and surface modifications on
anticancer as well as electrochemical sensing abilities.
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