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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.
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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
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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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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.
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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.
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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



Catalysts 2023, 13, 308 12 of 17

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.
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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.
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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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