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Abstract

The combination of excellent electronic properties and thermal stability positions
orange-derived graphene quantum dots (GQDs) as promising materials for solar
light-based applications. Researchers are actively exploring their potential in
fields such as photovoltaics, photocatalysis, optoelectronics, and energy storage.
Their abundance, cost-effectiveness, and eco-friendly nature further contribute
to their growing relevance in cutting-edge scientific research. Furthermore, only
GQDs are not much more effective in the UV-visible region, therefore, required
band gap engineering in GQDs material. In this context, we designed GQDs-based
light harvesting materials, which is active in UV-visible region. Herein we syn-
thesized GQDs coupled with 2,6-diaminoanthrquninone (AQ), that is, GQDs@
AQ light harvesting photocatalyst the first time for the oxidation of sulfide to
sulfoxide under visible light. For the integrating reactions of sulfide in aerobic
conditions under visible light by GQDs@AQ photocatalyst exhibit utmost higher
photocatalytic activity than simple GQDs due to low molar extinction coefficient
and slow recombination charges. The use of GQDs@AQ light harvesting pho-
tocatalyst, showed the excellent organic transformation efficiency of sulfide to
sulfoxide with excellent yield (94%). The high efficiency and excellent yield of
94% indicate the effectiveness of GQDs@AQ as a photocatalyst for these specific
organic transformations.
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INTRODUCTION

Solar light utilization for the conversion of organic
compounds has become one of the enormous poten-
tial research areas based on green nanotechnology.' The
conversion of organic compounds in the existence of
variously reported photocatalysts under solar light illu-
mination due to the effective reaction circumstance to
activate substrates along with sequential creation of solar
light blocking units via feasible reaction route many re-
searchers have been focusing on these.>* The preparation
of readily processed, metal-free, and effective photocat-
alysts has been significant for the conversion of organic
compounds for industrial applications, to overcome such
types of limitations. To do so, the natural mimic artificial
photocatalytic system can be another tactic for the con-
version of organic compounds into useful solar-made
products because of the use of eco-friendly and environ-
mentally friendly, and maintainable solar lights.* In 1972,
a few metal-based organic complexes have been utilized as
a general platform for a photocatalytic system since well-
known scientists® employed the photo anode that is made
from inorganic materials for solar fuel formations and hy-
drogen evolution.®™®

Nevertheless, in the use of a few metal-based organic
complexes for mimicking natural synthesis through arti-
ficial photo-catalysis pathways, there were utmost restric-
tions due to the wide optical energy gap and tuning the
capability of molar extinction coefficient in the presence
the solar light.” To improve the UV-visible properties of
photocatalysts, expensive semiconducting solar light ac-
tive materials have been reported for the transformation
of organic compounds.'® To facilitate the photo-catalysis
based on the with and without metal graphene quan-
tum dots (GQDs) has been utilized on a large scale and
it has exhibited good applications in different research
fields due to good solar light absorption properties in the
spectral window and thermal stability.""'* Based on these
properties and stability, GQDs with metal and without
metal photocatalysts have been extensively and briefly uti-
lized for the fixation of carbon dioxide (CO,) into low-cost
value-added chemicals and water splitting.'?

Currently, it was explained that the GQDs-modified
materials can be utilized for light-induced photo-catalysis
for the transformation of organic compounds such as C-H,
C-S, C-N bond activation, and so on.'* In this context, the
use of GQDs photocatalyst has a limitation for photocat-
alytic applications to cover the wide spectral spectrum of
solar light. Therefore, we developed a metal-free new type
of GQDs solar light absorbing materials. As a means to at-
tain this goal, we herein developed GQDs covalently cou-
pled to a solar light harvesting AQ molecule (2,6-diamino
anthraquinone) that indeed exhibit excellent ability for

oxygenation of sulfide compared to graphene-based pho-
tocatalysts."” The unique properties of GQDs and the syn-
ergistic effect between GQDs and AQ contribute to their
enhanced performance in this process. Overall, the cova-
lent coupling of GQDs with AQ molecules enhances the
performance of the photocatalyst by combining the light-
harvesting properties of GQDs with the strong oxidizing
ability of AQ. This synergistic effect leads to improved
oxygenation of sulfide, making GQDs coupled with AQ
an excellent choice for such applications. The solar light
platform was developed using GQDs@AQ as photocat-
alyst utilities in a highly selective and efficient pathway,
leading to high oxygenation of sulfide (~99%) under solar
light (Scheme 2 and Table 1). The current solar light active
fundamental research endeavor highlights the improve-
ment and application of a GQDs-based photocatalyst for
direct oxygenation reaction'®'” Scheme 2.

MATERIALS AND METHODS
Materials

Orange peel, glycerol, aqueous medium, 2,6-diamino an-
thraquinone, triethanolamine (TEA), ortho dichloroben-
zene (ODCB), dimethylformamide (DMF), HATU (for
selective coupling), methyl p-tolyl sulfide, hydrochloric
acid (HCl), and ethyl alcohol were acquired from Sigma-
Aldrich and further utilized as such.

Synthesis of GQDs

According to the previous study, GQDs were synthesized by
the condensation method. Orange peel was gently scrubbed
and washed with clean water and allowed to air dry. The
dried Orange peel was crushed into a fine powder. Firstly,
10g of dried orange peel-based powder was thoroughly
mixed with 100mL of distilled water along with 20mL of
glycerol. Secondly, the prepared solution was refluxed
at 100°C. Thirdly, the color of the refluxed solution was
changed into dark brown color from yellow color, which
showed the formation of graphene-like material. Finally,
the solution was filtered and washed with 100 mL water and

TABLE 1 Oxygenation of methyl p-tolyl sulfide by AQ, GQDs,
and GQD@AQ photocatalyst.

Yield Selectivity

Entry Photocatalyst Solvent (%) (%)
1 AQ C,H;OH 41 41
2 GQD C,H,0OH 30 30
3 GQD@AQ C,H.OH  99.9 99.6
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50mL acetone. After that final product was dried at 70°C. In
totality, 1g graphene-like material was heated in the muf-
fle furnace at 500°C, for 4h. After cooling we achieved 86%
GQDs as per the reported method (Scheme 1).'®

Synthesis of GQDs coupled with AQ
(GQDs@AQ) photocatalyst for organic
transformation reaction

The GQDs@AQ photocatalyst was synthesized via the
co-polymerization method."® First, 80mg graphene quan-
tum dot (GQDs), 160mg 2,6-diamino anthraquinone
(reddish in color), (0.5mL) tri-ethyl-amine, (10mL) ortho-
dichlorobenzene, and HATU (catalytic amount) were
dissolved in (1 mL) dimethyl-formamide (DMF). This pre-
pared solution was refluxed at 183°C for 4 days. After work-
up,” the received organic compound was dried at 100°C.
Finally, the resultant product is shown in Scheme 2.

RESULT AND DISCUSSION
Instruments and Measurements

UV instrument, FT-IR instrument, and thermogravimet-
ric analysis (TGA) were used for the calculation of the
optical band gap, molecular structure elucidation, and sta-
bility of the photocatalyst. The zeta potential and particle
size were used for the coupling of GQD with AQ and en-
hanced the photocatalytic efficiency. Raman spectra were
used for the coupling of the GQD with AQ.

Optical band gap and structure elucidation of
newly designed photocatalyst through
UV and FTIR techniques

The UV-visible light absorption ability spectra of GQDs,

AQ, and GQDs@AQ photocatalyst have been recorded in
DMF solution, which is shown in Figure 1A. In the case

Orange

\’,OONGQDS

SCHEME 1 Schematic illustration for preparation of GQDs.

COOH - f | I
Crucible

Muffle Furnace Stirrer

of GQDs, it has no band absorption in the UV-visible re-
gion. Therefore, we coupled GQDs with 2,6-diamino an-
thraquinone via the condensation method. After attaching
AQ from GQDs, it absorbed the UV-visible light from 400 to
500nm. So, the absorption spectra of GQDs@AQ photocat-
alyst clearly show that light-harvesting molecule.?® There-
fore, the GQDs@AQ photocatalyst has an extraordinary
solar light absorption ability along with a suitable optical
band gap, which is calculated by the Scherrer method.
Oxygenation of sulfide by newly designed GQDs@AQ pho-
tocatalyst has a slow recombination charge and excellent
light-harvesting ability. Therefore, the GQDs@AQ photo-
catalyst has excellent capability for oxygenation reaction.
The FTIR spectra were used to determine the molecular
structure elucidation of the newly designed GQDs@AQ
photocatalyst. In Figure 1B, FTIR spectra of GQDs, AQ,
and GQDs@AQ photocatalyst were synthesized by the re-
ported method.* In Figure 1B, GQDs@AQ photocatalyst
has a strong peak at 1260 cm™!, which can be attributed
to the stretching mode of -C-O, and the additional peak
at 1696cm ™" confirms the stretching mode of an amide
bond. In Figure 1B, the spectrum of GQDs showed char-
acteristic peaks near about 1050 and 1365cm™, indicating
the presence of carbonyl and hydroxyl groups. In addi-
tion, the characteristic peak near about at 1700 cm™! was
allocated to the carbonyl stretching of the acidic group.
In the characteristic spectrum of GQDs@AQ photocata-
lyst, the non-existence of a peak near about 1710cm™" and
concomitant appearance of new bands at 1610cm ™" and
1280-1210cm ! allocated to the carbon-nitrogen, and car-
bonyl stretching, respectively, of the group of amides con-
firmed the coupling of AQ to GQDs.** Additionally, as per
the reported article,” the surface morphology of GQDs@
AQ photocatalyst is similar to flower-like morphology.

Thermogravimetric and X-ray diffraction
studies for stability and crystallinity

Figure 2A represents the thermal stability of the GQDs@
AQ photocatalyst, which is investigated by the TGA
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NH, 0.5 TEA
AQ 10ml ODCB
Iml DMF
Condensation reaction | g1y

Reflux 183°c

GQDs@AQ Photocatalyst

SCHEME 2 Synthesis of GQDs@AQ from 2,6-diamino anthraquinone and GQDs materials respectively.
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FIGURE 1 (A)UV-Visible spectra of GQDs@AQ photocatalyst
(red) with in insert the enlargement of A, region between 425 and
525nm, AQ (blue), and GQDs (gray) respectively. (B) FTIR spectra
of GQDs@AQ photocatalyst (red), AQ (blue), and GQDs (gray).

technique. The TGA (heating rate: 5°Cmin~" under an
inert atmosphere) curve for GQDs@AQ exhibits very
slow weight loss with the rise in temperature of the
muffle oven up to 800°C. The TGA curve of the GQDs@
AQ photocatalyst shows to major weight loss at near
about 400 and 420°C corresponding to the character-
istic arrangement of sidewall functionalization, which
confirms the newly designed GQDs@AQ photocatalyst
is more stable than others.”* The TGA curve can indi-
cate that the temperature is increased with a decrease in
weight loss percentage, thus displaying that the mass is
exchanging nonstop due to thermal treatment.> Due to
thermal stability newly designed GQDs@AQ photocata-
lyst is superior to individual materials. Therefore, the
yield of oxygenation products is higher in comparison
to GQDs and AQ.

In Figure 2B, the sharp line in the X-ray diffraction
(XRD) spectra of the GQDs@AQ photocatalyst confirmed
its crystalline nature. As per the reported paper,® the

(A) (B)
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80 1
60 4

Weight(%)

40 A

Intensity

20

0

35 135 235 335 435 535 635 735 5 15 25 35 45 55 65 75

Temperature(0C) 20 degree

FIGURE 2 (A) Thermogravimetric analysis and (B) XRD
patterns of GQDs@AQ photocatalyst.

XRD pattern of GQDs has a 20 value at 26°. After attach-
ing GQDs with 2,6-diamino anthraquinone the new peak
appeared at 27°. Therefore, the existence of new peaks be-
longing to the amide bond was confirmed by using char-
acterization techniques in the manuscript, as described in
detail previously.*®

DLS analysis and Raman spectroscopy
studies for coupling of the donor-acceptor
materials and improved efficiency

The zeta potential (ZP) and particle size (PS) were ob-
served through the dynamic light scattering (DLS)
technique. The ZP value of GQDs@AQ photocatalyst
(—26.9€V) is less positive than GQDs (—24.1eV), which
designates that the attachment of highly efficient GQDs
with AQ as per described literature routes.”’ % From the
same technique, we measured the PS of the GQDs and
GQDs@AQ photocatalyst (Figure 3), respectively. The
PS of the GQDs@AQ photocatalyst was (190nm) higher
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than that of the GQDs as per the reported method.”” The
change in the size confirms the formation of the GQDs@
AQ photocatalyst.”® Therefore, after the formation of the
GQDs@AQ photocatalyst, it showed an excellent solar
light harvesting ability for the photocatalytic oxygenation
of sulfide under solar light at ambient temperature.

Raman spectroscopy is an influential technique to ex-
amine the structure of GQDs and GQDs@AQ photocata-
lysts (Figure 3D). As reported Raman spectra of GQDs have
two strong peaks at 1367 and 1611cm™, corresponding to
the disorder (D) and graphitic (G) bands, respectively. In
addition, D and G bands in newly prepared GQDs@AQ
appeared near about 1374 and 1638cm ™", respectively. The
characteristic shift in the peak position of the D (7cm™)
and G (27cm ™) bands confirmed the attachment of GQDs
with AQ through the condensation method.*® There are
various issues such as strains, defects, and coupling, which
distress the position of the D and G bands.? However, it
should be distinguished that both bands are shifting due
to the generation of new amide bond groups and these
changes are improved with an increase in the atomic ratio
of N-C atomic in GQDs@AQ photocatalyst.”’31

Transformation of sulfide to sulfoxide by
newly designed GQDs@AQ photocatalyst

The combination of GQDs@AQ photocatalyst (10 mg),
and methyl p-tolyl sulfide (0.134 mL) were mixed in 4mL
of ethyl alcohol along with 0.05M HCL. The prepared re-
action mixture was irradiated under blue LED light (5W,
wavelength 450nm) in the aerobic condition at ambient

(A)

[

temperature. Later, the progress and completion of the
pathway of reaction were monitored through thin-layer
chromatography. After the compilation of the reaction,
the reaction mixture was removed from the LED condi-
tion and the mixture was washed with 50mL water and
20mL alcohol. The filtrate was concentrated and evapo-
rated by the rota-evaporator technique. After that, the end
product was purified by the reported method.*® Finally,
the yield of the oxygenated product was received at 99.9%.
Newly designed photocatalyst material is more efficient
than the reported materials'® (Scheme 3 and Table 1). The
combination of GQDs and AQ molecules leads to syner-
gistic effects, where the unique properties of each com-
ponent complement and enhance the overall catalytic
performance. The GQDs act as electron acceptors, while
the AQ molecules serve as electron donors, promoting ef-
ficient redox reactions. In contrast, the earlier reported15
photocatalyst may have limitations in terms of its oxygen-
ation ability for sulfide compounds. Without further infor-
mation on the specific properties and composition of the
reported photocatalyst,' it is challenging to directly com-
pare its performance to the GQD-AQ composite. However,
the advantages of GQD-AQ, as mentioned above, make it
a promising candidate for efficient oxygenation of sulfide
compounds in photocatalytic applications. Overall, the
covalent coupling of GQDs with AQ molecules offers a
promising and cost-effective approach for developing ef-
ficient photocatalysts. These hybrid materials combine
the advantages of GQDs and AQ molecules, leading to
enhanced photocatalytic properties and providing a viable
alternative to the more complex and potentially expensive
reported photocatalyst."

°
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FIGURE 3 Zeta Potential of (A) GQDs and (B) GQDs@AQ photocatalyst respectively. PS of (C) GQDs@AQ photocatalyst respectively.

(D) Raman spectra of GQDs @AQ photocatalyst.
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SCHEME 3 Pictorial diagram for representation of the oxygenation of methyl p-tolyl sulfide through GQDs@AQ photocatalyst under

visible light.

Reaction conditions

GQDs@AQ photocatalyst (10g), methyl p-tolyl sulfide
(0.134mL), and 0.05M hydrochloric acid in 4 mL ethyl al-
cohol (C,H;OH), Blue LED light (5W, wavelength 450).

Mechanistic study for photocatalytic
oxygenation of sulfide to sulfoxide under
solar light

A reasonable mechanism was proposed for the oxygenation
of methyl-p-tolyl sulfide over GQDs@AQ photocatalyst in
aerobic conditions under solar light (Scheme 4). It is well-
known that the oxygenation reaction in aerobic conditions
was carried out by the conversion of triplet oxygen (30,) into
reactive singlet oxygen (10,) species (inset in Scheme 4).
As per the reported paper, GQDs@AQ (PC) photocatalyst
formed the singlet excited state of GQDs@AQ (PC¥), which
converted30, to the' O, (inset in Scheme 4). Subsequently,
the singlet excited state of PC* was created from the triplet
excited state of PC* via intersystem crossing (ISC). Then, the
reactive species of' O, reacts with methyl-p-tolyl sulfide (A)
to generate (B) as a cation of sulfur radical. Finally, sulfur

radical cation (B) leads to the development of key interme-
diate persulfoxide (C) after the reaction with OJ". The per-
sulfoxide nucleophilic (C) undergoes a similar nucleophilic
reaction to give the oxygenated end product (D).**

To lengthen the photocatalytic presentation of pro-
duced GQDs@AQ photocatalyst, the photocatalyst was
used as specified' O, quencher (inset in Scheme 4). Here,
the inset of Scheme 4 shows the model set of UV-visible
quenching spectra of GQDs@AQ in DMF solution. This
clearly shows the decrease in the absorbance of the
GQDs@AQ photocatalyst, which confirms the conversion
of triplet oxygen into singlet oxygen by a newly designed
photocatalyst.***

CONCLUSION

Graphene quantum dots coupled with 2,6-diamino-
anthraquinone to generate the artificial photo-system
known as GQDs@AQ photocatalyst that is utilized in
the oxygenation of sulfide in aerobic conditions. Be-
cause GQDs@AQ photocatalyst has high light harvest-
ing ability, thermal stability, and high molar extinction
coefficient instigating from the reticular type structure.
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SCHEME 4 Mechanism of metal-free covalent GQDs@AQ photocatalyst for selective oxygenation of sulfides under solar light. The

oxygenation quenching experiment of sulfide is mentioned in the inset.

Therefore, high oxygenation end product received 94%
by outstanding GQDs@AQ photocatalyst than AQ and
GQDs respectively. Additionally, the generation of sin-
glet oxygen (10,) from triplet oxygen (*0,) was carried
out by UV-visible spectroscopy in the presence of GQDs@
AQ photocatalyst. Herein, we established the more effec-
tive approach for the utilization of solar light and a cost-
effective photocatalyst for the oxygenation of sulfide in
aerobic conditions. Such type of oxygenated end product
was achieved by GQDs@AQ photocatalyst, which has a
significant role in chemotherapy as well as reducing pain.
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