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ABSTRACT: The demand for modern organic pollutant treat-

ment has prompted the development of environmentally accept-

able photocatalytic processes. In this work, we report novel

nitrogen and sulfur codoped graphene quantum dot (S,N-GQD) )L

based photocatalysts and fluorescent ink for the first time. For the ™ N Day light
degradation of organic dyes under visible irradiation, a hydro- THIOUREA (S

Fluorescent ink

thermal technique was employed to generate SN-GQD green %
nanomaterials. The synthesized samples were examined using

XRD, HR-TEM, EDX, FT-IR, PL, and UV—vis spectroscopy. UV- Hol Ho
DRS was used to determine the energy band gap of S,N-GQDs, { 03 0}

Dye Degradation

o S,\’-GQB Visible light
and it was obtained to be around ~2.54 eV. To explore the >—/

catalytic behavior of the produced S,N-GQDs as green nanoma- ¢
terials, organic dyes (i.e., crystal violet and Alizarin yellow) have STARCH o
been used as a reference dye in this study. Using several radical €0y + Boe— ot
scavenging agents, the photocatalytic mechanism was examined.

This novel photocatalyst offers a promising alternative for the
breakdown of organic pollutants. Moreover, these S,N-GQDs can

also be used as fluorescent ink for imaging purposes and security reasons.
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1. INTRODUCTION physical and chemical stability, high biocompatibility, easy
products, and low cost.'' A new zero-dimensional carbon
nanomaterial, graphene quantum dots (GQDs), has a lateral
size of fewer than 10 manometers.'””"* GQDs are attracting

Water pollution caused by colors from diverse industries such
as textiles, leather, paper, medications, beauty products,
printing, and dye production has become a global issue that

has harmed both human and aquatic life."” As per the United much attention due to their use in various fields such as
Nations World Water Development Report (UV WWDR), biosensors, drug delivery, cellular imaging, solar cells, waste-
over 748 million people are unaware that there is a shortage of water treatment, and water splitting.>™>' GQDs have been
safe drinking water, and the amount of water needed by synthesized using a variety of strategies, including “top-down”
manufacturing industries has continued to increase 400% since and “bottom-up” approaches.”>” Larger (micrometer)
the turn of the century, with another 400% increase expected structures are made into smaller (nanometer-sized) quantum
by 2050.”* Dyes are a major source of water pollution, with 1— dots in the top-down technique.”* The top-down method has
15% of the dye being lost as a pollutant during the dyeing some disadvantages, such as minimum quantum yield,

process.” Wastewater is typically made as a result of human
actions such as use, agricultural production, and industrializa-
tion as a result of population growth.é’7 These issues

continuously occur and might have a stronger impact in the
future.?® Received: January S, 2022
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expensive equipment, and toxic starting materials, and
controlling the size of dots is difficult. The bottom-up method

Graphene belongs to the famous carbon-based nanomateri-
als. They have received a lot of attention because of their
significant electrical and mechanical properties. It can be used
to improve properties in host materials for various
applications.'” Carbon nanomaterials have low toxicity,
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Figure 1. (a) TEM image for S,N-GQDs, (b) SAED pattern of S,N-GQDs, (c) HRTEM image and graphitic lattice fringes of S,N-GQDs, and (d)

size distribution of as-prepared S,N-GQDs.

is simple in controlling the morphology and size distribu-
tion.”>~** Pure graphene quantum dots (GQDs) are not a
good choice for photocatalytic degradation. To make the
GQDs effective, doping them with heteroatoms such as
boron,” nitrogen,z’0 sulfur, and fluorine* improves the
fluorescence properties and catalytic activity compared to that
of undoped GQDs. Therefore, the functionalization with N
and S, on graphene quantum dot preparation and character-
ization, becomes significant for photocatalysis and fluorescent
ink applications, and currently, researchers are working on a
simple and environmentally friendly approach to make highly
luminescent GQDs.** "> Several environmentally friendly
GQD-making methods have been reported, including the use
of low-cost plant extracts, fruit juices, hair, milk, and culinary
waste as carbon precursors, and have received more attention.
However, these precursor materials and synthesis methods
require sophisticated equipment, time-consuming sample
preparation, and expensive reagents. Hence, S,N-GQD green
nanomaterial preparation methods are preferable because they
offer many benefits, including high signal output, simplicity,
ease of monitoring, quick response, and cost effectiveness. As a
result, establishing a simple, sustainable fluorescent green
nanomaterial is highly essential.>”*"

In this paper, we report an easy, safe, and efficient bottom-
up method for the synthesis of metal-free S, N codoped GQD
green nanomaterial by using Starch as a Carbon precursor and
thiourea as a sulfur and nitrogen dopant. Synthesized S, N
codoped GQD was used as a photocatalyst for degradation of
crystal violet and alizarin yellow organic dyes under Visible
light conditions. It degraded up to ~91% for crystal violet and
~64% for alizarin yellow dye solutions as measured by UV—vis
spectroscopy and we also looked at undoped GQDs for crystal
violet dye degradation and found that it has a degradation rate
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of up to 56% only. these confirms in this work dopant plays an
important rule and also it has very efficient catalyst compared
to previously reported works. This demonstrates that the
dopant plays a major role in this activity and S, N-GQDs are
also excellent for making undetectable blue color emitting
fluorescent ink pens for imaging and security applications due
to their high fluorescent characteristics and photostability. It
confirms that the catalyst is extremely efficient compared to
earlier studies.

2. RESULTS AND DISCUSSION

2.1. Characterization of the S,N-GQDs. The TEM
images of the synthesized S,N-GQDs are given in Figure la,
and they reveal the morphology of S,N-GQDs as spherical in
shape with particle size ranging between 1 and 6 nm. The
average size of S,N-GQDs is around 3.13 nm, as shown in the
TEM histogram (Figure 1d). Then the HRTEM image of S,N-
GQDs shows the presence of graphitic fringes and the d-
spacing value of ~0.37 nm, and it is marked with the yellow
line as shown in Figure 1c. The SAED pattern of S,N-GQDs is
shown in Figure 1b, and the white circle-ring-like structure
clearly indicates the very low crystallinity of S,N-GQDs.

XRD analysis was used to assess the crystallographic
information on the synthesized S,N-GQDs, and the diffraction
pattern is shown in Figure 2. The XRD pattern of S,N-GQDs
appears as a weak broad peak centered around 26 = 24°, and
its d-spacing value is around ~0.37 nm along the (002)
direction. The interlayer spacing in the 002 plane is
significantly better than that of conventional bulk graphite
(0.344 nm). This supports the hypothesis that the synthesized
S,N-GQDs have a graphitic structure with a small amount of
amorphous carbon. The amorphous carbon could be
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Figure 2. XRD pattern of S,N-GQDs.
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attributable to the surface functionalities of S,N-GQDs that
have been fabricated and agrees well with the previously
reported works.”* ¢

EDX measurements also confirmed the presence of expected
elements in the analyzed structures. Figure 3a shows the
amount of each element detected by EDX measurement.
Carbon, nitrogen, sulfur, and oxygen were discovered on the
surface of the as-prepared S,N-GQDs, along with the atomic
percentages of the components provided in Table 1. The EDX
data indicate the existence of nitrogen and sulfur in the SN-
GQDs, thus confirming the formation of sulfur and nitrogen
doping in S,N-GQDs.

The TEM-mapping image shown in Figure 3b demonstrates
the presence of all the elements (i.e., C, O, N, and S) that are
present in the SN-GQDs. Also, as shown in this figure, the
concentrations of the elements present in the S,N-GQDs
indicate that N, O, and S elements have lower concentrations
than the C element. This confirms that carbon is a major
element present on the surface of the graphitic structure.

S,N-GQD surface functional groups were investigated
through Fourier transform infrared (FT-IR) analysis. Infrared

S, N-GQDs

0 | :

—

Figure 3. (a) SEM-EDAX image and (b) TEM elemental mapping image of S,N-GQDs.
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Table 1. Atomic Percentage of the Prepared S,N-GQDs

element line type k factor k factor type
C K series 2.769

N K series 3.515

(e} K series 2.020

S K series 1.000

Total:

absorption correction wt % wt % sigma atomic %
1.00 73.37 119 81.05
1.00 10.49 1.16 9.93
1.00 5.62 0.56 4.66
1.00 10.52 0.47 4.35
100.00 100.00

absorption spectroscopy is often performed in the region of
4000 to 400 cm™' since most organic compounds absorb
radiation in this range. Figure 4 depicts the FT-IR spectra of
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Figure 4. FT-IR spectra of the prepared S,N-GQDs.

S,N-GQDs. The stretching vibration of O—H and N—H bonds
correlates to a large absorption peak around 3000—3500
m~>?* The C=O0 stretching vibration appears at 1634
em™." Two small peaks at 1318 and 1215 cm™" arise due to
asymmetric and symmetric stretching vibrations of C—O—C.
The stretching modes of N=C==S are indicated by the peak
at 2070 cm™'. C—S stretching vibration causes the peak at 650
em™.,* and this study clearly confirms that the synthesized
compound contains both nitrogen and sulfur.

UV—vis and PL spectroscopy methods were used to
characterize the optical characteristics of SN-GQDs as
shown in Figure Sab. The prepared S,N-GQDs exhibit
significant absorption in the UV region. The absorption
spectrum in Figure Sa shows two typical peaks: the first at 232
nm, corresponding to 7—z* transitions of the aromatic sp’
domains.”' The peaks at ~333 nm corresponding to n—r*
transitions are due to sulfur, nitrogen, and oxygen present in
the graphitic structure, which is a unique characteristic of
graphene-like structures.”” The PL spectra of the $,N-GQDs
resulted as the excitation wavelength increased from 220 to
520 nm. When excited at 340 nm, the resulting S,N-GQDs
have the maximum emission intensity at 448 nm as given in
Figure 5b. Using DRS-UV spectroscopy, band gaps of prepared
S,N-GQDs and GQDs (without doping) were estimated to be
around ~2.54 eV and ~3.07 eV. Figure Sc reveals that sulfur
and nitrogen of prepared samples reduced the band gap of
GQDs, so it can be utilized for photocatalytic activities.

Photostability. A sample of the prepared S,N-GQD material
showed very good fluorescence stability under UV irradiation.
Figure 6 shows the comparison of the relative fluorescence
intensities for SN-GQDs over a time of 90 min under
continuous excitation at 365 nm from a xenon lamp. These

highly photostable S,N-GQDs will be useful for a variety of
applications since their fluorescence intensity decreases by
alm04szt £'49% under continuous xenon lamp illumination for 90
min.

2.2. Photocatalytic Application. The coating content of
S and N has a strong influence on the photocatalytic activity of
the prepared S,N-GQDs. As a result, we conducted experi-
ments to investigate how the doping content of S and N affects
the ability of GQDs to remove dye under visible-light
irradiation, and a doping of S and N can absorb more light
energy and increase the utilization of light as well as inhibit the
recombination efliciency of photogenerated charges and
transfer the photogenerated charges to the reaction sites of
the photocatalysts. The excess of N and S will weaken the
function of GQDs for light absorption and electron pathways,
and then the rate of recombination will increase for
photogenerated charges. Additionally, the proper amount of
doping increases light absorption and serves as an electron sink
to speed up electron migration efficiency. The photocatalytic
experiment was repeated using a fixed dosage of catalyst (500
uL) and varying concentrations of crystal violet and alizarin
yellow dyes (20 ppm, 30 ppm, 40 ppm, and SO ppm). In the
dye degradation process, we fixed the incubation time for a
total period of 100 min.

According to Figure 7a,b, photocatalytic removal of dye was
decreased with increasing dye concentration and shows the
effect of initial crystal violet (cationic dye) and alizarin yellow
(anionic dye) dye degradation efficiency. At low concen-
trations, the degradation ratio increased, and then it decreased
at high concentrations, as illustrated in Figure 7c,d, and shows
that the increment of concentration of both dyes decreases the
dye degradation % at constant time. This might be due to dye
sensitization. Few dye molecules can be adsorbed on the S,N-
GQD surface at low concentrations; therefore, the photo-
induced charges are mostly generated by S,N-GQD excitons.
The adsorption became considerable as the concentration of
dyes increased. Many photoexcited electrons on adsorbed dye
molecules transferred to S,N-GQDs under visible-light
illumination. Initial decolorization of dye solutions with
photocatalysts was minimal in dark conditions, but when we
passed visible light on the dye solutions, the process became
more gradual. The above statement implies that the prepared
sample S,N-GQD is less potent in the dark (without light) and
highly effective in visible-light conditions for dye degradation.
The prepared photocatalyst was more suitable for cationic dyes
like crystal violet than anionic dyes like alizarin yellow. As
calculated by the dye degradation percentage after 100 min of
light illumination, the crystal violet dye degraded up to 91%,
and the alizarin yellow dye degraded up to 64%. In Table 2, we
included the dye degradation efficiency compared with
previous works done on crystal violet dye degradation. This
might be due to the SN-GQD presence of N, S, and O atoms
as these elements have high electron density, so cationic dyes
can interact easily and degrade with S,N-GQDs and then the
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Figure S. (a,b) UV spectra and PL spectra of S,N-GQDs. (c) Tauc plot for the estimation of band gap values of S,N-GQDs and GQDs.
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Figure 6. Photostability of the SN-GQD solution under continuous
lighting with a 365 nm UV lamp for 90 min.

anionic dye probably due to repulsion forces. From Figure
8a,b, pseudo-first-order kinetics was observed in the dye
degradation process (R* ~ 0.9960).

Based on the scavenger study, we identified the species that
carried out this process of photocatalysis. In this study, a
variety of scavengers were employed to trap various species,
including para-benzoquinone (BQ) which was used to indicate
the O, radical scavenger,’” tertiary butyl alcohol (TBA) which
was used as an OH radical scavenger,41 and sodium salt of
ethylenediaminetetraacetate (EDTA-2Na) which was used as a
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hole scavenger.*’ By adding these three species, we observe a
significant reduction in photocatalytic efficiency, suggesting
that all three of these species are involved in the photocatalysis
reaction, as shown in Figure 8c. Additionally, we related the
photocatalytic activity of undoped GQDs that photodegraded
up to 52% of dye solution in 100 min, which is shown in Figure
8d. SN-free GQDs have a relatively low absorbance of visible
light, and their energy levels do not match those of the dye
molecules, which is one of the possible explanations for their
poor photodegradation efficiency.

The degraded products were examined using a total organic
carbon (TOC) analyzer throughout a 100 min degradation
period to see whether the decrease in absorbance was caused
by a simple decolorization process given in Figure 9. The TOC
value represents the amount of organics present in a solution
and can be used to estimate the degree of decomposition of
organic dyes. The TOC concentrations of crystal violet and
alizarin yellow were 12.4% and 42.8%, respectively, when S,N-
GQDs were used as a photocatalyst.

2.3. Photodegradation Mechanism. As a result of the
above description, Figure 10 depicts the photocatalytic
pathway of SN-GQDs when exposed to visible light.
According to the illustration, when treated with visible light,
the electrons on the highest occupied molecular orbital
(HOMO) level of SN-GQDs are excited and transit to the
lowest unoccupied molecular orbital (LUMO) level, while
photoinduced holes remain on the HOMO level. As a result of
the photoexcited electrons on the LUMO level of S,N-GQDs,

https://doi.org/10.1021/acsomega.2c00092
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Figure 7. UV-absorption spectra of (a) crystal violet dye degradation and (b) alizarin yellow dye degradation. (c,d) The comparison of dye
degradation % of various concentrations of crystal violet and alizarin yellow dye.

Table 2. Comparative Study of Crystal Violet Dye Degradation with Current and Previous Work

S. no catalyst dye conc. (ppm)

1 TiO,(B)/fullerene crystal violet 30
2 Gd-doped BFO crystal violet 20
3 La,_,Co,Cr;_,Fe,0;/1-GO crystal violet -

4 NCQGs/H,0, crystal violet 10
S CQDs/KNbO; crystal violet -

6 AgBr-ZnO crystal violet 10
7 ZnTiO;@$S crystal violet 10
8 S,N-GQDs crystal violet 20

degradation % time (min) light source ref
82 120 visible light 46
84.4 - visible light 47
89.08 90 solar light 48
74 150 visible light 49
70 300 visible light S0
86.93 S0 visible light S1
93 180 sunlight s2
91 100 visible light current work

the adsorbed O, is reduced to a radical of the type O,~, which
can then be converted to another radical of the type eOH.
Finally, the three kinds of active species that decompose crystal
violet and alizarin yellow dyes are H', O,*, and O,.

S,N-GQD + hv — e~ + h* (1)
H,0 + h" > OH + H' (2)
DYE — H + h* - DYE — H 2 DYE + H' (3)
. _ H,0/0,

DYE + O, —» DYE — O — O —— degradation (4)
DYE — H + OH’

— H - DYE — OH’

H,0/0,

——— Degradation (5)
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2.4. Fluorescent Security Ink Application. When short
UV light (362 nm) is passed through the freshly synthesized
S,N-GQDs, green color emission occurs, and when longer UV
light (395 nm) is delivered through the sample, blue color
emission occurs. So, it is used to prepare fluorescent ink for
imaging and security purposes. Whatever we write on the
paper or floor with this fluorescent ink-filled pen, it is invisible
in daylight and visible light, whereas when UV light is passed
on the surface of what we wrote, it emits blue or green color
depending on the wavelength of UV light source as shown in
Figure 11. This invisible ink is used to write any confidential
matter for security purposes. Furthermore, this bright ink can
be used in printing technologies on a commercial scale. For
business use, this fluorescent ink pen was simple to use,

inexpensive, and easy to refill.
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Figure 8. (a,b) Kinetic diagram for crystal violet and alizarin yellow dye with various concentrations of dye solution and (c,d) scavenger study for

dye degradation and comparison of S,N-GQDs and S,N-free GQDs.
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3. CONCLUSION

In this work, we prepared a highly active metal-free green
nanophotocatalyst by using starch and thiourea via the
hydrothermal method. The prepared compound was charac-
terized by using TEM, EDX, FT-IR, UV-vis, and PL
techniques. The synthesized S,N-GQDs have good optical
and photocatalytic activity. The band gap of S,N-GQDs
(~2.54 eV) was detected by using UV spectroscopy, and the
broad absorption in the visible region of S,N-GQDs results in
use of a photocatalyst for degradation of organic dyes such as
crystal violet and alizarin yellow. The degradation percentage
of crystal violet obtained was up to 91%, and for Alizarin
yellow it was up to 64% within 100 min. This is a very efficient
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Figure 10. Photocatalytic pathway of SN-GQDs under visible-light
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catalyst compared with S,N-free GQDs. The dopants (S, N)
increased the photocatalytic activity of the prepared com-
pound, and we also explained the mechanism of photocatalytic
dye degradation by closely studying the reaction mechanism of
dye degradation and observed that the photogenerated hole
has a major role in dye degradation. It was dominating than the
other radicals, and we have prepared a cost-effective,
environmentally friendly, reusable fluorescent ink pen by
using these highly luminescent graphene quantum dots that
may be used for security and imaging purposes.

4. EXPERIMENTAL SECTION

4.1. Materials. Starch, thiourea (CH,N,S), polyvinylpyrro-
lidone (PVP), ethanol (C,H;OH), crystal violet, and alizarin
yellow dye were purchased from SRL Chemicals (Chennai,

https://doi.org/10.1021/acsomega.2c00092
ACS Omega 2022, 7, 12825—-12834
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Figure 11. Text written on ordinary filter paper using an S,N-GQD
fluorescent ink pen under daylight and UV light.

India). The reagents and chemicals used in these experiments
were analytical grade and did not require further purification.
Deionized water (DI) was utilized throughout the experiment.

4.2. Synthesis of S,N-Codoped GQDs. The preparation
of SN-GQDs is started by dissolving S mmol (0.525 g) of
starch and S mmol (0.3806 g) of thiourea in 60 mL of
deionized water and then stirred for 30 min under the
temperature of S0 °C. Then the prepared homogeneous
solution was transferred into a 100 mL Teflon-lined autoclave
and maintained at 180 °C for 8 h. The prepared S,N-GQDs
were collected by centrifugation at 6000 rpm for 10 min. The
formation of the S,N-codoped graphene quantum dot is
indicated by the finally collected brown colored supernatant,
which is referred to as S,N-GQD in this study.

4.3. Preparation of Fluorescent ink. Ultrasonic treat-
ment was used to dissolve 10 mL of the SN-GQD sample in
15 mL of 5% polyvinylpyrrolidone (PVP) for 15 min. After
magnetically stirring this mixture for 1 h, a high viscosity ink
was formed. Following that, the prepared ink was poured in an
empty refill tube and handwritten or drawn on regular filter
paper before being left to dry in the air. We investigated the

paper under UV light at 365 nm after it had dried for an hour
and captured visible images, as shown in Figure 8.

4.4. Characterization Studies. The synthesized S,N-
GQDs were analyzed by powder X-ray diffraction using a
Rigaku Ultima III device with Cu Ka radiation, having a
characteristic wavelength of 4 = 1.5406 A, and the results were
collected over a scanning range of 20 = 10° to 80°. Using
diffuse reflectance spectroscopy (DRS), we measured the UV—
visible reflectivity of the synthesized photocatalyst at room
temperature on a Shimadzu, UV 3600 plus in the wavelength
range of 200—800 nm. The samples were then examined using
transmission electron microscopy (model: TEM, 2100 electron
microscopy), and also energy-dispersive X-ray analysis
(EDAX) and elemental mapping were studied for elemental
analysis in TEM.

4.5. Photocatalytic Experiments. The model pollutant
selected for evaluating the performance of the synthesized
photocatalyst is crystal violet (C,sN3H;,Cl) and Alizarin
yellow (C,HgO,). An amount 500 uL of prepared sample
was mixed into a 50 mL solution of Alizarin yellow (20 ppm)
and crystal violet (20 ppm) dyes separately. Photocatalysts
were not treated before being dispersed in Alizarin yellow and
crystal violet solutions. The solution was then exposed to
visible light using a 400 W xenon lamp for 100 min. Every 25
min, a 3 mL dye sample was collected to evaluate the
concentration of dye solution using a UV—vis spectropho-
tometer. The degradation efficiency can be calculated as

dye degradation (%) = C, — C,/C, X 100

where C, denotes the concentration of dye at the time (t) =0's
(initial) and C, represents the concentration of dye at the final
stage (time (t) = ts).
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