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ABSTRACT: Carbon dots (CDs) are emerging novel fluorescent mj@iw
sensing nanomaterials owing to their tunable optical properties, * 8
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fluorescent CDs using gallic acid (GA) as a single carbon source in = 2000C, 120 GA-DMF CDs
N,N-dimethylformamide (DMF) solvent, which serves as a , & .. Fluorescence Emission
nitrogen source and reaction medium. The optical properties of § | i
the synthesized GA-DMF CDs were systematically characterized by

using UV—vis and photoluminescence spectroscopy, revealing o |l —
strong green fluorescence. Further, to gain insights into their size Lead fons (Pb")

and structural, elemental, and chemical composition, Fourier Faper Based Colorimetric B3 “:‘::{W”;"l':m O
transform infrared, dynamic light scattering, high-resolution

transmission electron microscopy (HR-TEM), X-ray diffraction,

and X-ray photoelectron spectroscopy characterization techniques were performed. HR-TEM analysis confirmed the formation of
uniformly spherical GA-DMF CDs with an average particle size of 16 + 6.1 nm. Notably, the GA-DMF CDs exhibited a highly
selective and turn-on fluorescent response to Pb?* ions in aqueous solutions, which was attributed to a chelation-enhanced
fluorescence mechanism. The detection limit for Pb>* ions was determined to be as low as 7.15 X 1077 M, with a broad linear
detection range of 30—130 yM, underscoring their sensitivity and practical application in water quality monitoring. This study
introduces a novel, sustainable approach for synthesizing nitrogen-doped CDs with outstanding optical properties and highlights
their unprecedented selectivity toward Pb** ions, advancing the development of efficient and eco-friendly sensing platforms for heavy
metal detection.
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1. INTRODUCTION polymers,'’ semiconductor nanocrystals,'' DNAzymes,'
peptides,"’ proteins,'* organic fluorophores, or chromo-
phores.'® Although colorimetric techniques are more appealing
due to their lower apparatus costs and direct visual output,
fluorescence-based detection methods still offer sensitivity and
selectivity.'® Fluorescence, however, is a necessary component
of most known Pb** chemosensors.'” Among them, fluorescent
carbon dots (CDs) are emerging fluorescent nanomaterials
that are well-known for their optical and sensing potential
toward heavy metals and other toxins. The preparation,
characterization, and optical properties of CDs have been the
subject of debate for a long time. For instance, different
parameters facilitate the optical behavior of CDs, namely, (i)

Lead exposure has serious health consequences, especially for
children, thus routine Pb** detection in aquatic ecosystems
continues to be of interest." Although Pb** is widely used in
solar batteries and paint industries,” it is recognized as
neurotoxic. It has been linked to chronic kidney and heart
inflammation, impaired brain development, and decreased
nerve conduction velocity.”* The highest permitted lead
concentration in drinking water as set by the US Environ-
mental Protection Agency is 15 ug/L (about 72 nM). Pb**
detection techniques currently in use include atomic
absorption spectrometry,” atomic fluorescence spectrometry,’
inductively coupled plasma mass spectrometry,” and electro-
chemical stripping analysis.® Various attempts have also been

performed to remove Pb?* from perovskite solar cells.’ Received: November 27, 2024
Although these methods provide low detection limits and Revised: ~ December 26, 2024
accurate identification for Pb*', they are costly, complicated, Accepted: December 31, 2024

time-consuming, and not appropriate for on-site field analysis. Published: January 8, 2025

Several chemosensors have been developed to address the
challenges associated with detecting Pb>" ions, including
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molecular byproducts during the synthesis'®'” and (ii)
intrinsic nature owing to surface defects.”” The synthesis of
CDs using green, sustainable precursors has gained significant
attention due to growing concerns about environmental
sustainability and the need to minimize the use of toxic
chemicals in nanomaterial fabrication. Green precursors such
as citric acid, glucose, plant extracts, and agricultural waste
have been widely explored due to their abundance, low cost,
and ability to produce CDs with diverse physicochemical
properties. For example, biomass-derived sources such as rice
husk, orange peel, and tea waste have been utilized for CD
synthesis, offering a sustainable alternative to conventional
chemical methods.”’ While these precursors offer several
advantages, they also have limitations, including variable
composition, inconsistent properties of the resulting CDs,
and the need for additional purification steps.”” In this study,
gallic acid was selected as the precursor for synthesizing yellow
fluorescent CDs. Gallic acid, a naturally occurring phenolic
compound, offers several advantages over other green sources.
Its high carbon content and the presence of hydroxyl groups
facilitate efficient carbonization and functionalization, leading
to CDs with well-defined optical properties. Additionally, gallic
acid is relatively easy to handle and provides reproducible
results compared to complex agricultural or biomass-derived
precursors, which may require extensive preprocessing. The
resulting CDs exhibited excellent photoluminescent properties,
including strong yellow fluorescence, making them particularly
suitable for environmental sensing applications. However, it is
important to note some limitations of gallic acid. Compared
with agricultural waste or other low-cost precursors, gallic acid
may be relatively expensive and less scalable for large-scale
applications. Despite this, its purity and consistent chemical
composition make it an ideal choice for developing high-
performance CDs with targeted applications. Further, inves-
tigating the structure of carbon dots from gallic acid could be a
useful approach, as it would lead to a less comflex reaction in
comparison to other organic fluorophores.'”” For a single
component, gallic acid has been in a couple of reports owing to
a single reactive site.”> On the other hand, solvents could also
be significantly responsible for altering the structure and
emission characteristics of carbon dots.”*** To date, different
solvents such as ethanol, hexane, DCM, and dimethylforma-
mide (DMF) are being used to produce multiple emissive
CDs.**?*°™® Various studies have verified the production of
sp’ domain CDs irrespective of solvents used during the
reaction, which play an additional role of precursor. For
instance, Heravi et al.>’ chose DMF as a reactant as well as a
solvent for the solvothermal reaction. Furthermore, specific
solvents may alter the reaction and can synthesize carbon dots
with unique fluorescent properties.25 In this direction, DMF
has a distinctive ability to intervene in various organic
transformations owing to its dual nature to behave as an
electrophile or a nucleophile. DMF can be a part of many
reactions and provides different types of building blocks,
namely, NMe,, CONMe,, Me, CO, CHO, and many more. To
illustrate, it has been observed that the DMF produces green
emissive CDs via the solvothermal reaction.”” Contrastingly,
Qu et al.*” revealed the synthesis of blue emissive CDs in a
protic solvent such as water.

In the present article, we first prepared green-emitting GA-
DME CDs from gallic acid by a hydrothermal synthesis route
employing DMF as the solvent system. Second, we investigate
the wavelength-dependent emission behavior of prepared CDs
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with remarkable bathochromic shifts. We also present the turn-
on sensing and selective capability of prepared CDs toward
Pb** metal ions.

2. MATERIALS AND METHODS

2.1. Materials and Reagents. Gallic acid and DMF were
purchased from Sigma-Aldrich, and other solvents such as
H,S0O,, ethanol, quinine sulfate hexane, toluene, isopropanol,
tetrahydrofuran (THF), ethyl acetate, dioxane, acetone,
methanol, acetonitrile, and dimethyl sulfoxide (DMSO) were
purchased from SRL chemicals. All reagents were used as such
without further purification. Ultrapure water (Milli-Q_water)
was used in all experiments.

2.2. Instrumentation. UV—visible absorption spectrosco-
py was carried out by placing the CD solution in a 1 cm quartz
cuvette and measuring using a Shimadzu UV-3600 UV—vis—
NIR spectrophotometer at room temperature. Photolumines-
cence (PL) spectra were measured on a Hitachi F-7000 FL
spectrophotometer at room temperature. FTIR spectra were
measured on a Nicolet Avatar 360 FTIR spectrophotometer.
Dynamic light scattering was performed on a Malvern
Zetasizer. The high-resolution transmission electron micros-
copy (HR-TEM) images were recorded using a JEOL-2010
transmission electron microscope. X-ray diffraction (XRD)
spectra of the powder samples were achieved on a Philips X-ray
diffractometer with Cu Ka radiation (1 1/4 1.541 °A).

2.3. Synthesis of GA-DMF CDs. First, 1.0 g of gallic acid
was dissolved in 25 mL of DMF; then, the solution was
transferred into a Teflon-lined stainless steel hydrothermal
vessel. The solution was placed at 200 °C for 12 h in a muffle
furnace and cooled to room temperature. The reaction mixture
was centrifuged at 10000 rpm for 20 min to remove high-
weight precipitate and agglomerated particles. Further, the
supernatant was filtered using a 0.22 ym syringe filter prior to
being subjected to characterization and stored at 4 °C for
further use. The synthetic method is represented in Figure 1.

2.4. Quantum Yield Measurement. The quantum yield
of GA-DMF CDs was determined by the reference method®’
by using eq 1.

2
gradop 7 cp,
gradR ;7;

QYep, = Q- 0

Here, QY represents the quantum yield, CDs represents the
carbon dot sample solution whose quantum yield is to be
calculated, subscript R is the reference taken, which is quinine
sulfate, and 7 is the refractive index for the solvent used. The
grad indicates the slope deduced from the linear curve between
the integrated fluorescence intensity and UV—vis absorbance
(4 = 365 nm). The standard solution of quinine sulfate was
acquired by dissolving quinine in 0.1 M H,SO, at room
temperature. The quantum yield for the quinine sulfate
standard is 54% at 365 nm.

3. RESULTS AND DISCUSSION

3.1. Optical Properties of GA-DMF CDs. The optical
properties of prepared GA-DMF CDs were determined using
UV—vis and photoluminescence spectroscopic techniques
(Figure 2). Figure 2a shows the presence of sharp and intense
peaks at 270 and 300.5 nm, which could be ascribed to the
m—7* transition of the aromatic sp* domains (C=C bonds)
and n—7z* transition, respectively.”” The absorption band
corresponds to the n—z* transition facilitating the fluorescent

https://doi.org/10.1021/acsomega.4c10796
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Figure 1. Schematic illustration of the preparation of green
fluorescent GA-DMF CDs.

behavior of CDs.*” Furthermore, the fluorescence property of
prepared GA-DMF CDs was monitored over a wide range of
wavelengths to identify the excitation dependency of emission
properties (Figure 2b). The increase in excitation wavelength
leads to a decrease in the intensity of emissive fluorescence
intensity with a shift in excitation wavelength. The photo-
luminescence spectrum of GA-DMF CDs exhibits a prominent
emission peak at 553 nm, which corresponds to their observed
green fluorescence and reflects the presence of C/N groups on
CDs’ surface.”**

3.2. FTIR Spectroscopic Characterization. To gauge the
presence of functional groups in both GA-CDs and GA-DMF
CDs, FTIR spectroscopic analysis was performed (Figure 3).
The spectrum of GA-CDs shows a strong, broad peak at 3297
cm™! owing to a —OH stretching vibrations.” On the other
side, the weak broad peak at 3488.2 cm™' is due to the
stretching of —NH and OH bonds, suggesting that abundant
hydroxyl and amine groups bonded on the surface of GA-DMF

Figure 3. FTIR analysis of GA-CDs and GA-DMF CDs.

CDs.**"” Peak values at 1649.9 and 1637 cm™ in both
nanomaterials are assigned to C=C and C=O stretching
vibrations. The peaks near the fingerprint region such as 1381,
1253, and 1090.3 cm™" are due to the stretching frequencies of
C—N and C—O-C bonds.”” The presence of different
functional moieties on the surface of CDs imparts a
hydrophilic nature to the carbon dots and increases their
aqueous solubility.*>**

3.3. XRD of GA-DMF CDs and GA-CDs. The crystalline
properties of the prepared GA-CDs and GA-DMF CDs were
investigated by using XRD analysis. The XRD pattern (Figure
4a) revealed a wide peak at 26 = 23.5°, attributed to the (002)
plane of graphitic carbon, indicating the material’s amorphous
characteristics.””*” The peak’s width confirms the sp* hybrid-
ization characteristic of amorphous carbon in GA-DMF CDs,
aligning with previous studies.*’ Similar findings were reported
by Bora et al.*” for blue-emitting CDs produced from gallic
acid and DMF, showing a diffraction peak near 26 = 23°. For
comparison purposes, carbon dots derived from gallic acid
using water as the solvent were also examined. These CDs
exhibited a broad XRD peak at 26 = 24.5° (Figure 4b), also
demonstrating an amorphous structure with predominant sp*-
hybridized carbon. The difference in peak positions between
GA-DMF CDs and water-based CDs indicates the solvent’s
role in determining carbon arrangement within the CDs. XRD
data reveal that GA-DMF CDs (26 = 23.5°) possess a more
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Figure 2. (a) UV—vis spectra of the GA-DMF CDs. (b) PL spectra of GA-DMF CDs at different excitation wavelengths (255—345 nm).
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Figure S. (3, b) HR-TEM, (c) SAED pattern, and (d) histogram of the particle size distribution for GA-DMF CDs.

consistent graphitic carbon framework than water-based CDs
(20 = 24.5°). Furthermore, DMF facilitates nitrogen
incorporation, as shown by improved optical characteristics,
making it preferable for applications requiring strong
fluorescence performance and structural stability.*'

3.4. DLS of GA-DMF CDs. The particle size of the
synthesized GA-DMF CDs was also examined by DLS. The
average hydrodynamic particle size of synthesized GA-DMF
CDs was found to be approximately 458 nm (Figure 4c).
Owing to the presence of the hydrophilic functional groups on
the surface of the CDs, the larger hydrodynamic size of GA-
DMF CDs was observed, indicating possible aggregation in the
suspension.

3.5. HR-TEM. Additionally, to analyze the insight into the
morphology and size of synthesized GA-DMF CDs, HR-TEM
analysis was performed. The HR-TEM images display spherical
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nanoparticle formation of deposited solution on the grid with
an average diameter of 16 + 6.1 nm (Figure Sa—d). Literature
reveals that organic fluorophores normally form amorphous
aggregates.”” Expectedly, no lattice fringes were observed in
the selected area electron diffraction (SAED) pattern of the
product (Figure Sc). These results are in good correlation with
the information obtained from the XRD pattern of GA-DMF
CDs. In the same direction, Pal et al*® reported yellow-
emissive CDs obtained from gallic and dry DMF solvent via
solvothermal treatment at 160 °C for 24 h. The particle
average size of the obtained CDs was found to be 5.4 + 0.7
nm. On the other hand, Zheng et al.* introduced the synthesis
of green emissive gallic acid-based CDs having particle size
range from 20 to 30 nm in the presence of polyene polyamine
via solvothermal treatment of 180 °C for 6 h.

https://doi.org/10.1021/acsomega.4c10796
ACS Omega 2025, 10, 2354—-2363
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Figure 6. (a) Full-scan XPS spectrum of GA-DMF CDs. (b) High-resolution XPS spectrum of C 1s. (d) The high-resolution XPS spectrum of N

1s. (d) The high-resolution XPS spectrum of O 1Is.

3.6. XPS. To investigate the composition and oxidation
state of the elements present in the GA-DMF CDs, XPS
analysis was carried out. The full-scan spectrum of prepared
GA-DMF CDs (Figure 6a) showed three major peaks at 532,
400, and 284 eV, which correspond to O 1s, N 1s, and C 1s,
respectively. The high-resolution scan of the C 1s region on
deconvolution showed the presence of carbon in three
different chemical environments (Figure 6b) at 284, 286.8,
and 289.8 eV corresponding to C=C, C—0/C—N, and O—
C=O0, respectively. The high-resolution scan of the O Is
region was deconvoluted into two peaks at 529.5 and 531.3 eV
(Figure 6¢), corresponding to the —C=0 and —C-O
bonds,”>* respectively. The N 1s spectrum was further
deconvoluted into two peaks at 398.2 and 400 eV (Figure 6d),
attributed to C—N and N—H groups, respectively,*’ which are
in correspondence with the already reported literature.**~*’

Similarly, the full-scan XPS spectrum of GA-CDs showed
two peaks at 285 and 532 eV corresponding to C 1s and O 1s,
respectively (Figure 7a.). The peak in the C 1s spectrum
(Figure 7b) was deconvoluted into four peaks at binding
energies of 284.1, 285.6, 288.2, and 292.1 eV, indicating the
existence of C=0, C—0, and C—H structures in the prepared
CDs. The O 1s spectrum exhibited two peaks (Figure 7d) at
529.9, 531.2, and 531.6 eV, attributed to —OH and C=0
bonds.

Thus, the preparation of CDs in DMF illustrates an
additional nitrogen peak owing to the participation of the
amide group in CD formation, which confirms the formation
of N-doped CDs.

3.7. Selective and Sensitive Sensing of Pb?* lons. To
elucidate the sensing potential of GA-DMF CDs toward metal
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toxins, a photoluminescence analysis was performed in which,
initially, the prepared CDs were screened against different
metal ions, including Fe?', Fe*, Ni**, Co**, Zn*', Cd**, Hg",
Mn?**, Cu**, K*, and Pb** ions. For this investigation, 100 uL of
1 mM solutions of different metal ions were mixed with a
sensing solution of GA-DMF CDs, and the change in the
fluorescence response was monitored. All of the metal ions did
not exhibit any considerable change except Pb**, which
exhibits an intense turn-on behavior, which is evident for
some kinds of interaction between GA-DMF CDs and Pb
(Figure 8a,b). Further, titration studies were performed to find
the sensitivity and binding affinity of GA-DMF CDs toward
Pb**. It is observed from Figure 8c that on the sequential
addition of Pb** ions from 10 to 500 uL, a steady increase in
the fluorescence intensity of GA-DMF CDs was observed. On
the addition of 500 uL of Pb*" ions, an approximately 4-fold
increase was noticed, which became saturated on further
additions.

Further, the change in the normalized fluorescence signal
with the change in the concentration of the Pb** ion is shown
in Figure 8d. Additionally, the limit of detection was
determined by applying the given equation.

LOD = 36/s

« » « »

In the above equation, “c” is the standard deviation, and “s
is related to the slope of the calibration curve. The limit of
detection for the Pb** jon was estimated at 7.15 X 10~* M with
a linear range from 30 to 120 yM.

Along with this, an anti-interference experiment was also
performed to find out the specific selectivity of GA-DMF CDs
toward Pb** ions in the presence of other interfering metal ions

https://doi.org/10.1021/acsomega.4c10796
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such as Fe’', Fe**, Ni**, Co*" Zn**, Cd**, Hg®*, Mn*', Cu*", intensity of the sensor toward Pb** was not significantly altered
and K* (Figure 9). It was observed that the fluorescence in the presence of other coexisting metal ions. Hence,
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fluorescence sensing studies strongly prove that the GA-DMF
CDs possess high selectivity toward the detection of Pb*" ions
(Table 1) (Figure 10).

Furthermore, the effect of pH has also been studied on the
metal complex by varying the pH by adding 0.1 N NaOH and
0.1 M HCI to make the solution basic and acidic, respectively.
The complex was found to be stable over a pH range of 4—12,
which signifies the high sensitivity of the probe for the
detection of Pb**.

3.8. Mechanism of the Turn-On Signal. To get in-depth
insights into the sensing mechanism and reaction, the same
reaction conditions were provided to different salts of lead in
+2 oxidation states and GA-DMF CDs, as in the case of lead
chloride. Further, UV—visible, FTIR, and fluorescence spectra
of all samples were recorded (Figure 1la—c). It has been
observed that the UV—visible spectra of all reaction mixtures
displayed a red shift of more than 10 nm, which is possibly due
to the formation of a chelating complex or salt. The ionic
radius and charge density of the Pb*" ion highly favor the
interaction of metal ions with oxygen-containing functional
groups of CDs. Second, the involvement of a common reaction
mechanism in all reaction mixtures is strengthened by the
finding of similarity in the range of 1500—700 cm™" of the
FTIR spectra (Figure 11c). The emergence of hydroxyl group
peaks on the addition of Pb(II) suggests the participation of
the hydroxyl group in bond formation and leads to a detectable
peak in FTIR spectra. Additionally, the new band in the range
of 400—600 cm™" signifies the formation of the Pb—O bond.
Moreover, the interference studies showed the selective
interaction of ions with CDs, which has been proven
experimentally (Figure 9). Lastly, the enhancement in the FL
intensity was observed in all different salts interacting with GA-
DMF CDs in the +2 oxidation state (Figure 11b). However,

Pb2*.

the turn-on signal in FL spectra in the presence of heavy metals
is mainly due to chelation-enhanced fluorescence® and
aggregation-induced emission enhancement.”’ Based on the
above observations, we propose that the reaction mechanism
associated with the sensing of Pb(II) ions could be due to the
chelate formation between Pb(III) ions and GA-DMF CDs
(Figure 11d).

4. PAPER-BASED COLORIMETRIC DEVICE FOR PB**
ION SENSING

To demonstrate the colorimetric response of GA-DMF CDs
toward Pb?** metal ions, we immobilized the GA-DMF CDs on
the Whatman filter paper of grade 1 (Figure 12(a—d)).
Further, we put an analyte sample, i.e., Pb*" ions, on the
detection zone. After the addition of the analyte, vigorously, we
observed the color change from pale yellow to baby light pink
color. Along with the colorimetric response of GA-DMF CDs
against lead ions, we also observed a similar change under UV
radiation, as shown in Figure 13. The paper strip immobilized
with GA-DMF CDs (hydrophilic) is fixed in a plastic case with
different parts. The first part is the sample hole, where we
drop-cast our analyte, and the sample will follow a microfluidic
channel flow into the detection part and will display the
instance color change.

Furthermore, the intensity of color goes on increasing,
increasing the concentration of the Pb** solution, which
illustrates the quantification of the metal ion in real samples. In
this regard, different kinds of water samples, including tap
water, RO water, and distilled water, were initially analyzed for
the Pb** ion and further spiked with a known concentration of
ions varying from 25 to 100 nM. The probe showed a recovery
of 98—100% in the spiked samples, which signifies CDs as a
potential and most efficient sensor for the quantification of
Pb** in different water samples.

Table 1. Comparison of Sensing Parameters of Our Sensing Probe for Pb>* with Those Reported in the Literature

sr. no. material used treatment
1. chocolate hydrothermal
2. sodium citrate and polyacrylamide hydrothermal
3. L-lysine and L-glutathione hydrothermal
4. pearl millet seeds hydrothermal
S. gallic and DMF hydrothermal

type of signal mechanism LOD ref
turn-off complex formation 12.7 nM 52
turn-off complex formation 4.6 nM S3
turn-off complex formation 2.2 uM S4
turn-on complex formation 0.18 nM S5
turn-on complex formation 715 X 107* M this study
2360 https://doi.org/10.1021/acsomega.4c10796
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5. CONCLUSIONS AND FUTURE ASPECTS

In summary, hydrophilic green fluorescent CDs were prepared
by a one-pot hydrothermal synthesis route from pure gallic
acid in the DMF solvent. The prepared CDs indicated turn-on
signals in emission spectra to detect lead ions. The prepared
sensor exhibits a fluorescence turn-on response toward the
detection of Pb**". Based on the aggregation-induced emission
enhancement mechanism, the results revealed that the GA-
DMF CDs-based fluorescent sensor had the advantages of high
selectivity, sensitivity, low cost, and the absence of any other

2361

Lead ions (Pb )

Figure 13. Paper-based colorimetric device for Pb** metal ions.

chemical surface modifications. The limit of detection for Pb**
was calculated to be 7.15 X 107" M under optimized
conditions, and the linear response was observed over a
concentration range of 30—120 yM. The developed method
upholds the potential sensing efficacy for the detection of lead
in the environmental and biological field.
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