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Portable and non-invasive fluorescent thin films
from photocatalytically active carbon dots for
selective and trace-level detection of picric acidy
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Portable fluorescent (FL) sensors for on-site detection of pollutants have strong implications in the
practical world. Herein, we report a simple one-pot synthesis of N, S and P-doped carbon dots (CDs)
derived from C. thevetia flowers (TF-CDs), which exhibit selectivity for the sensitive detection of picric
acid (PA). Further integration of this FL probe onto polyvinylidene fluoride (PVDF) enables the fabrication
of a highly porous, thin, and flexible TF-CD@PVDF film strip via a simple phase inversion method,
enabling the selective and trace-level detection of a potent explosive, picric acid (PA). The TF-CD@PVDF
strip shows a limit of detection (LOD) of 244 nM for PA, whereas TF-CD itself in suspended form shows
sensitivity as low as 104 nM. The findings reveal a static quenching mechanism for TF-CDs in the
presence of PA. As the application of TF-CD is not restricted to sensing, its potency towards sunlight
photodegradation of methyl orange (MO), an azo dye, is also investigated. TF-CDs showed fast
degradation kinetics for MO under sunlight with a removal efficiency of 96.8% in about 60 min. The real
sample analysis was further performed by externally spiking real water samples, validating the real-world
applicability of the as-prepared TF-CDs for the sensing and decontamination of polluted water. The
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present study paves the way for designing portable, flexible florescent platforms for extended

Published on 24 octobre 2023. Downloaded on 2026-01-06 00:27:12.

rsc.li/materials-c applications.

1. Introduction

Enabling the smart and versatile detection and remediation of
environmental pollutants has strong implications in the mod-
ern era. In the past decade, carbon dots (CDs) have been
proven to be an efficient fluorescent (FL) sensor due to their
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exceptional and stable luminescence properties with minimal
photobleaching and excellent biocompatibility."™ The abun-
dance of various precursor molecules and simple synthetic
routes with ease of surface modification make CDs quite
versatile and highly useful in myriad applications such as
sensing,’ bio-imaging,® drug delivery,® energy storage,” photo-
dynamic therapy,® photocatalysis,’ etc. Recent studies have
shown that the CD structure could be more effectively con-
trolled by the wise selection of the carbon precursor. Unlike
top—down approaches, a logical manipulation of the CD struc-
ture is possible in bottom-up approaches.'® It has been estab-
lished that structural features of precursor fragments are
retained to various degrees during the partial carbonization
step of CD formation as per the specific synthetic parameters
employed."” Although the mechanism behind the structural
formation is yet to be fully understood, a large number of
oxygen-nitrogen containing groups or polymerizable function-
alities like -OH, -NH,, -COOH, -C—0, -C—C-, etc., in the
precursor units facilitate the polymerization-carbonization
process under hydrothermal conditions.'* From this point of
view, several biomass-based precursors, viz., lignocellulose,"?
pectin,'* vitamins,'> amino acids,'® tannins,"” alkaloids'® etc.,
that are rich in polyols, amines, heteroaromatics and/or carbo-
nyl groups, have been exploited as the major carbon source,
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which represents a green and cost effective approach to achieve
desirable end optoelectronic attributes such as luminescence in
the intended CDs."**°

The photophysical properties of CDs not only make them a
good candidate for the detection of a wide range of pollutants
but also enable the removal of several waste water contami-
nants through the photocatalytic degradation pathway.>"** The
exponential increase in harmful contaminants such as explo-
sives and organic dyes in water bodies requires stern actions for
their trace-level detection, quantification and/or their removal
for a clean and sustainable ecosystem. Picric acid (PA), a key
member of the nitroaromatic compound (NAC) family, is
extensively utilized in the production of matches, glass, rocket
fuel, dyes, and pharmaceuticals.>® It is known for its high
explosive power with low safety value and high detonation
velocity and is considered a significant groundwater contami-
nant as it is a potent irritant and allergen.>* PA is discharged
into the water ecosystem either directly or indirectly, leading to
several diseases like liver dysfunction, cyanosis, anemia,
and other chronic disorders as well as skin and eye irritation
in exposed mammals including human.?® Therefore, effective
monitoring and trace level detection of PA are urgently required
for the social and environmental safety.”® Until now, many
fluorescent systems have been employed for detecting NACs.
The most successful demonstrations of FL detection of PA were
focused mainly on graphene QDs,”” semiconductor QDs,*®
perovskite QDs,*® fluorescent polymers,>® metal-organic
frameworks,****> chemosensors,*”* supramolecular assembly,*
etc. A very few reports are available with CDs as FL probes for
detecting PA, and even they are in the solution phase.***” Also, a
plentiful reports available for detecting a wide range of other
pollutants (e.g;, metal ions, pharmaceuticals, and dyes) were
mostly carried out in aqueous medium.’”*® This makes the
process simple but limits the recyclability/reusability of CDs as a
practical sensor since CDs tend to agglomerate in aqueous
medium upon the addition of foreign analytes due to electrostatic
interactions among them.*®

Parallel efforts have been invested to fabricate flexible CD
composites to confront the above mentioned issues.**™** An
effective way is to integrate the sensor material with a stable
polymer matrix without compromising the FL properties of the
luminescent probe. This helps to make the sensor portable and
reusable, enabling fast and sensitive on-site detection of
pollutants.***> Many polymeric platforms have been reported
to form a film-based fluorescent platform for detecting
potential pollutants by incorporating various PL sensing
probes. Howsoever, most of the FL polymeric sensor strips or
films reported so far*®™*® lack the combined merits of a simple
fabrication procedure, high LOD with good selectivity, port-
ability, less toxicity, least photo bleachability and multicycle
detection ability. Cross-linking with starch,*® physical incor-
poration with PVA,”® TLC plates®® or SiO, based nanomesh
scaffold technology,>” etc. are some strategies which have been
employed to integrate a FL active sensing probe with a film
platform. In this respect, polyvinylidene fluoride (PVDF) can be
considered as potential candidate for thin film formation due
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to its high thermal stability and chemical resistance, mechan-
ical strength, flexibility environmental friendly nature and low
cost.”*** Its inherent hydrophobicity and excellent binding
properties ensure a high mechanical robustness in aqueous
systems, preventing the gradual leaching of hydrophilic FL
active components from the composite film.

Herein, we have utilized fluorescent carbon dots derived
from C. thevetia flowers (as a green multicomponent carbon
source that adds desired functionalities to the final CD struc-
ture) and N, S and P doping agents for the fabrication of
luminescent, photo catalytically active N, S and P-doped CDs
(TF-CD). A highly porous, thin, flexible, and reusable TF-
CD@PVDF strip is then fabricated by a simple phase-
inversion method, enabling easy and selective sensing of PA
without compromising much sensitivity (with a LOD of
244 nM). Furthermore, the photocatalytic efficacy of TF-CDs
for environmental remediation using the photocatalytic degra-
dation of methyl orange (MO) was also explored. TF-CDs
showed fast degradation kinetics for MO under sunlight with
a removal efficiency of 96.8% within ~60 min. Real sample
analysis was also carried out for both sensing and degradation
for validating the versatility of the as-prepared TF-CDs in real-
world applications.

2. Experimental section
2.1. Materials and reagents

The flowers of Cascabela thevetia (C. thevetia) were plucked
from Simrol area (Indian Institute of Technology Indore cam-
pus, Madhya Pradesh, India); methyl orange (MO), L-cysteine,
3-nitroaniline (3-NA), 4-iodoaniline (4-IA) and the sodium salt
of ethylenediaminetetraacetic acid (Na,-EDTA) were purchased
from Sigma Aldrich. Phosphoric acid (H;PO,) and 2,4-
dinitrotoluene (2,4-DNT) were procured from Himedia. Poly-
vinylidene fluoride (PVDF), aniline, 2-nitrophenol (2-NP) and
tert-butyl alcohol (TBA) was provided by Thermo Fisher Scien-
tific, Finar, S D Fine Chem Limited and SRL chemicals,
respectively. 4-Nitrotoluene (4-NT) and p-benzoquinone (BZQ)
were purchased from Lobachem. N-Methyl-2-pyrrolidone (NMP)
was purchased from Rankem chemicals. PA and nitrobenzene
(NB) were purchased from Merck. The studies were carried out
using deionized water (DI) acquired from the Sartorius Milli-Q
system (Germany), without further treatment.

2.2. Instrumentation

The UV-vis spectroscopic studies were recorded using a Shi-
madzu UV-1900 spectrophotometer. All fluorescence (FL) data
were taken on a Fluoromax-4 spectrofluorometer (HORIBA
Jobin Yvon, model FM100) with an excitation and emission slit
width of 2 nm in a quartz cell (1 cm x 1 cm). All decay studies
were performed using time-correlated single-photon counting
(TCSPC) on a HORIBA Jobin Yvon system of model Fluorocube-
01-NL. For obtaining FTIR spectra (4000-400 cm '), an attenu-
ated total reflectance-Fourier transform infrared spectroscopy
(ATR-FTIR) Bruker Alpha II system was used. The powder X-ray
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diffraction (PXRD) pattern was obtained from a Rigaku
Smart Lab X-ray diffractometer with a Cu Ko radiation source
(1.5406 A). Transmission electron micrographs (TEM), high-
resolution TEM (HRTEM) images for morphological character-
ization and SAED (selected area electron diffraction) patterns of
samples were obtained to know about the morphology and
crystallinity of CDs using an FEI Tecnai 30 G2S-TWIN transmis-
sion electron microscope at an accelerating voltage of 300 kV.
To know more about the atomic compositions and changes in
chemical functionalities of CD samples, survey spectra and HR
spectra were recorded using an X-ray photoelectron spectro-
photometer (XPS) using PHI 5000 Versa Probe II (ULVAC-PHI
Inc., USA) equipped with a microfocused (200 pm, 15 kV),
monochromatic Al Ko X-ray source (hv = 1486.6 eV). Morpho-
logical data of the films were recorded using a Supra55 Zeiss
field emission scanning electron microscope (FE-SEM). The
wettability of samples was checked using a contact angle
goniometer (KYOWA, DMe-201) by placing sessile-dropping
water (2.0 puL) droplets on the film.

2.3. Synthesis of TF-CDs

The fluorescent CDs were synthesized from C. thevetia flowers
as a green precursor by one-step hydrothermal method. First,
flowers were washed thoroughly and chopped into small pieces,
dried and a domestic mixer was used for grinding. The
obtained powder was used further for the synthesis of CDs.
Briefly, 0.2 g of flower powder, 0.1 g of r-cysteine and 2 mL of
phosphoric acid were mixed with 20 mL of DI water on a stirrer
for 30 min to prepare a homogenous solution. Then, the above
solution was poured in a 50 mL Teflon-lined autoclave and the
reaction mixture was treated hydrothermally at 180 °C for 12 h.
The as-obtained brown solution was centrifuged (10 000 rpm;
15 min) to remove any solid product. Further purification was
performed by dialyzing the obtained product against DI water.
The final product obtained was stored in a refrigerator until
further use, and referred to as TF-CDs.

2.4. Synthesis of PVDF thin films with TF-CDs

PVDF films were prepared as described earlier.”® Briefly, 15 wt%
PVDF was dissolved in NMP through vigorous stirring at
80-90 °C. To this solution, 0.5 mL of TF-CDs (674 mg mL™ ")
was added and mixed well. Then, the solution was poured
on a glass slide and a thin film was casted on a glass slide
with uniform thickness. Furthermore, the glass slides were
immersed in a coagulation bath containing DI water to accom-
plish the phase inversion procedure. Finally, the porous
TF-CDs@PVDF film was obtained and dried at room tempera-
ture. After forming the film, it was allowed to dry overnight. For
a control experiment, the casting solution without TF-CDs was
prepared by a similar procedure.

2.5. Quantum yield (QY) and limit of detection (LOD)
measurement

The QY of TF-CDs was determined by using quinine sulfate
as the reference standard solution. It was calculated using the

This journal is © The Royal Society of Chemistry 2023
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following equation;

@Z@QsXéxﬁxnfsz (1)
SQS AQS 1’le2
Here, @ and P is the QY of the TF-CDs and quinine sulfate,
respectively. Ag and Aqg represent the absorbance, Ss and Sqs
are integrated intensity and ng and nqs represent the refractive
indices of TF-CDs and quinine sulfate, respectively.
The LOD was calculated using the following expression

LOD = 3.3 x (a/S) 2)
Here S is the slope of the calibration plot and ¢ is the error.

2.6. FL sensing of PA using TF-CDs

To evaluate the sensitivity and selectivity of the synthesized TF-
CDs, different nitro compounds, viz., PA, 2,4-DNT, 4-NT, NB,
4-TA, 2-NP and 3-NA were tested. The selectivity was determined
by adding each NAC (200 pM concentration each) in 2 mL of
TF-CD (674 mg mL ') solutions. The solutions were kept under
static conditions for equilibration and their FL intensities at an
excitation wavelength (e,) of 340 nm were subsequently
recorded. Among the various NACs under test, the sensor
exhibited high specificity towards PA. Therefore, further studies
were carried out with PA. To study the sensitivity of TF-CDs,
different concentrations of PA (0-200 uM) were added and the
FL spectra were examined when excited at wavelength of
340 nm. After that, the interference study was carried out in
which different NACs were mixed with TF-CD as well as PA and
FL of the mixtures was recorded at Ao, 340 nm. The following
Stern-Volmer equation was used to determine the quenching
constant (Kgy):

Iy
7 =1+ Kgy [C} (3)
where I, and I are the CD’s emission intensities prior to and
following the addition of analytes, respectively, and [C] is the
analyte concentration. All the procedures were triplicated under
similar conditions.

2.7. Sensing of PA with TF-CD@PVDF composite films

The sensitivity of TF-CD@PVDF composite films was checked
by dropping different concentrations of PA (ranging from
0-100 uM) onto 2 x 2 cm films and incubating the films for
5 min. The films were then dried and subjected to FL studies at
330 NIM Jgy.

2.8. Degradation study

The photocatalytic performance of TF-CDs was estimated
through the photodegradation of MO, a synthetic dye. The
photocatalytic study was carried out in an aqueous
solution under sunlight (~1 kW m™?) power density. In a
typical experiment, a fixed amount of catalyst (ie., 7 pL,
674 mg mL ') was added to 50 mL of the prepared dye solution
(10 ppm) and stirred under dark conditions for 15 min to
establish absorption and desorption equilibrium. The solution
was then exposed to blue light (450 nm) as well as sunlight
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(1000 Im m™?), separately for 60 min. A similar study was also
performed in dark as a control experiment. During the photo-
catalytic study, different aliquots were collected at 15 min
intervals. Subsequently, the collected samples were analysed
using UV-vis spectroscopy to monitor the concentration of MO
at 506 nm. The concentration of remaining MO was evaluated
using the plot of C/C, vs. time. Besides, MO degradation was
also monitored by varying the concentration of MO and CDs
through UV-vis spectroscopy. The photodegradation of MO was
fitted according to the first order kinetic equation:

C=Cy(1—e™ (4)

By taking log on both the sides and arranging the equation,

—In (Cgo) =kt (5)

Here, C, is the concentration of MO at time, ¢ = 0 min, C is the
concentration of MO at time ¢, and k refers to the pseudo-first-
order rate constant.

Similarly, the % of MO degradation was calculated by
measuring the decrease in absorbance of MO using the follow-
ing equation:

(Co—C)

o % 100 (6)

where, C, is the concentration of MO at initial time ¢ = 0 and
C is the concentration of MO at a particular time during the
reaction.

2.9. Electrochemical measurements

All the electrochemical measurements were carried out using a
three-electrode cell. Pt and Ag/AgCl were used as a counter and
reference electrode and 0.5 M Na,SO, was used as electrolyte.
The electrode for electrochemical analysis was prepared by
drop-casting TF-CD suspensions (20 ul, 13.48 mg) and Nafion
(5% w) onto a carbon cloth and then dried under vacuum. After

| Thevetia Flower
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complete drying, the substrate was inserted into a three-
electrode system (AUTOLAB PGSTAT 204N electrochemical
workstation) for electrochemical impedance spectroscopy
(EIS) measurements over a frequency range of 1 to 10° Hz with
an AC voltage amplitude of 10 mV and photocurrent responses
were recorded using the amperometry i-t curve mode. All the
photo-electrochemical measurements were conducted using a
blue light source with 100 mW cm™> power density.

3. Results and discussion
3.1. Preparation and characterization of TF-CDs

The TF-CDs were prepared from C. thevetia flowers via a simple
one pot, single step hydrothermal synthesis as shown in
Scheme 1. C. thevetia extracts have been proven to contain
alkaloids, steroids, volatile oils, flavonoids, and tannins, as
constituents, which are responsible for major functionalities
observed in TF-CDs, etc.® To enhance the optical properties
and electronic properties of the CDs, doping with N, S and P
was accomplished by using r-cysteine and phosphoric acid as
doping agents.>”*® It is well known that heteroatom doping in
CDs not only improves their fluorescence efficiency but can also
adds new functionalities and active sites on the surface of
CDS.28'59

The successful synthesis of TF-CDs was confirmed using
various morphological and spectroscopic techniques. To this
end, we first performed HRTEM to analyse the morphology of
CDs. Fig. 1a shows the TEM image of TF-CDs, proving the
presence of spherical dots with a mean diameter of 2.7 nm, as
shown in the histogram drawn (Fig. 1b). The magnified HRTEM
image (Fig. 1c) clearly shows the distinct lattice fringes of CDs
with a 0.25 nm d-spacing that is related to the (100) graphite
plane.®°

Moreover, the chemical composition and functionalities of
CDs can be better elucidated through XPS analysis. The XPS
survey spectrum of TF-CDs shown in Fig. 1d confirms the

& D
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// 180°C
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Scheme 1 Schematic representation for the synthesis of TF-CDs from C. thevetia flowers by a one pot hydrothermal method.
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Fig.1 (a) TEM image, (b) size distribution histogram, (c) HRTEM image with d-spacing of TF-CDs, (d) XPS survey scan, (e) FTIR, and (f) XRD of the

as-synthesized TF-CDs.

doping of P (135 eV, 2.3%), S (164 eV, < 0.1%) and N (399 eV,
0.5%) elements in the TF-CDs. The HR XPS peak for P2p
(Fig. S1a, ESIT) was deconvoluted into several binding energies
at 133.0 eV and 134.2 eV, indicating the presence of P-C and
P-O groups, respectively. Similarly, the S2p spectra was decon-
voluted into two peaks, centering at binding energies of
164.7 eV and 167.1 eV as shown in Fig. S1b (ESIY), attributed
to C-S and S-H, respectively, which corroborates the incorpora-
tion of sulphur in TF-CDs. The deconvoluted high-resolution
C1s spectrum exhibits four peaks at the binding energy values
of 284.1 eV, 284.9 eV, 285.7 eV and 287.1 eV, corresponding to
C-S, C=C, C-N/C-P and C=O, respectively (Fig. Sic, ESIT).
Fig. S1d (ESIT) shows the N1s spectrum with two peaks at
399.1 eV from pyridinic-N and at 400.6 eV arising from pyrrolic-
N. Fig. Ste (ESIt) shows the HR scans of the Ol1s spectrum
resolved into two peaks centered at 532.5 eV and 533.9 eV,
which are assigned to C-O and C=O/P=0, respectively.®"**
The surface functional groups were also confirmed using ATR-
FTIR spectroscopy. According to Fig. 1le, the stretching vibra-
tion of the O-H/N-H results in a broad band at 3291 ecm™". The
peaks at 2942 and 2872 cm ™' are assigned to C-H stretching
from sp® carbon. The peak observed at 2140 cm ™' is attributed
to S-H bonds. The peak centered at 1631 cm™ ' is due to the
streching vibrations of C==0/C=C groups. Peaks at 1561 cm "
(N-H bending) and 1380 cm ™" (C-N stretching) indicate the
presence of amide functional groups in the TF-CD structure.
The distinct peaks corresponding to C-O, P-O, P—0 and C-S
groups were observed at 1146 cm ™', 1041 cm ™, 669 cm™ ', and
581 cm ™, respectively.®*"®> The XPS and FTIR studies confirm
the doping of N, S and P into TF-CDs as indicated by function-
alities such as -NH,, -COOH, -SH, P-O, P—0 and -OH. Apart
from phosphoric acid and r-cysteine as P and S and N doping
agents, we speculate that the major C-O, phenolic/hydroxyl
functionalities observed on TF-CDs were mainly derived from

This journal is © The Royal Society of Chemistry 2023

the constituents of C. thevetia biomass (alkaloids, steroids,
volatile oils, flavonoids, and tannins),*® which acted as a major
C source for CD formation. XRD analysis was used to investi-
gate the crystalline properties of CDs. The diffraction pattern of
TF-CDs (Fig. 1f) features a characteristic broad diffraction peak
of CDs at an angle of 22.41°, assigned to the (002) plane. The
broadness of the diffraction peak indicates the
amorphous nature of TF-CDs.?

semi-

3.2. Photophysical analysis of TF-CDs

The optical behavior of the as-synthesized TF-CD catalyst was
studied by UV-vis spectroscopy. As shown in Fig. 2a, the UV-vis
absorption spectrum exhibits absorption peaks at 260 nm,
typically ascribed to the m-m* transition of the carbon core
(C=C bonds), along with peaks positioned at 344 and 400 nm
assigned to n-n* from surface states.®” The band gap energy of
a photocatalyst is an important optical parameter for predicting
the formation and transfer of photoinduced electrons and
holes.®® The optical band gap of TF-CDs was found to be
2.6 eV by using the Tau plot as shown in Fig. S2 (ESIf). The
digital photographs in the inset of Fig. 2a show that the
aqueous solution of TF-CDs was light yellow in colour under
visible light and emitted bright blue FL when irradiated with
365 nm UV light. FL studies performed in Fig. 2b show the
excitation dependency of TF-CDs. A progressive change in FL
intensity was observed as the excitation wavelength was
increased from 280 nm to 400 nm, reaching its maximum
emission at 406 nm (with A, = 340 nm). The excitation
dependent behaviour indicates variations in the distribution
of emission trap sites and differences in the sizes of CDs. The
major hypotheses existing for the luminescence mechanism of
carbon dots are related to the molecular state, carbon core
state, surface state and size dependent emission.” In the case
of TF-CDs, we adopted a hydrothermal synthesis method and
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Fig. 2 (a) UV-vis spectra (inset: TF-CDs solution in both visible and UV light), (b) FL emission spectra and (c) TCSPC measurement recorded for TF-CDs.
Stability plots of TF-CDs at different: (d) temperatures, (e) pH and (f) NaCl concentrations.

confirmed the retention of most of the active electron rich
functionalities of precursor molecules (from FTIR and XPS
analysis) along with a graphitized core (evidenced from TEM
and XRD analysis). This is in accordance with the report
suggesting that the hydrothermal condition induces a partial
condensation-polymerization-carbonization mechanism, lead-
ing to the formation of carbon dots that retain some sp®
features of precursor molecules.'* Thus, being a quantum
dot, the plausible FL centres observed for the as-prepared TF-
CD could likely be due to the carbon core, surface-state and size
dependent emission.

Besides, the FL lifetime, an inherent property of CDs that is
related to FL sites and their environment, was also recorded.
The decay curve as shown in Fig. 2c indicates the average FL
lifetime of TF-CDs, which was calculated to be 0.76 ns and
fitted biexponentially. Additionally, the FL QY (eqn (1)) of
TF-CDs was 16.5%, measured with quinine sulfate at a wave-
length of 330 nm with bright blue FL. This result demonstrates
the potential of the as-prepared TF-CDs for sensing and photo-
catalytic applications.

3.3. Study of fluorescence stability

The FL stability of TF-CDs was examined under different
conditions like temperature, pH and NaCl. Stability is a very
important parameter for CDs when they are used for sensing
and degradation applications. Moreover, FL of TF-CDs was
observed to be stable up to 99% in various temperature ranges
(from a lower temperature of —25 °C to a temperature higher as
100 °C) (Fig. 2d). The FL emission of TF-CDs was relatively
stable (with a retention of up to 94% FL) in the pH range 3-11
(Fig. 2e). Similarly, TF-CDs exhibited considerable stability in a
very high saline concentration (1 M NacCl), retaining up to 90%

16206 | J Mater. Chem. C, 2023, 11,16201-16213

stability, as shown in Fig. 2f. Thus, TF-CDs could be an exciting
applicant for environmental remediation application.

3.4. Fluorescence-based PA detection with TF-CDs

Aqueous dispersions of TF-CDs were mixed with a series of
NACs to investigate the selectivity. TF-CD solutions were sepa-
rately treated with 200 pM of PA, 3-NT, 2,4-DNT, aniline, 4-IA,
NB, 2-NP 4-NT, and 3-NA and their FL emissions were recorded
at 406 nm, as shown in Fig. 3a. Evidently, complete FL
quenching of the blue TF-CDs solution was observed in
presence of PA. The remaining NACs caused negligible quench-
ing in FL. The photograph given in Fig. 3b shows visible
selective quenching of CDs’ bright blue FL with PA compared
with other NACs. The FL titration of TF-CDs was further carried
out to calculate the LOD and quenching constant by incubating
with different concentrations of PA (0-200 uM). Fig. 3c displays
a consistent decrease in the FL of CDs upon treatment with
different doses of PA, showing a 96% quenching response at a
maximum concentration of 200 uM. Fig. 3d shows the intensity
variation vs. PA concentrations plot, revealing a linear relation-
ship (with an excellent correlation coefficient, R*, of 0.9976),
and a LOD of 104 nM determined using eqn (2). The value of
the quenching constant was found to be 2.8 x 107> M’
calculated using eqn (3). The results obtained suggest that
the interaction of TF-CDs with PA is quite strong. The higher
the value of Ky, the better the quenching efficiency of TF-CDs
for PA detection will be.®® Next, we performed the interference
study to ascertain the effectiveness of TF-CDs in detection of PA
in the presence of other NACs. Fig. S3 (ESIt) shows the anti-
interference ability of TF-CDs towards PA where there was no
hinderance in the detection of PA even in the presence of
the other competitive ions. This validates the high selectivity
of TF-CDs’ FL response among NACs.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) Selectivity of TF-CDs towards various NACs, (b) photographs of TF-CDs in the presence of various NACs captured under UV light, (c) FL spectra
of TF-CDs after adding different concentrations of PA (0—-200 pM) and (d) relationship between PA concentration vs. F/Fq for TF-CDs. (e) Lifetime data
and (f) UV—-vis spectra of TF-CDs for different concentrations of PA. (g) Schematic representation of quenching of TF-CDs after the addition of PA.

3.5. PA sensing mechanism

The FL quenching mechanism of PA with TF-CDs was eluci-
dated with the help of UV-vis spectroscopy and FL lifetime
measurements (Fig. 3e-g). The FL quenching mainly occurs
either due to férster resonance energy transfer (FRET)’° or the
inner filter effect (IFE).”" Interestingly, no change in the FL
lifetime of TF-CDs (0.76 ns) was observed in the absence and
presence of PA (Fig. 3e), i.e., when 100 uM and 200 pM of PA
were added to TF-CDs, the lifetime remained at 0.77 and
0.74 ns, respectively, which shows a lack of possibility of any
excited state quenching process like FRET. Furthermore, to
check the possibility of IFE, we utilized UV-vis spectroscopy to
study the changes in the UV-vis spectra of TF-CDs in the
presence of different concentrations of PA (Fig. 3f). Notably,
the absorption intensity of TF-CDs increased upon increasing
the concentration of PA with no changes in the absorption
maxima (Apa) of TF-CDs. The increase in the absorption
intensity can be attributed to the spectral overlap between the
absorption spectra of PA and excitation spectra of TF-CDs
(Fig. S4, ESIt). The absence of FRET and the presence of good
spectral overlap between the absorption of PA and excitation of
TF-CDs clearly indicate a secondary mechanism of FL quench-
ing i.e., the IFE mechanism for the detection of PA.””> Fig. 3g

This journal is © The Royal Society of Chemistry 2023

shows the schematic illustration of the FL quenching of TF-CDs
in the presence of PA. The above results clearly show that the
synthesized TF-CDs have excellent sensitivity and selectivity for
the detection of PA and can be utilized to quantify the concen-
tration of PA in contaminated water.

3.6. Detection of PA on TF-CD@PVDF strips

Encouraged by the remarkable sensing attributes of TF-CDs, we
further established their sensing potential as a portable device
in practical applications for the on-site detection of PA using
PVDF-based thin film strips. Highly porous TF-CD-incorporated
PVDF (TF-CD@PVDF) thin films were fabricated by adopting a
phase inversion method as depicted in Fig. 4a. Achieving a
uniform distribution of hydrophilic TF-CDs in hydrophobic
PVDF films was indeed challenging during the film formation.
Therefore, the selection of solvent was made thoughtfully. The
selection NMP as the solvent for PVDF was advantageous as it
not only served as an excellent dispersant for TF-CDs but was
also known to improve the processability for film formation.
During the phase inversion process, NMP was replaced with
fast diffusion of water from the coagulation bath, leading to the
formation of porous PVDF films embedded with TF-CDs. In
addition, when PVDF formed a slurry in TF-CD dispersed NMP
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Fig. 4 (a) Schematic showing the preparation of TF-CD@PVDF films, (b) photographs of TF-CD@PVDF films under visible and UV light (365 nm), SEM
images of (c) PVDF and (d) TF-CD@PVDF composite films, (e) UV-vis spectra of PVDF films and TF-CD@PVDF composite films and (f) FL spectra of

TF-CD@PVDF composite films under different excitation wavelengths.

medium, we speculated a possible interaction of fluorine atoms
of PVDF with the amine hydrogen or hydroxyl hydrogen present
on the TF-CD surface. Hence, a uniform dispersion of the as-
prepared CD with PVDF at a moderate concentration is justifi-
able. Apparently, we observed a reduction in FL intensity with
higher loading of TF-CDs, possibly due to the increased aggre-
gation induced quenching at higher CD concentrations. Fig. S5
(ESIT) shows the effect of different concentrations of TF-CDs on
PVDF films on FL emission intensity. The fabrication method
of these hybrid films is simple and can be used for scale-up
production. Furthermore, the present method is highly cost
effective as the coagulation bath utilized for immersion can be
reused several times.”® The incorporation of CDs in these films
provides good optoelectronic characteristics that can be uti-
lized for a broad range of applications. Moreover, Fig. 4b
demonstrates the retention of bright blue FL of TF-CDs in the
free standing film (photographs captured under visible and UV
light), while maintaining flexibility. The surface morphology of
a control PVDF film and the thus-prepared TF-CD@PVDF
composite films was analysed using FESEM (Fig. 4c and d). It
was observed that a highly perforated thin film structure was
formed in a control film (Fig. 4c) and also the porous features
were created on TF-CD@PVDF due to phase separation. Nota-
bly, this porous structure is retained in the composite film even
after the incorporation of TF-CDs into PVDF (Fig. 4d). The inset

16208 | J Mater. Chem. C, 2023, 11,16201-16213

of Fig. 4d presents a low magnification SEM image of TF-
CD®@PVDF. Fig. S6 (ESIt) shows the PXRD pattern of PVDF
(black line) and TF-CD@PVDF (red line) with peaks centred at
18.4° (020), 20.0° (110) and 26.5° (110), which can be ascribed to
the crystalline nature of the PVDF o phase.”* Moreover, the
peak intensity at 20.0° was increased and the peaks at 18.5° and
26.5° merged in the case of TF-CD@PVDF.”® The contact angles
of PVDF and TF-CD@PVDF films were measured with a contact
angle goniometer in a sessile drop experiment. The contact
angle of a bare PVDF membrane was found to be 96.9 £+ 1°
which was reduced to 77.1 £+ 1° after adding TF-CDs in PVDF.
The difference in the contact angle of PVDF (Fig. S7a, ESIT) and
that of TF-CD@PVDF (Fig. S7b, ESIt) proves that the hydro-
phobic nature of PVDF was reduced after the incorporation of
hydrophilic CDs into PVDF films. In fact, this is beneficial for
the applicability of TF-CD@PVDF for sensing waterborne
pllutants.”® Fig. 4e shows the UV-vis absorption spectra of
PVDF and TF-CD@PVDF composites. Notably, bare PVDF films
do not feature any evident absorption peaks while two apparent
peaks centred at 260 nm and 344 nm, characteristic of CDs,
emerged upon incorporation of TF-CDs into the PVDF film.
Furthermore, the FL spectra of TF-CD@PVDF (Fig. 4f) exhibit
maximum emission wavelength at 398 nm upon excitation at
330 nm, which further indicates a blue shift in the FL max-
imum of composite films with respect to TF-CDs. The stability

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) Digital images of TF-CD@PVDF films after adding different
concentrations of PA (under UV illumination of 365 nm), (b) linearity plot
of Fo/F vs. PA concentrations for TF-CD@PVDF composite films and
(c) recyclability study of composite films for PA detection.
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of films under various conditions has also been evaluated and
discussed in ESIf and Fig. S8a-c.

The porous structure of the fabricated TF-CD@PVDF film
can further provide an efficient diffusion pathway for the fast
detection of PA. The pale-yellow colour strips exhibit bright
blue-coloured FL upon 365 nm UV illumination. The changes
in the blue FL behaviour were visible under UV light after
adding different concentrations of PA solutions on strips
(photographs are given in Fig. 5a) and the changes in the FL
intensity were further examined with a FL spectrophotometer.
The FL of thin films is successively turned-off by increasing PA
concentration (from 0-100 pM). Furthermore, the FL intensity
ratio F/F, is linearly correlated (R*> = 0.9904) in the range of
0-100 uM PA concentrations (Fig. 5b). The detection limit was
calculated to be 244 nM, which is superior to any other solid FL
sensing platform reported for PA sensing (Table 1). Further-
more, we assessed the selectivity of TF-CD@PVDF in the
presence of other NACs. The selectivity was determined by
immersing the films in each NAC (100 pM concentration each)
for 5 min under static conditions for equilibration and their FL
intensities were subsequently recorded at a Ae, of 330 nm.
Among the various NACs under test, the TF-CD@PVDF film

Table 1 The performance comparison for the PA sensing platform

View Article Online
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showed high specificity towards PA, as indicated in Fig. S9
(ESIY). Fig. 5¢ shows the recyclability plot of the as-prepared FL
sensor strip, presenting stability and reusability (at least for
5 cycles). After each cycle, the film was washed with DI water,
dried, and further reused for PA detection. Therefore, the as-
developed flexible and portable sensing strip allows for multi-
ple reuses of the sensor, inhibiting the elution of FL active CD
into the environment.

3.7. Real sample analysis

The developed system was further utilized for the determina-
tion of PA in water samples from various sources such as river
water (Narmada river, Madhya Pradesh), tap water (Simrol,
Madhya Pradesh) and ground water (Simrol, Madhya Pradesh).
The collected water samples were filtred through a 0.22 pm
membrane. As expected, initially no traces of PA were found in
the abovementioned water samples when checked with FL TF-
CDs. Next, the above water samples were spiked with different
concentrations of PA (20, 40 and 60 uM) and recovery tests were
performed. The recovery ranged from 73-100%, with a standard
deviation of less than 2 for TF-CDs as shown in Table 2. The
same experiment was performed for TF-CD@PVDF films.
The recovery ranged from 91-104%, with a standard deviation
of below 2, as shown in the above-mentioned Table 2.
The excellent recovery rate with good precision and reliabilty
demonstrates the wide applicability of TF-CD and TF-
CD@PVDF composite films for use as a sensor in real sample
analysis.

3.8. Photocatalytic activity of TF-CDs

Recently, the photocatalytic pathway has become a leading
approach for the waste water treatment and has been utilized
extensively for the removal of wide range of pollutants from
contaminated water using various catalysts. However, the good
optoelectronic properties, cost-effectiveness and biocompatible
nature of CDs make them a promising candidate for photo-
catalytic remediation of various pollutants. MO is an anionic
dye that has been widely employed in various major industries
but the unrestricted disposal of MO in the water bodies without
appropriate treatment has resulted in serious health problems
for both human and marine life.®® Here, we have examined the
photocatalytic efficacy of TF-CDs (4.7 mg mL ") for environ-
mental remediation using MO (~10 ppm, 50 mL) as a model

Linear LOD Portable Recyclability

Sr.no.  Sensing element range (uM)  (nm) platform  Real sample of sensor Ref.
1 AIE luminogen-functionalized MM 0-50 1700 — — Yes 77
2 N-GQDs 1-60 300 — Lake water — 78
3 N-CNPs 0-20 250 — — — 79
4 Cdot-PPy film — 148.4 Film Ground water and soil — 80
5 N doped GQDs 0-4 420 — — — 81
6 Polymeric thin films 10-90 56000  Film — Yes 82
7 MOFs 0-1000 5000 — — — 83
8 (Na -Ala/Chit -cl -polyAAm — — — — Yes 84
9 Ce-doped ZnO 0-12 278 — — — 85
10 TF-CD@PVDF 0-100 244 Film Tap, ground and river water ~ Yes This work

This journal is © The Royal Society of Chemistry 2023
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Table 2 Picric acid sensing in real water samples with TF-CDs and TF-CD@PVDF films (N = 3)

TF-CD TF-CD@PVDF
Claimed concentration Obtained concentration Recovery SD Obtained concentration Recovery  SD
sample (M) (M) (%) (n=3) (M) (%) (n=3)
Tap water 20 20 97.86 0.86 20 91.25 1.38
40 39.39 100.05 0.30 39.89 104.85 0.52
60 59.71 99.75 0.46 59.80 99.75 0.28
River water 20 19.83 97.33 1.52 19.97 96.15 2.8
40 39.93 99.95 1.49 39.80 100.67 1.03
60 59.94 93.78 0.01 59.94 99.06 1.89
Ground water 20 19.88 88.47 0.14 20 91.24 1.36
40 39.75 82.45 1.42 39.93 95.64 0.45
60 59.89 73.27 0.61 59.71 100.07 1.01
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Fig. 6 (a) and (b) Comparative photodegradation of MO under blue light and sunlight and their rate, respectively, (c) effect of scavengers on the
degradation of MO, (d) possible mechanism for MO degradation by TF-CDs, and (e) images of MO before and after sunlight exposure (after degradation).

organic pollutant. Initially, we checked the photostability of
MO in sunlight without any catalyst (Fig. S10a, ESIt). In the
absence of TF-CDs, MO was found to be highly stable upon
illumination under sunlight for 60 min. Furthermore, we
carried out the photocatalytic degradation studies of MO in
the presence of TF-CDs under dark conditions, blue light and
sunlight as shown in Fig. S10b-d (ESIT), respectively. Notably,
TF-CDs showed the best photocatalytic activity for the degrada-
tion of MO under sunlight illumination (1 kW m™> power
density) while very little degradation of MO was observed under
blue light illumination (18 W, ~420 nm). Fig. 6a shows the
comparative C/C, graph of the above kinetic experiments,
which further indicates that the present TF-CDs show better
photocatalytic efficiency under sunlight as compared to blue
light or dark. Surface defects and dopant materials, which
contribute to the enhanced light absorption, are responsible
for the better photocatalytic activity of TF-CDs. This further
leads to the direct generation of reactive oxygen species (ROS),
enabling the photodegradation process. However, light played

16210 | J. Mater. Chem. C, 2023, 11, 16201-16213

an important role in the degradation process. The C/C, vs. time
plot of the comparative dye degradation demonstrates that blue
light is insufficient to completely degrade MO dye.

When exposed to sunlight, 10 ppm MO dye was degraded
(96.8%) in around 60 min, whereas blue light degraded only
~30.13% under the same conditions. The percentage degrada-
tion was calculated using eqn (6). From Fig. 6b, it is evident that
the reaction rate (the rate of photodegradation) in the presence
of sunlight (3.8 x 107> min ") is faster than that in the
presence of blue light (0.59 x 10> min ™). The pseudo-first-
order kinetic model (based on the Langmuir-Hinshelwood
approach) was followed in this photodegradation study.'® A
comparison of the photocatalytic degradation of MO by TF-CDs
with various types of FL photocatalysts reported so far has been
listed in Table S1 (ESIT), emphasizing the superior performance
of TF-CDs. Furthermore, the reliability of the as-prepared TF-
CD as a photocatalyst for degrading MO was validated by
performing experiments using different reaction parameters
such as by varying the concentration of MO dye (5-30 ppm) and

This journal is © The Royal Society of Chemistry 2023
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TF-CDs solution (1-7 pL mL™') as well as by varying the
pH (2-10) and the details are given in ESIt (Fig. S11 and S12).

3.8.1. The plausible mechanism of MO degradation.
Furthermore, electrochemical studies were performed to gain a
better understanding about the photogeneration of charge car-
riers in the TF-CD photocatalyst. The transient photocurrent
responses of TF-CDs and bare electrodes were recorded for several
on-off cycles under visible light irradiation and are plotted in
Fig. S13a (ESIT). For TF-CDs, the on-off response to visible light is
much stronger than in the bare sample, where photogenerated
electrons and holes could be efficiently separated, reducing the
photogenerated carrier recombination. The improved photo-
generation of charge carriers could lead to enhanced photocata-
lytic activity of TF-CDs. EIS was performed to further estimate the
charge transfer and recombination process. As shown in Fig. S13b
(ESIf), the smaller arc radius on the EIS Nyquist plot of TF-CDs as
compared to the bare sample has been observed under visible
light illumination indicates effective separation of photogenerated
electron-hole pairs and faster charge transfer. The results
obtained from photocurrent response and EIS stipulate the
separation of electron-hole pairs and lower recombination rates,
which improved photocatalytic activities.

Additionally, we performed the radical scavenging test to
establish the role of radicals in the degradation process of MO.
For this purpose, the photodegradation process of MO was
studied in the presence of various radical scavengers such as
TBA to scavenge the hydroxyl radicals (*OH), Na,EDTA to trap
the holes (h*) and BZQ to scavenge superoxide radicals (0,° 7).
Fig. 6¢ displays the comparative results of different scavenging
agents for MO dye. The extent of photocatalytic degradation of
MO decreases to 26% in the presence of BZQ, which can be
attributed to the scavenging of O,°* . Furthermore, the presence
of Na,EDTA resulted in only 36% degradation of MO. Notably,
92% degradation of MO was observed in the presence of TBA,
which clearly shows that *OH plays a very little role in the
photodegradation of MO. Taken together, the above results
clearly show the importance of O,*” and holes in the photo-
catalytic degradation of MO. Fig. 6d shows a schematic illustra-
tion of the plausible mechanism for the photocatalytic
degradation of MO in the presence of TF-CDs under sunlight
illumination. Initially, the irradiation of MO in the presence of
TF-CDs under sunlight illumination helps in the generation of
excited state electrons (e”) and holes (h*) in TF-CDs. These h*
directly oxidize the MO into CO, and H,O and e activate
dissolved oxygen (O,) to generate O,°~, allowing the degrada-
tion of MO into lower molecular weight hydrocarbons. Fig. 6e
shows the dye solution before and after exposure of sunlight in
the presence of TF-CD, representing the pure solution after
degradation. Furthermore, the details of real sample analysis
for MO degradation are given in ESL¥

4. Conclusion

In the current work, we have synthesized N, S and P-doped CDs
from C. thevetia flowers by a simple one pot hydrothermal
method. Furthermore, the aqueous solution of TF-CDs shows a

This journal is © The Royal Society of Chemistry 2023
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significant and selective FL quenching towards PA among the
other nitro compounds under examination. We developed
TF-CD-loaded highly porous PVDF film strips portable for an
on-site detection of PA. The TF-CDs@PVDF film shows blue
color FL, which is quenched upon the addition of PA. The
TSCPC and UV-vis measurements revealed a static quenching
mechanism for PA detection. Moreover, the sensor can also be
employed further for real sample analysis, highlighting its
practicability. Besides, the as-synthesized TF-CDs were further
checked for their photocatalytic properties. Here, TF-CDs were
employed as a potential advanced photocatalytic material to
degrade about 10 ppm of MO dye in 60 minutes in the presence
of only sunlight. The synthesized material is utilized for the
easy, fast, and selective detection of PA in both aqueous and
film forms and also for the photodegradation of MO.
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