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ABSTRACT: Carbon quantum dots (CQDs), a novel fluorescent
nanomaterial, have been extensively employed/explored in various _ A ™
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applications, that is, biosensors, bioimaging, nanomedicine, .8, oy 2oty *0 °
therapeutics, photocatalysis, electrocatalysis, energy storage system, ll‘ " e
and so forth. In this study, we report the synthesis, characterization, LI k

and the application of phosphorus-doped CQDs (PCQDs),  owrorce G
synthesized using trisodium citrate and phosphoric acid by the T 4 po0 W
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hydrothermal method. The effect of phosphorus doping on optical
features and the formation of PCQDs have been explored
elaborately by controlling the concentrations of precursors, reaction
time, and the temperature. The fluorescent quantum yield for = *{Jj
PCQDs was determined to be 16.1% at an excitation/emission fanasnanns saanes rn
wavelength of 310/440 nm. Also, the optical and structural o
properties of PCQDs were determined by using various

spectroscopic and microscopic techniques. Static quenching of fluorescence was determined upon the addition of Fe® to
PCQDs because of the formation of the fluorescent inactive complex (PCQDs—Fe*"). Hence, this chemistry leads to the
development of a new fluorometric assay for the detection of Fe®". The lower limit of Fe®* detection is determined to be 9.5 nM
(30/slope), with the linear fit from 20 nM to 3.0 uM (R* = 0.99). We have validated this new assay in the raw, ejected, and purified
water samples of the RO plant by the standard addition method. These results suggest the possibility of developing a new
commercial assay for Fe’* detection in blood, urine, and various industrial waste and sewage water samples. Furthermore, recycling
the pollutant water into the freshwater using filters that consist of PCQDs offers a great deal.
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B INTRODUCTION

Fluorescent carbon nanomaterials can be classified into carbon
quantum dots (CQDs), carbon nanodots, graphene quantum
dots, and graphene oxide quantum dots based on their
physicochemical properties." These nanomaterials can be
synthesized by hydrothermal, solvothermal, thermal decom-
position, microwave, ultrasonic, arc-discharge, laser ablation,
and electrochemical methods under the two significant
approaches, such as (i) top-down and (ii) bottom-up
methods.” Among them, the hydrothermal method is favorable
because it is of low cost and is nontoxic and environmentally
friendly.” Hydrothermally synthesized CQDs are widely
reported for various applications such as biosensors, bioimag-
ing, nanomedicine, drug carrier, chemical sensors, energy
storage system, photocatalysis, electrocatalysis, and so forth.*~°
However, a clear picture of the electronic and optical
properties of CQDs is still unpredictable. For example,
CQDs have an excitation-dependent fluorescence nature,
widely because of fluorescence originating from surface
states/defects.’ However, few reports say that the CQDs
have an excitation-independent nature because of their
fluorescence, which usually originates from the central core.'
Researchers are doping various elements such as nitrogen,7
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boron,® sulfur,” and phosphorus'® to CQDs to get an
excitation-independent fluorescence nature via the passivation
of surface states and defects. However, the fluorescence
properties of CQDs are still not clearly understood and hence
hold back their commercial application. For example,
phosphorus-doped CQDs (PCQDs) show both excitation-
dependent emission'' and excitation-independent emission, "
a controversial observation. Therefore, in this report, we have
synthesized PCQDs at different doping fractions of phospho-
rus by regulating the concentrations of precursors, reaction
time, and the temperature to get an answer to the question that
“why PCQDs give excitation-dependent and -independent
fluorescence?” Hence, to solve this tricky situation (vide
supra), we have explored and investigated the optical
properties of PCQDs at various amounts of phosphorus as
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Scheme 1. Schematic Representation of the Formation of PCQDs
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Figure 1. (a) Normalized UV—vis absorbance spectra of different PCQDs, (b) PL spectra of various PCQDs at an excitation wavelength of 310
nm, (c) and (d) PL spectra of PCQD 3 and PCQD 11 at different excitation wavelengths ranging from 240 to 440 nm with an interval of 10 nm.

an external dopant. Trisodium citrate (TSC) is known to
undergo intermolecular dehydrolysis reaction, followed by the
carbonization to produce undoped CQDs under the hydro-
thermal treatment.'” The dehPrdrolysis reactions between
phosphoric acid and sucrose’® and between TSC and
diethylenetriamine' during the formation of CQDs are
reported. Hence, we have tried to prepare PCQDs using
TSC and phosphoric acid.

The recent developments in nanomaterial chemistry,
especially in the field of CQDs, provide a ground to explore
their usage in the environment and health problems globally.
Nowadays, environmental pollution is one of the significant
issues all over the world. Various types of pollutants were
added mainly to the earth’s surface, water, and atmosphere,
even beyond the lethal range of the living organism.'* To
overcome these issues, we need a scientific method to quantify
and remove these pollutants to avoid various health issues and
provide a world without pollution. Among them, iron is one of
the essential metals, which is involved in oxygen transport via
the metalloproteins such as hemoglobin, myoglobulin,"
transcriptional regulation,'® and oxygen metabolism.'” At the
same time, excess iron generates a wide range of harmful free
radicals and enhanced metabolic acidity via oxidative
phosphorylation rupture.'® The iron overdose may induce
gastrointestinal effects such as gastrointestinal bleeding, vomit,
diarrhea, ulcerations, and the development of strictures.'® Also,
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an excess amount of iron possibly creates cancer through free-
radical metabolism, oxidation of DNA molecules, Alzheimer’s
disease, and Parkinson’s disease.”’"** Therefore, sensitive and
selective detection of iron has increasing attention worldwide.
Many methods are reported for the detection of iron, includin

fluorescence,”> ¢ colorimetry,27 electrochemical methods,”

ion chromatography with chemiluminescence,”” and atomic
absorption spectroscopy.”® Among them, the fluorescence
method is of the best choice to make a sensor/assay kit
because of its high sensitivity toward analytes. Many
fluorescent materials such as graphene quantum dots,”" gold
nanoclusters,””* Fe;0,@Zn0O nanoparticles,* Mg—Al lay-
ered double hydroxide intercalated with salicylic acid,” porous
aromatic frameworks,>® metal—organic frameworks,”’ and
nanocomposites’® were reported for the detection of iron.
However, these probes have various limitations such as hard
synthetic procedure, unstable in nature, photobleaching/
blinking effect, toxic, expensive, and deprived sensitivity or
selectivity, which needs to be resolved toward developing a
commercial sensor or assay kit.

In this report, we have synthesized phosphorus-doped
CQDs (PCQDs) from a mixture of phosphoric acid and
TSC using the hydrothermal method. The effect of reaction
temperature, time, and the concentrations of precursors on the
formation of PCQDs and the doping effect of phosphorus were
efficiently discussed with the help of UV—vis and photo-
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luminescence (PL) spectroscopy. Further, the PCQDs with
high fluorescence quantum yield (QY) were characterized by
several spectroscopic and microscopic techniques to investigate
the structural, morphological, and crystalline properties. We
have also investigated the changes in the fluorescence
intensities of PCQDs upon the addition of Fe®*, which is
due to the formation of the stable fluorescent inactive complex
(PCQDs—Fe®*). Based on the observation, we have estab-
lished a fluorometric assay for the detection of Fe®" at very low
concentrations, and the advantages of our proposed probe
were validated in different water samples.

B RESULTS AND DISCUSSION

Formation of PCQDs. The PCQDs were synthesized from
an aqueous mixture of TSC and phosphoric acid usin% the
hydrothermal method. Similar to the previous reports,”'>">
the dehydrolysis reaction possibly occurs between TSC and
phosphoric acid. The phosphorus atoms were covalently
bound to the carbon and oxygen atoms of TSC molecules
through a dehydrolysis reaction and form a polymer-like
structure before the carbonization process upon hydrothermal
treatment, as shown in Scheme 1. After completion of
carbonization/aromatization, the PCQDs were formed as the
final product.

Optical Properties of PCQDs. We have prepared 12
different types of PCQDs based on various experimental
conditions such as the concentration ratios of precursors,
reaction times, and the temperatures. The normalized UV—vis
absorbance spectra and PL spectra of these PCQDs are shown
in Figure lab, and the experimental conditions of these
PCQDs with fluorescence QY are tabulated in Table 1.

Table 1. Experimental Condition for the Synthesis of
PCQDs with Fluorescence QY

concentra-
tion, M

name TSC H3;PO, ratio time, h temperature, °C QY, %
PCQD 1 0.1 0.1 1:1 12 80 0.2
PCQD 2 0.1 0.1 1:1 12 110 0.7
PCQD 3 0.1 0.1 1:1 12 140 16.1
PCQD 4 0.1 0.1 1:1 12 170 6.6
PCQD 5 0.1 0.1 1:1 12 200 1.3
PCQD 6 0.1 0.1 1:1 6 140 1.0
PCQD 7 0.1 0.1 1:1 18 140 9.1
PCQD 8 0.1 0.1 1:1 24 140 2.5
PCQD 9 0.1 0.2 1:2 12 140 2.7
PCQD 10 0.2 0.1 2:1 12 140 2.1
PCQD 11 0.1 0.3 1:3 12 140 9.1
PCQD 12 0.3 0.1 3:1 12 140 1.0

To understand the effect of reaction temperature, we have
prepared the PCQDs at five different temperatures, that is, 80,
110, 140, 170, and 200 °C at constant reaction time (12 h) and
the concentration of precursors (0.1 M, 1:1 ratio). The
PCQDs synthesized at 80 °C give a peak at 235 nm because of
m—n* electronic transition of aromatic C=C domains in
normalized (Figure la) and as-obtained (Figure S1) UV—vis
absorbance spectra. We have experienced an increment in the
absorbance with decreasing wavelength from 350 to 250 nm
because of the n—n* electronic transition of carbonized
functional groups such as C=0, C=P, and P=0 groups.'’
The peak at 235 nm was shifted to a higher wavelength (242

nm, bathochromic shift) by increasing temperature up to 140
°C. Afterward, this peak was shifted to a lower wavelength
(218 nm, hypsochromic shift) with increasing temperature up
to 200 °C. In PL spectra, the fluorescence of PCQD 1 to
PCQD 3 is independent of the excitation wavelength (1),
obtained by temperature from 80 to 140 °C, respectively
(Figures S2, S3, and 1c). Beyond 140 °C up to 200 °C, the
PCQDs were found to show the A.-dependent fluorescence
nature (PCQDs 4 and S; Figures S4 and SS). We have
observed the maximum fluorescence emission intensity at 440
nm with the A, of 310 nm (Figure 1c) for PCQD 3, among the
PCQDs (Figure 1b). Based on the UV-—vis and PL
experimental results, we can conclude that the amount of
phosphorus doping on CQDs is increased with increasing
temperature up to 140 °C and then decreased up to 200 °C.
The QY versus reaction temperature graph is shown in Figure
S6. From this graph, we have found that a suitable temperature
for the formation of highly fluorescent PCQDs is 143 °C using
polynomial curve fit. Phosphorus is one of the nitrogen group
elements, and the bathochromic shift in the UV-—vis
absorbance band upon increasing the amount of nitrogen
doping has been reported already.””” Moreover, the amount of
nitrogen content on nitrogen-doped CQDs is decreased at a
higher temperature.'” The observation of similar results shown
in this paper indicates the ineffective phosphorus doping on
PCQDs at a higher temperature. At higher temperatures, the
Aec-dependent emission nature also proves the lack of
phosphorus doping on CQDs. The amount of nitrogen
content in PCQDs was quantitatively confirmed by X-ray
photoelectron spectroscopy (XPS) measurement and dis-
cussed in the Structural Studies section. Based on the high
fluorescence QY, the temperature, 140 °C, is better for
effective phosphorus doping on the formation of PCQDs.

To explore the suitable time for the reaction completion
with the highest yield of PCQDs, we have synthesized the
PCQDs at different reaction times, that is, 6, 12, 18, and 24 h
with constant temperature (140 °C) and for the fixed
concentration of precursors (0.1 M, 1:1 ratio). In Figure 1a,
the peak at 223 nm (PCQD 6 for 6 h) was shifted to 242 nm
(PCQD 3 for 12 h), indicating that the phosphorus doping
increased with increasing temperature. Then, the peak was
shifted to around 230 nm for 18 h (PCQD 7) and 24 h
(PCQD 8) heating time because of the lack of phosphorus
doping. Also, we have observed the A.-dependent emission in
PCQDs prepared by 6 h reaction time, that is, similar to
PCQDs synthesized at 18 and 24 h reaction times (Figures
§7—S9, respectively). These results also revealed a lack of
phosphorus doping on CQDs at lower or very higher
temperatures. Hence, we have found that 12 h reaction time
is most suitable for effective phosphorus doping on CQDs,
which shows the highest QY, that is, 16.1%.

To understand the effect of concentration of precursors, we
have prepared the PCQDs with different concentration ratios
of TSC/phosphoric acid, that is, 1:2, 2:1, 1:3, and 3:1 and
labeled as PCQDs 9—12, respectively. In UV—vis spectra, we
have observed a peak around 243 nm for PCQDs 9 and 11
(Figure 1a) prepared by 1:2 and 1:3 ratios, respectively. This
peak was shifted to lower wavelengths, that is, 235 and 229 nm
for PCQDs 10 and 12, respectively, because of lower
concentration of phosphoric acid. Based on these observations,
we can propose that the phosphorus doping is ineffective at
low concentration of phosphoric acid, obviously doping of
phosphorus directly proportional to the concentration of
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Figure 2. (a) UV—vis absorbance, (b) PL spectra of PCQDs at pH 2.0 and 12.0, (c) fluorescence decay curve of PCQDs before and after the
addition of 5 uM of Fe*, (d) fluorescence intensity vs time plot for the stability of PCQDs at an excitation/emission wavelength of 310/440 nm.

phosphoric acid. These results contrast with the PL spectral
measurements, as shown in Figures S10, S11, 1d, and S12,
which are PCQDs prepared by the ratios of 1:2, 2:1, 1:3, and
3:1, respectively. The higher amount of phosphorus doping
usually shows the A.-independent emission nature. However,
here, we have observed the 4.-dependent fluorescence nature
with increasing phosphorus content in CQDs. In this context,
we believe that the 4.,-dependent emission nature of PCQDs is
due to the reduced value of the ratio of doped phosphorus/
oxygen even though the phosphorus doping has been
increased. Increasing concentration of oxygen content on
CQDs creates more surface states, resulting in the A.-
dependent fluorescence emission nature.”’ Therefore, under
the given experimental conditions, we have observed a A-
dependent emission nature with increasing concentration of
phosphoric acid. We also prepared undoped CQDs from 0.1 M
TSC by hydrothermal treatment at 140 °C for 12 h. The PL
spectra of undoped CQDs show the excitation wavelength-
dependent fluorescence, as shown in Figure S13. Also, the
PCQDs prepared from 0.1 M of a mixture of 1 equiv TSC and
sodium phosphate by hydrothermal treatment at 140 °C for 12
h (labeled as PCQDs,,) show a 4-independent fluorescence
nature, as evident from Figure S14. Based on these results, we
can clearly say that the doping of phosphorus prevents the
surface-caused fluorescence. Among the various PCQDs
(Table 1), we have selected the PCQD 3, which was
synthesized by heating the mixture of TSC/phosphoric acid
in 1:1 ratio at 140 °C for 12 h under the hydrothermal method,
based on the high fluorescence QY of 16.1%. These PCQDs
were used for further spectroscopic and microscopic character-
ization and analyses.

We have investigated the optical properties of PCQDs under
acidic and basic pH conditions. The pH of as-prepared PCQDs
is 5.4; however, the pH was adjusted to 2.0 and/or 12.0 using
HCI and NaOH, wherever required. The UV—vis absorbance
and PL emission spectra of PCQDs are shown in Figure 2a,b.
The absorbance peak was shifted to lower wavelength (210
nm) under acidic pH condition, which is due to the
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protonation, and therefore led to discontinuation of the
delocalization of 7—7* electrons. A similar behavior was also
confirmed by the PL spectra, which were obtained at different
excitation wavelengths (Figure S15). The excitation wave-
length shifted from 310 to 250 nm, and the fluorescence
spectra also showed a hypochromic shift; this confirms the
weakening of m—n* conjugation. The zeta potential of as-
prepared PCQDs (—1.7 mV) was found to shift from a
negative value to a positive value (+0.4 mV) upon decreasing
pH. At basic pH, the UV—vis spectrum shows that the
absorbance value increased from 340 nm with decreasing
wavelength. However, the excitation/emission wavelengths
remain unchanged at 310/440 nm even after adjusting to basic
pH (Figure S16); yet, the fluorescence intensity was found to
decrease slightly compared to as-prepared PCQDs. Deproto-
nation was confirmed by the zeta potential measurement, that
is, —=27.1 mV for PCQDs at basic pH. We observed similar
results as previously reported by Sun et al. that there is a weak
fluorescence under acidic and basic pH conditions, whereas
there is a strong fluorescence at neutral pH conditions for N, P
co-doped CQDs.*" The photoinduced electron transfer (PET)
usually occurs in nitrogen-doped CQDs through lone pair
electron of pyridinic nitrogen.”*> We believe that the PET is
the possible reason for a weak fluorescence at basic pH via the
interaction of lone pair of electrons available on the trivalent
phosphorus atom of PCQDs. Based on UV—vis, PL, and zeta
potential studies, it is very much clear that the PCQDs are
sensitive toward the pH of the medium.

To understand the decay of fluorescence, we have analyzed
the fluorescence lifetime measurement studies for PCQDs
using a time-correlated single-photon counting technique.
Figure 2c shows the fluorescence decay profile for PCQDs at
an excitation/emission wavelength of 310/440 nm. The decay
profile was fitted by the single exponential function, which
indicates the existence of a single fluorescence domain and
excitation-independent fluorescence emission nature. The
lifetime of fluorescence is calculated to be 10.4 ns. Moreover,
the fluorescence of PCQDs is found to be stable for more than
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Figure 3. Deconvoluted high-resolution P(2p), C(1s), and O(1s) XP spectra of (a—c) PCQD

PCQDs,,

1, (d—f) PCQD 3, (g—i) PCQD 11, and (j-1)

S h under continued exposure to the UV radiation (310 nm),
and the emission intensity was measured at 440 nm wavelength
(Figure 2d). We have studied the fluorescence stability of
PCQDs in the presence of a high concentration of NaCl
solution, and we do not observe any significant changes
(Figure S17). From these results, we can conclude that the
PCQDs have a very less photobleaching/blinking effect and
give highly stable fluorescence.

Structural Studies. FT-IR spectral studies were performed
to confirm the chemical composition and functional groups of
PCQD 3. The FTIR spectrum of PCQDs gives four peaks at
956, 1080, 1161, and 2382 cm™', as shown in Figure S18,
which can be assigned to the stretching frequencies of P—O—
C, P—O, P==0, and P—H functional groups, respectively.43
These functional groups confirm the doping of phosphorus on
CQDs. Further, we have observed the carbonized functional
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groups stretching frequencies, such as C—0O, C=0, and C=C
at 1400, 1716, and 1651 cm ™, respectively. The peak appeared
at 3583 cm™' is characteristic of the stretching frequency of
O—H functional groups.44’45 Thus, the PCQDs are aromatic
phosphorus-doped carbon framework with many polar func-
tional groups, which improve the aqueous solubility and
stability.

These functional groups were quantified to estimate the
doping amount of phosphorus in PCQDs 1, 3, and 11 and
PCQDsy, by the X-ray photoelectron spectroscopic technique.
The survey spectrum of PCQDs shows three significant peaks
at 133, 284, and 532 eV (Figure S19) and can be assigned to
P(2p), C(1s), and O(ls), respectively. The phosphorus
contents in PCQDs 1 and 11 are very low (0.9 and 0.8%)
compared to those in PCQD 3 and PCQDsy, (8.8%). These X-
ray photoelectron survey spectra of all PCQDs are used to run
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the high-resolution individual elemental and composition
measurement and deconvoluted, as shown in Figure 3. The
high-resolution P(2p) spectra of PCQD 3 (Figure 3d) have
been deconvoluted into two peaks at 132.1 and 133.1 eV by
the Gaussian function, which can be assigned to P—C (5.70%)
and P—O (3.17%) groups, respectively.”’ The C(1s) spectrum
(Figure 3e) can be deconvoluted into three peaks at 284.1,
285.4, and 288.4 eV by the Gaussian function that can be
assigned to aromatic carbon (C—C/C=C, 18.89%), C—0O/
C—P (7.35%), and C=0 (2.42%), respectively.***” We did
not observe any carboxylic acid functional moiety in the C(1s)
spectrum. Similarly, the Gaussian function was used to
deconvolute the O(1s) spectrum into three peaks at $31.0,
532.4, and 536.0 eV (Figure 3f), which can be ascribed to C=
O (16.76%), P=0 (44.56%), and H,0 (1.13%) groups,
respectively."*® The amounts of phosphorus, carbon, and
oxygen in PCQDs are tabulated in Table S1. From the XPS,
UV—vis, and fluorescence studies, we have confirmed that
increasing concentration of the phosphorus dopant in PCQDs
passivates the surface states, which leads to monochromatic
(Aerindependent) fluorescence. Increasing concentration of
oxygen in PCQDs enables the surface states, which leads to
multiple chromatic (4,,-dependent) fluorescence. Based on the
results of 12 different PCQDs, we have concluded that the
PCQDs have a monochromatic emission nature at the dopant
ratio of phosphorus and oxygen higher than 0.1 (P/O > 0.1)
and a multiple chromatic emission nature at the ratio of
phosphorus/oxygen lower than 0.1 (P/O < 0.1). Generally,
phosphorous-doped materials are highly moisture-sensitive;
thus, the water molecules cannot be obliterated.*” Therefore,
the synthesized material is hydrophilic, stable, phosphorus-
doped CQDs, which enable further functionalization or
applications.

Morphological Studies. The morphology and crystallinity
of PCQDs were studied by high-resolution transmission
electron microscopy (TEM) and selected area electron
diffraction (SAED) analyses. The TEM image of PCQDs is
shown in Figure 4a, which has uniformly distributed PCQDs.

Figure 4. (a) TEM image and (b) SAED pattern of PCQDs. The
inset of (a) shows the normal distribution histogram for the sizes of
PCQDs.

The average size of the PCQDs was found to be 2.7 nm,
calculated from 17 dots using the standard distribution curve,
and plotted as an inset of Figure 4a. We also calculated the size
of PCQDs as 3.5 nm using a dynamic light scattering
technique (Figure S20). The interplanar distances were
calculated from the SAED pattern of PCQDs (Figure 4b)
and found to be 3.19 and 2.29 A that can be assigned to the
(002) and (100) planes of the graphitic carbon framework,

respectively.” The phosphorous doping of CQDs decreases
the interplanar distance in PCQDs from 3.34 to 3.19 A, which
is usually observed for the undoped graphitic carbon
framework.'

As per the above results, we can conclude that phosphorus
does not effectively dope on CQDs when prepared at higher
temperatures and in longer reaction time. The excitation-
dependent fluorescence occurred because of the surface states
of PCQDs at a high concentration of phosphoric acid. The
independent excitation fluorescence was witnessed at an
optimum amount of phosphoric acid and experimental
conditions. Therefore, the synthesized material is highly
fluorescent, highly stable, pH-sensitive, hydrophilic, phospho-
rus-doped graphitic CQDs.

Determination of Fe*. Detection of Fe** using PCQDs
was performed by PL spectroscopy. We have added various
concentrations of Fe** ranging from 20 nM to 16 uM in 3 mL
of PCQDs (41 mg/mL). The PL spectra of PCQDs with
different amounts of Fe®* are shown in Figure Sa. The
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Figure 5. (a) PL spectra of PCQDs in the presence/absence of Fe**
ion concentration ranging from 20 nM to 16 uM and its (b) Stern—
Volmer plot, (c) PL intensities of PCQDs in the presence/absence of
500 uM of various metal ions and 5 uM of Fe** ions at an excitation/
emission wavelength of 310/440 nm.

fluorescence intensity gradually decreased with an increasing
concentration of Fe*" because of the formation of the ground-
state Fe®* chelate complex. The formation of the complex was
further confirmed by UV—vis absorbance spectroscopy. Figure
S21 shows the UV—vis absorbance spectra of PCQDs, FeCl,,
and a mixture of both. We have observed a gradual decay in the
absorbance band intensity at 310 nm after the addition of Fe®"
ions, which is due to the formation of the PCQDs—iron
(PCQDs—Fe*) complex.”® The fluorescence static quenching
rate constant can be calculated from the Stern—Volmer
equaltion.51

E

7o 1 + Kgy[Ql =1 + kg7[Q )
where F; and F are the fluorescence intensities of PCQDs
before and after the addition of Fe** ions. Ky, kg, 7o, and [Q]
are the Stern—Volmer constant, the quenching rate constant,
the fluorescence lifetime of CQDs, and the concentration of
Fe** ions, respectively. The Stern—Volmer plot is shown in

https://dx.doi.org/10.1021/acsomega.0c02627
ACS Omega 2020, 5, 22278—-22288


http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02627/suppl_file/ao0c02627_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02627/suppl_file/ao0c02627_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02627/suppl_file/ao0c02627_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02627/suppl_file/ao0c02627_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02627?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02627?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02627?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02627?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02627?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02627?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02627?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02627?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c02627?ref=pdf

Article

//pubs.acs.org/journal/acsodf

http:

ACS Omega

JIom STy}

8¢

9¢

S¢

e
€€

(43
1€
SS

LT
9¢

€T

$9DUDISJAI

armyeu 51dossox34Y 03 anp ared> YIm 31038

uondp
a1} 109e Lew sduadsaronyy sdnnur

Ayansuas “fyuresur] 310ys

paxmbar juauryeanord
sdures ‘wonyesuqey daysnnur

0'8 Hd puofaq s[qess Jou adusdsaION]

aatsuadxa ‘Ayanisuas 100d Ajpane[ar

aqoxd satsuadxa
“fandaas ‘“Ayianisuas 10od Apanerar

Aanisuas 100d A[panerar

paxmbar jusunjeanjord oydures

oxoy onserd jo asn

Ayranpapes 100d Appanepar

o woxy 3 ‘SqeysmSunsipur

saZejueapesip

aarsuadxaur
Sxojuou ‘Ayrandares ‘Ayanisuss ydig

Ayanpares pood “Aanisuas y3ry
£y1anoaas
£1940231 pooS ‘Ay1andaas

£19A0531 pood ‘Ayanisuss ydiy

£oemooe poo A1andapes

so[dures [eax payids ur £19A0031 poo!
d 1ds ur £x 3
£y1andapes ‘Darsuadxaut

prdex ‘aarsuadxaur

paxmbaz jou
jusuneanaid sydures ‘“Aranisuss y3ry

SIXOJUOU

sxojuou ‘Ayantsuss ySry

sadejueape

+¢2d JO uond33( Y} 10§ sasd[euy adureg [eay pue ‘qQOT ‘AITedUr] ‘SPOYIAJN ‘S[ELIdIBIA JO ISTT *T dqe],

sojdures
I9)EM SNOLIBA

I19yeM

wniss poo[q

REIN
diseM ‘WnIds poo[q

wniss poo[q

s39[qe)
‘rorem oye| ‘dey

1o1em dey

[ros pajnpod

I9jem ‘WINIas pooiq

I97eM e[

I9jem ‘wnids poolq

stsA[eue apdures [eax

eI X O'T
0T X 8¢
0T X 9T

60T X 0°€
401 X 0T

4.0 X S°€
50T X 9T
(0T X 0€

X 0%
40T X 6L

XTI
60T X 0°S
(W) ‘aoa

-0T X 0°€ 03 {_0T X
,-0T X T'T 03 (0T X
40T X 0T 03 ;0T X
40T X 0'T 03 0T X

40T X €T 0} {0 X
¢-0T X 0°T 03 5 0T X

¢-0T X €T 01, 0T X
=01 X L9 03 40T X
.01 X §T 03 . 0T X

0T X 0T 03, 0T X
¢0T X TT 03 ¢ 0T X
s-0T X 0T 03 3 0T X

(W) ‘e8uer resury

0C

61

0'S

0L

0T
oS

oS
St
0T

0'S
oS
0T

sd00d
aysodwodoueu
O18O" O A-VILIN
Jromaurey
SIJEWOIE PISE]-ULRISIION]

SpIXOIPAY
a[qnop parake] [y—SA

sapnredoueu Quz@'Ofq
s1a3snpooueu pjod

s12)sn[DoUEU p[o
sjop wnjuenb susyderd
HDD/INDMIN/INVI/SANI

DAd \ uoned
19701 [e3s£1> 1red-uor

sjop uoqreds padop-uadonu

sjop uoqres> padop-usSonru

s[errajewr

plasElieacelal s
JLjPuILION])
JLjPUILION])
JLjPuILION])

JLjPwILIonyy

SLjawLIoNnyy

SujawLIoNyy
JLrjPUILION])

supworsdure

SLI}3WILIO[0D
JLjPUILION])
SLI}2WILIO[0D

JLjswLIony

poyjour

€1

(4%

1T

01

vy

— N o <

‘ou

IS

https://dx.doi.org/10.1021/acsomega.0c02627

22284

ACS Omega 2020, 5, 22278-22288


http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c02627?ref=pdf

ACS Omega

http://pubs.acs.org/journal/acsodf

Figure 5b, and from this plot, we have calculated the Stern—
Volmer constant (Kg, = 1.48 X 106 M) and the quenching
rate constant (k, = 1.423 X 10'* M™' s™") using eq 1. We have
calculated the hm1t of detection (LOD) for Fe** ions to be 9.5
nM and the limit of quantification to be 31.6 nM with a
linearity of 20 nM to 3. 0 ,uM (R* = 0.99) better than those of
N- and P-doped CQDs,>” nitrogen-doped CQ_Ds, graphene-
quantum dots,”’ and gold nanoclusters.”*> Our proposed
method for the detection of Fe®* ions is found to be better
than the earlier reports, listed in Table 2, based on the
sensitivity, selectivity, and the usage of the inexpensive,
nontoxic probe.

Additionally, we have calculated the binding constant (K) to
understand the binding affinity between PCQDs and Fe*" ions
using the Lineweaver—Burk equation,” as shown below.

1 1,1 1
1,1 1
KR Q] )

E-F &

We have determined the binding constant value (2.256 X
10° M™!), which was calculated from the Lineweaver—Burk
equation using Figure S22. The quenching process is attributed
to the static quenching because of the formation of the
fluorescent inactive PCQDs—Fe®" chelating complex. The
static quenching was confirmed by fluorescence decay studies,
which is shown in Figure 2c. The fluorescence lifetime of
PCQDs was changed from 10.4 to 10.2 ns, as obtained by the
single exponential function. Hence, negligible changes in the
fluorescence lifetime of PCQDs after the addition of 5 yuM of
Fe*" in fluorescence decay curves confirm the static quenching
caused by fluorescence inactive stable complex formation at
the ground state. The selectivity of PCQDs was investigated
using various transition, alkali, and alkali earth metal ions.
Figure Sc shows the average of triplicate PL intensities of
PCQDs before and after the addition of 5 M of Fe** ions and
100 times higher concentration (500 M) of various metal
ions at an excitation/emission wavelength of 310/440 nm. We
did not observe any significant fluorescence changes for the
metal jons except Fe** ions. The fluorescence intensity was
almost 90% quenched for S uM of Fe**. The reason for this
quenching is ascribed to the strong affinity of PCQDs toward
Fe®" than other metal ions. In this regard, to confirm the weak
interaction between the PCQDs and the other metal ions, we
have calculated the binding constant of these metal ions
toward PCQDs and it was found to be 4 orders lower than that
of Fe*" ions (Figure $23). Additionally, we have added 0.5 mM
of Fe?* in PCQDs to find the interaction between them using
fluorescence studies (Figure S24). The fluorescence intensity is
not decreased significantly; hence, the PCQDs are highly
selective to Fe®* ions. Liu et al. reported an iron detection
using nitrogen-doped CQDs.”> However, they are unable to
distinguish the Fe®* and Fe* ions using their materials. We
added 0.5 mM of Fe*" in undoped CQDs for PL spectra to find
out the importance of P doping. The fluorescence intensity was
decreased around 40% for 0.5 mM Fe* (Figure S25).
However, these PCQDs lost their fluorescence around 90%
within 16 uM of Fe®" addition. Therefore, the doping of
phosphorus on CQDs greatly improves the sensitivity.

The strong interaction between PCQDs and Fe®* is explored
by XPS studies. The survey spectrum of the PCQDs + Fe*
complex is shown in Figure S26 that shows five peaks at 133,
284, 532, 710, and 725 eV because of P(2p), C(1s), O(ls),
Fe(2p);/,, and Fe(2p),,, respectively. Each peak can be
deconvoluted and fitted using a Gaussian function. Figure 6a
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Figure 6. Deconvoluted high-resolution XPS spectra of (a) P(2p),
(b) C(1s), (c) O(1s), and (d) Fe(2p) of the PCQDs—Fe*" complex.

shows the deconvoluted XPS spectrum of P(2p) peak that
shows three peaks at 129.6, 132.0, and 132.9 eV because of P—
Fe, P—C, and P-0, respectively.53 Cls can be deconvoluted
into three peaks at 284.3, 286.3, and 288.4 eV that can be
assigned to aromatic C—C, C-C/C—P, and C=O,
respectively (Figure 6b). O(ls) can be deconvoluted into
three peaks at 530.2, 531.1, and 532.2 eV, which can be
attributed to O—Fe, O=C, and O=P, respectively”’ (Figure
6¢). The Fe(2p) peak can be deconvoluted into four peaks at
707.9, 713.4, 721.8, and 726.6 eV, which can be assigned to
Fe—P and Fe—PO, of Fe(Zp)3/2 and Fe(2p),,,, respectlvely
(Figure 6d). Hence, Fe®* is coordinately connected to P and O
of PCQDs and not connected to carbon. Because of complex
formation, the size of the PCQDs is increased through
aggregation, as seen from the TEM image (Figure 7a). We
have investigated the PCQD interaction toward Fe®* using
energy-dispersive X-ray spectrometry (EDXS) studies. Figure
7b—f shows the color mapping of the carbon, oxygen,
phosphorus, iron, and overlap picture. Iron is bound with
PCQDs, and we did not find any unbound Fe** in Figure 7e.
However, carbon is spread over the picture because of not only
carbon in PCQDs but also in carbon-coated copper grids. The
high-angle annular dark-field TEM image of respective EDXS
mapping is shown in Figure S27. These results confirm that
our CQD assay is highly selective toward Fe*" ions.

Real Sample Analyses. The proposed assay was validated
in various water samples such as raw, filtered, and ejected water
of the RO system, collected at IISER, Tirupati. We have
followed the standard addition method for the determination
of Fe®* ions in all the water samples. We have added 0.5, 1.0,
1.5, 2.0, and 2.5 uM of Fe** as a standard solution to the
mixture of 200 uL of water samples and 2.8 mL of PCQDs.
The PL spectra were obtained for the combination of water
samples and PCQDs before and after the addition of the
standard solution for the determination of an unknown
amount of Fe**. The PL spectra of PCQDs with raw (Figure
$28a), filtered (Figure S28c), and ejected (Figure S28e) water
samples in the presence of standard solution at the excitation
wavelength of 310 nm are validated. The average of triplicate
intensities at 440 nm was calculated to plot standard addition
curves. Figure S28b,d,f shows the standard addition curves for
raw, filtered, and ejected water samples, respectively. From the
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Figure 7. (a) TEM image, EDXS color mapping of (b) carbon, (c) oxygen, (d) phosphorus, and (e) iron, (f) overlapped image of (b—e) of the

PCQDs—Fe** complex.

derivative plots, we have calculated the amounts of Fe®* in raw,
filtered, and ejected water samples, which are found to be 2.2,
0.6, and 2.0 uM, respectively. These values are less than the
permitted values by US Environmental Protection Agency32
and WHO guidelines.54 Therefore, these PCQDs are a
promising material for the detection of Fe®* in various samples
such as sewage water, pollutant, and industrial wastewater
samples. Researchers from different laboratories can use our
new PCQD-based protocol for the determination of Fe** even
in the urine and blood serum samples.

B CONCLUSIONS

The pH-sensitive phosphorus-doped graphitic CQDs with a
Aer-independent fluorescent QY of 16.1% were synthesized by
the hydrothermal method. The phosphorus doping on CQDs
is directly proportional to the concentration of phosphoric
acid. However, high concentration of phosphoric acid increases
the oxygen content instead of the phosphorus content in the
PCQDs, which resulted in the formation of surface states,
yielding A.-dependent fluorescence. Additionally, we have
optimized the reaction temperature and time to be 140 °C and
12 h, respectively, to get highly fluorescent A-independent
PCQDs. The fluorescence intensity was selectively quenched
by Fe®* because of the formation of the fluorescence-inactive
PCQDs—Fe’* chelation complex. The fluorescence-quenching
process follows the static quenching kinetics. Hence, an assay
was formulated for the Fe’* detection with a linear range of
20—3000 nM (R* = 0.99) with a detection limit of 9.5 nM.
Further, the assay was validated in various water samples, and
the results are found to be satisfactory. Further, we will be
focusing on the functionalization of PCQDs with charcoal
carbon for the purification of industrial and sewage water as a
futuristic industrial offer.

B EXPERIMENTAL SECTION

Chemiicals. TSC, phosphoric acid, ferric chloride (FeCls),
ferrous chloride (FeCl,), cobaltous chloride (CoCl,),
strontium chloride (SrCl,), magnesium chloride (MgClL,),
potassium chloride (KCl), calcium chloride (CaCl,), cesium
chloride (CsCl), lithium chloride (LiCl), mercurous chloride
(HgCl), nickel chloride (NiCl,), cadmium chloride (CdCl,),

sodium chloride (NaCl), manganese chloride (MnCl,), lead
chloride (PbCl,), erbium chloride (ErCl;), ammonium
chloride (NH,CI), copper chloride (CuCl,), silver chloride
(AgCl), bismuth chloride (BiCly), mercuric chloride (HgCl,),
fluorescein, and cellulose dialysis tubing (2 kDa) were
purchased from Sigma-Aldrich. Hydrochloric acid (HCI) and
sodium hydroxide (NaOH) were purchased from MERCK. All
chemicals were of analytical grade and used without further
purification. All solutions were prepared with Milli-Q_ water
(18.2 MQ-cm).

Synthesis of PCQDs. Different ratios of TSC and
phosphoric acid were taken and dissolved in 30 mL of Milli-
Q water to synthesize the PCQDs. These mixtures were
transferred to the 50 mL Teflon containers and kept in an
autoclave. These autoclaves were heated at different temper-
atures by 3 °C/min rate for an appropriate time. The ratios of
precursors, reaction temperatures, and reaction times are
shown in Table 1. After finishing the reactions, the autoclaves
were allowed to cool down to room temperature. After that,
PCQDs were purified by a 0.2 um PTFE syringe filter to
remove bigger particles and contaminates. Then, we have
dialyzed the reaction mixture using a 2 kDa MWCO
membrane to remove the salts and excess precursor. The
pore size of the 2 kDa membrane is <0.1 nm. Therefore, all the
small fragments and ions come out from the membrane and
the PCQD remains exist in the tube. The purified PCQDs
were taken for the UV—vis and PL measurements, followed by
the QY calculations. Among the various PCQDs, the maximum
QY was observed for PCQDs prepared from the 1:1 ratio of
TSC with phosphoric acid and heated at 140 °C for 12 h.
These PCQDs were characterized by different spectroscopic
and microscopic techniques. The QY calculation and the
experimental procedure for various spectroscopic and micro-
scopic techniques are shown in Supporting Information,
Section S1.

Determination of Fe** and Interference Studies. The
appropriate volumes of an aqueous solution of Fe** ions
(concentration ranges of Fe**: 20 nM to 16 uM) were added
to 2.5 mL of CQDs dispersion. The net volume of the cuvettes
was maintained to be 3 mL for all experiments by adding the
appropriate amount of Milli-Q water. The excitation wave-
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length was set to 310 nm to get the PL spectra for the
determination of Fe**. The excitation/emission bandwidth and
photomultiplier tube voltage were set to 5.0 nm and 400 V,
respectively. The fluorescence intensities at the emission
wavelength of 440 nm were taken to prepare the Stern—
Volmer plots.

A multifunctional microplate reader BioTek Synergy H1 was
used for interference studies. Interfering metal ions (150 uL,
taken from 1 mM) were added in 150 uL of CQDs. The
samples (300 uL) were placed in black 96-well plates with a
flat bottom for PL measurements. The fluorescence intensities
were measured at an excitation/emission wavelength of 310/
440 nm. For fluorescence measurements, each value is an
average of three measurements.
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