Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

#® ROYAL SOCIETY

Nanoscale
P OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue,

Carbon source self-heating: ultrafast, energy-
efficient and room temperature synthesis of highly
fluorescent N, S-codoped carbon dots for
quantitative detection of Fe(u) ions in biological
samplesy

i ") Check for updates ‘

Cite this: Nanoscale Adv., 2020, 2,
1483

Honggang Yin,1? Die Gao,}? Yan Qiu,® Gaoyi Yi,? Jun Li, ©° Yingying Dong,”
Kailian Zhang,*? Zhining Xia® © and Qifeng Fu®*@

In recent years, photoluminescent (PL) carbon dots (CDs) have attracted enormous attention because of
their many fascinating properties. However, the traditional synthesis routes of PL CDs usually suffer from
relatively low quantum yields (QYs) and require complicated operation processes as well as lots of
externally supplied energy. Herein, we report a room temperature, green, ultrafast and energy-efficient
route for large scale synthesis of highly PL N, S-codoped CDs without any external energy supply. The N,
S-codoped CDs are prepared through a novel carbon source self-heating strategy, using the sole
precursor tetraethylenepentamine (TEPA) simultaneously as the carbon, nitrogen and heat source,
triggered by the heat initiator sodium persulfate (Na,S;Og). The large amount of heat released from
Na,S,0g-triggered oxidation of TEPA could effectively promote the spontaneous polymerization and
carbonization of TEPA precursors themselves as well as the in situ co-doping of sulfur, which had
marked synergistic effects on the fluorescence enhancement of CDs, eventually leading to the high-

yield (58.0%) preparation of highly fluorescent N, S-codoped CDs (QY 26.4%) at room temperature
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Accepted 22nd February 2020 within 2 min. Moreover, the fluorescence of N, S-codoped CDs could be selectively quenched by Fe®**

ions in the presence of EDTA, in an ultra-wide range of 0.2-600 uM, with a detection limit of 0.10 uM.
Ultimately, the fluorescent nanoprobe was successfully used for the quantitative detection of Fe®* in
human serum samples, indicating its great potential for sensing and biomedical applications.
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Introduction

In recent years, photoluminescent (PL) carbon dots (CDs) have
captured tremendous attention for potential application in the
fields of sensing,'* biolabeling,>® bioimaging’® and drug
delivery,'>'* because of their low toxicity, good biocompatibility,
excellent photostability, adjustable functionalities and PL
properties. To produce PL CDs, a wide variety of strategies
including electrochemical etching,"** laser ablation,™ pyrol-
ysis,”® plasma treatment,'® microwave-assisted preparation,"”
and hydrothermal or solvothermal synthesis'®*?' have been
developed. However, these synthesis routes usually require
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complicated and time-consuming processes (that usually last
ten hours or longer), cumbersome experimental instruments or
high synthesis temperature, which not only increases the cost,
but also significantly restricts their large-scale fabrication and
further industrial applications. Therefore, it is of great practical
significance to further develop energy-efficient synthesis strat-
egies for producing PL CDs at low temperature or even without
requiring externally supplied energy.

The common strategies for fabricating PL CDs at low
temperature are based on the dehydration and condensation
processes of reactants triggered by strong acid or alkali such as
concentrated sodium hydroxide or sulfuric acid.**>* However,
the obtained CDs typically have relatively low quantum yields
(QY, less than 5%) or take a long time to perform. In addition,
the reaction heat produced from the ethylenediamine/
triethylenetetramine-catalysed decomposition of hydrogen
peroxide (H,0,) has been utilized as the heat source to induce
the synthesis of hydroquinone-derived CDs at room tempera-
ture without strong acid or alkali.”**” However, these strategies
for fabricating CDs still require the costly external energy
supplied by H,0,-based self-exothermic systems to carbonize
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the precursors. Additionally, only one kind of carbon source, i.e.
hydroquinone, can be applied by the synthetic strategies, which
restricts their practicability. Therefore, it is highly desirable to
further develop more facile, energy-efficient, green and scalable
strategies for the room temperature synthesis of functionalized
PL CDs without any external energy supply.

On the other hand, heteroatom doping of CDs has become
an emerging topic for effectively tuning the intrinsic properties
of CDs. It is well known that doping of CDs with nitrogen can
lead to the fluorescence enhancement and shift of emission
spectra.”®?*® As for sulphur, the other larger atom, it has a more
remarkable influence on the shift in energy states of CDs, which
may lead to the change of fluorescence characteristics or further
increase of PLQY.**** Therefore, the PL properties of CDs can be
effectively adjusted by doping with nitrogen and sulphur atoms,
contributing to expanding their applications in sensing and
biomedical fields. Although some strategies have been pre-
sented for producing nitrogen and sulphur codoped CDs (N, S-
codoped CDs), they generally require harsh synthesis condi-
tions and tedious processes.**** Thus, it is still a huge challenge
to develop facile, green, scalable and room temperature
synthesis strategies for producing N, S-codoped CDs.

Herein, inspired by the developments of the room temper-
ature synthesis of CDs as well as excellent PL properties ob-
tained by nitrogen and sulphur doping, we report a novel route
for large scale production of highly PL N, S-codoped CDs at
room temperature through a one-step carbon source self-
heating strategy, using the sole precursor tetraethylenepent-
amine (TEPA) simultaneously as the carbon, nitrogen and heat
source. This method was based on the self-heating effect of
TEPA triggered by the heat initiator sodium persulfate
(Na,S,05). Upon mixing the two reactants, lots of reaction heat
derived from the Na,S,0s-triggered oxidation of TEPA would be
spontaneously produced at room temperature. Meanwhile, the
oxidation, polymerization and carbonization of TEPA as well as
the in situ co-doping of sulphur atoms occurred simultaneously,
resulting in the rapid spontaneous formation of N, S-codoped
CDs within 2 min (Scheme 1). In these processes, TEPA not
only acted as the sole carbon and nitrogen source, but also
served as the heat source triggered by Na,S,0g, which could
rapidly release lots of heat to promote their own spontaneous
formation of N, S-codoped CDs. On the other hand, Na,S,0g not
only acted as the heat initiator, but also served as the dopant for
in situ co-doping of sulfur, which had significant synergistic
effects for the fluorescence enhancement of CDs. Thus, the one-
step carbon source self-heating strategy provides a facile, green,
ultrafast, scalable and energy-efficient route to prepare highly
fluorescent heteroatom-doped CDs without requiring any
external energy supply, which would greatly decrease the energy
consumption, simplify the synthesis processes, and promote
the extensive applications of PL CDs.

To the best of our knowledge, this is the first demonstration
for room temperature synthesis of highly fluorescent N, S-
codoped CDs without any external energy supply. The prepa-
ration, morphology, chemical compositions and fluorescent
properties of N, S-codoped CDs were investigated extensively.
The as-prepared N, S-codoped CDs exhibited excellent water
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Scheme 1 Schematic of the synthetic procedure of N, S-codoped
CDs at room temperature through a one-step carbon source self-
heating strategy.

solubility, high production yield (about 58.0%), high photo-
stability and a high QY up to 26.4% under the optimized
synthesis conditions. More intriguingly, the label-free N, S-
codoped CDs showed a highly selective and sensitive fluores-
cence response to Fe®" ions under the masking effect of EDTA,
in an ultra-wide range of 0.2-600 uM, with a detection limit of
0.10 uM. Furthermore, the N, S-codoped CD based fluorescent
nanoprobe was successfully utilized for the quantitative detec-
tion of Fe*" in environmental water and human serum samples
with satisfactory results, which presented its great potential for
sensing and biomedical applications.

Experimental
Materials

H,0, solution (30 wt%), ethylenediamine-tetraacetic acid diso-
dium salt dihydrate (EDTA), ethylenediamine (EDA), dieth-
ylenetriamine (DETA), triethylenetetramine (TETA),
tetraethylenepentamine (TEPA), hydrochloric acid and concen-
trated sulfuric acid were all purchased from KeLong Chemical
Reagent Co., Ltd. (Chengdu, China). Pentaethylenehexamine
(PEHA) was obtained from Sigma-Aldrich. Sodium persulfate
(Na,S,0s), ascorbic acid (AA), sodium citrate (SC), glutathione
(GSH), hydroxylamine hydrochloride (HA) and trichloroacetic
acid (TCA) were obtained from Adamas Reagent Co., Ltd
(Shanghai, China). Quinine sulfate dihydrate (99.0%) was
purchased from Aladdin Reagent Co., Ltd (Shanghai, China). 4-
(2-Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
ferric chloride, sodium chloride (NaCl) and other metal salts
were all bought from Huaxia Reagent Co., Ltd (Chengdu,
China). The human serum samples were all directly obtained
from the Affiliated Hospital of Southwest Medical University,

This journal is © The Royal Society of Chemistry 2020
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Luzhou, China. The ultrapure water used in the study was
purified with an AWL-1002-H (Aquapro International Company
LLC., USA) ultrapure water system.

Characterization

UV-visible absorption and fluorescence spectra were recorded
using a UV-visible spectrophotometer (UV-2600, Shimadzu,
Japan) and an LS55 luminescence spectrometer (Perkin-Elmer,
USA), respectively. The elemental compositions of N, S-
codoped CDs were obtained using an ESCALAB 250Xi X-ray
photoelectron spectrometer (XPS, Thermo Electron, USA).
Fourier transform infrared (FTIR) spectra were collected using
the potassium bromide pellet methodology with an IRAffinity-
1S spectrophotometer (Shimadzu, Japan). Transmission elec-
tron microscopy (TEM) and high-resolution TEM (HRTEM)
images were obtained using a JEOL JEM-1200EX electron
microscope operating at 120 kV with an accelerating voltage of
120 kV and an FEI Tecnai G2 F20 S-Twin electron microscope
operating at 200 kV, respectively. The further determination of
the concentration of Fe*" in human serum was performed using
an Agilent 7500ce inductively coupled plasma mass spectrom-
etry (ICP-MS) system (Agilent Technologies, Japan).

Synthesis and purification processes of N, S-codoped CDs

Na,S,05 (1.0 g) was firstly dissolved in 4.0 mL ultrapure water at
room temperature (25.1 °C). Subsequently, 0.5 mL TEPA was
added into the Na,S,04 solution (25%, w/v) in a 50 mL beaker
without stirring. The reaction mixture was quickly foamed by
the heat in situ released from the Na,S,0g-triggered oxidation of
TEPA. Meanwhile, the color of the mixed solution deepened
dramatically to brownish-black within 2 min at room temper-
ature, indicating the carbonization of TEPA. The obtained crude
product was gradually cooled down to room temperature and
extensively dialyzed against ultrapure water through a dialysis
tube (molecular weight cut-off of 500-1000, Sangon Biotech Co.
Ltd, Shanghai, China) for 48 h and then filtered through
a membrane filter (0.22 pm). Finally, the purified solution was
lyophilized to obtain the CD powder (Fig. S11) and re-dispersed
in ultrapure water with a concentration of 3 mg mL ™" for further
characterization and application. The production yield of N, S-
codoped CDs was calculated to be about 58.0% based on the
weight of the lyophilized CD powder. The synthetic processes of
other CDs using H,O, as the oxidant or DETA, TETA and PEHA
as the carbon, nitrogen and heat sources were similar to those
of CDs obtained by the reaction between Na,S,0g and TEPA,
except for the replacement of the corresponding reactants with
the desired amounts, respectively.

Fluorescence detection of Fe**

The detection of Fe** was carried out in HEPES (10 mM, pH =
7.0) buffer solution. In a typical experiment, standard stock
solutions of Fe®* with different concentrations were firstly
prepared by dissolving ferric chloride in ultrapure water. 400 pL
Fe®* solutions of different concentrations were added into
a quartz cuvette and mixed with 100 pL of N, S-codoped CD
(3 mg mL™") solution and 400 uL of 25 mM EDTA solution.

This journal is © The Royal Society of Chemistry 2020
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Subsequently, the solutions were diluted to 4 mL with HEPES
buffer. The obtained diluted solutions were mixed uniformly
and incubation for 5 min. The fluorescence emission spectra at
450 nm before and after the addition of Fe** were recorded
under excitation at 370 nm, respectively. All the experiments
were performed in triplicate and at room temperature.

Detection of Fe** in environmental water samples

The application of Fe®" detection in environmental water
samples was conducted using tap, river and lake water as the
analytes, which were collected from our laboratory, Tuojiang
River and Yanyu Lake (Luzhou, Sichuan, China), respectively.
Prior to use, the river and lake water samples were centrifuged
at 12 000 rpm for 20 min and then filtered through a membrane
filter (0.22 pm) to remove the insoluble impurities. The tap
water sample was pre-heated to eliminate the residual chlorine
and then filtered through a membrane filter (0.22 pm). Fe**
standard solutions with different concentrations were added
into the environmental water samples to calculate the recovery
of Fe*" based on the developed sensing method.

Quantification of Fe*" in human serum samples

The human serum samples were firstly treated with TCA to
release the Fe** from proteins. Briefly, equal volumes of 20% (w/
v) TCA solution and human serum were mixed uniformly and
heated at 90 °C for 15 min. After being cooled to room
temperature, the protein precipitate was completely removed by
centrifugation. The resulting supernatant was collected and
diluted 4 times with HEPES buffer (10 mM, pH = 7.0) for further
analysis. Afterwards, aliquots of the as-prepared deproteinized
human serum (0, 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 mL) were first
mixed with 100 uL of N, S-codoped CDs (3 mg mL™") solution
and 400 pL of 25 mM EDTA solution, and then diluted to 4 mL
with HEPES buffer. The resulting solutions were incubated at
room temperature for 5 min and fluorescence emission spectra
at 450 nm were recorded. The unknown amount of Fe’" in
human serum was determined using the standard addition
method using ferric chloride as a standard. The deproteinized
human serum samples were spiked with different concentra-
tions (5, 10, 15, 20, and 25 uM) of Fe*" and then analysed using
the N, S-codoped CD based fluorescent nanoprobe.

Results and discussion
Preparation of N, S-codoped CDs

Various aliphatic amine precursors, including EDA, DETA,
TETA, TEPA and PEHA, were utilized as the self-heating carbon
sources for the spontaneous synthesis of PL N, S-codoped CDs
at room temperature in the presence of Na,S,0g. The temper-
ature change of the mixed solutions composed of 0.5 mL of
different aliphatic amine precursors and 4.0 mL of Na,S,0g
solutions (25%, w/v) was firstly investigated using a digital
thermometer. As shown in Fig. 1a, after Na,S,0g was mixed with
the five aliphatic amine precursors, the significant increase in
the temperature of the mixed solutions could be detected
immediately. With the increase of the alkyl chain length of the
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(a) The temperature change of the mixed solutions composed of 0.5 mL aliphatic amine precursors (EDA, DETA, TETA, TEPA or PEHA) and

4.0 mL heat initiator (25% Na»S,0g or H,O5) solutions within 5 min; (b) the QYs and production yields of the different aliphatic amine-derived CDs

obtained under their respective optimum reaction conditions.

aliphatic amines, the increase in the temperature of the mixed
solutions became increasingly obvious because more and more
heat was released in situ. Especially, a remarkable increase in
the temperature from 25.1 to 100.3 °C within 1 min was
observed after mixing Na,S,0g with TEPA. When using PEHA,
the aliphatic amine with a longer alkyl-chain length, for the
reaction with Na,S,0g, the variation trend and degree of the
temperature were similar to those for TEPA. As a result, the
large amount of reaction heat derived from Na,S,0s-triggered
oxidation of aliphatic amines, which would be accumulated in
certain micro-regions of the self-heated solutions, was found to
be a good alternative to the costly external energy supply for
ultrafast spontaneous synthesis of N, S-codoped CDs (Movie
S1t).

Further comparison of the QYs and production yields of the
different aliphatic amine-derived CDs obtained under their
respective optimum reaction conditions, by which the corre-
sponding maximum QYs could be achieved, is presented in
Fig. 1b and Table S1.7 It can be found that the N, S-codoped CDs
derived from different kinds of aliphatic amines had a slight
difference in QY values, which might be due to the similarities
of precursor structures and reaction procedures. On the other
hand, there was an enormous difference in their production
yields. With the increase of the alkyl-chain length, the
consumption of aliphatic amines decreased continuously
(Table S1t) and the corresponding production yields gradually
increased (Fig. 1b). Consequently, the maximum yield (58.0%)
could be obtained by using TEPA. Further increasing the alkyl-
chain length resulted in a slight decrease of the values of QYs
and production yields. Therefore, TEPA was selected for the
further studies.

Furthermore, after Na,S,0g was mixed with several other
common organic reductants (including AA, SC, GSH and HA)
under the same conditions, only a slight increase in the
temperature could be detected (Fig. S2af) and no PL CDs were
formed. Therefore, in the preparation processes of N, S-codoped
CDs, the aliphatic amines not only acted as the sole carbon and
nitrogen source, but also served as the heat source simulta-
neously. Once the flammable aliphatic amine precursors were

1486 | Nanoscale Adv., 2020, 2, 1483-1492

triggered by the combustion-supporting heat initiator Na,S,Osg,
lots of heat would rapidly release and accumulate in certain
micro-regions of the mixed solutions, leading to their own
spontaneous rapid formation of N, S-codoped CDs. In addition,
the concentration of Na,S,04 had an obvious impact on the heat
release. As illustrated in Fig. S2b,t the increase in the temper-
ature of the Na,S,0g/TEPA solutions became obvious with the
increase of Na,S,0g content up to about 25% (w/v). Further
increasing the amount of Na,S,0g to approximately 30%
resulted in a slight increase of the maximum temperature,
which might be because the Na,S,Og-triggered oxidation of
TEPA had proceeded completely in the presence of excess
Na,S,0s. In the subsequent studies, the Na,S,0z solution with
an optimal content of 25% was selected for the synthesis of N, S-
codoped CDs.

Characterization of the as-prepared N, S-codoped CDs

The surface morphology of the as-prepared N, S-codoped CDs
was characterized by using TEM and HRTEM. As shown in
Fig. 2a, the CDs are spheroidal and well separated from each
other, and their size distribution ranges from 7 nm to 14 nm
with an average diameter of about 10.4 nm. The well-resolved
and uniform lattice fringes with an interplanar spacing of
0.25 nm shown in the HRTEM image (Fig. 2b) correspond to the
(020) plane of graphite, which indicates that the N, S-codoped
CDs have a graphite-like crystalline structure.*® Then, the
FTIR measurements were performed to characterize the func-
tional groups present in the N, S-codoped CDs. As shown in
Fig. 2c (curve a), TEPA has strong characteristic absorption
peaks for the N-H and C-H stretching vibrations at around
3350, 1308, 2940 and 2830 cm ™' as well as those for N-H and
C-H bending vibrations at around 1607 and 1460 cm ',
respectively.®®*” After the introduction of Na,S,0g, plenty of
TEPA molecules would be oxidized, polymerized, carbonized
and eventually transformed into the graphite-like structures of
CDs. As a result, the absorption peak related to C-H stretching
vibrations was red-shifted to 3010 cm™!, which could have
contributed to this series of structural transformations from
TEPA to CDs and was consistent with the previously reported

This journal is © The Royal Society of Chemistry 2020
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Fig.2 (a) TEM and (b) HRTEM images of the as-prepared N, S-codoped CDs; (c) FTIR spectra of TEPA and the TEPA-derived N, S-codoped CDs;

(d) XPS spectrum of the obtained N, S-codoped CDs.

peak position (3010-3130 ecm ') of the C-H bond in DTPA
derived N-doped carbon dots.*® The new absorption peaks at
around 1740, 1650 and 1515 cm ™" were found to appear in the
spectrum of CDs (Fig. 2¢, curve b), which can be ascribed to the
C=0, C=N and N-H groups, respectively,”>*>** verifying the
oxidation and polymerization of TEPA. Additionally, another
new absorption peak could also be observed at around
1120 ecm ™', which was associated with the stretching vibrations
of the S=0 bond derived from Na,S,0g,** and indicated the
successful doping of sulphur into N, S-codoped CDs.

The compositions of the as-synthesized CDs were further
analysed using XPS spectra. As shown in Fig. 2d, the XPS full
survey spectrum indicates that the obtained CDs are mainly
composed of carbon (C), nitrogen (N), oxygen (O) and sulphur
(S). The high-resolution C 1s spectrum (Fig. 3a) reveals three
peaks with binding energies of 284.6, 286.0 and 287.4 eV,
ascribed to C=C/C-C, C-O/C-N and C=0 bonds, respectively.*
Deconvolution of the O 1s peak (Fig. 3b) yields three main peaks
with binding energies of 530.9, 532.2 and 533.3 eV, corre-
sponding to C-O, C=0 and C-OH/C-O-C, respectively.** The
four peaks at 398.4, 398.9, 399.6 and 400.7 eV in the high-
resolution N 1s spectrum (Fig. 3c) can be attributed to C=N,
pyridinic N, pyrrolic N, and graphitic N, respectively.'®**¢
Deconvolution of the S 2p signal (Fig. 3d) yields three main
peaks with binding energies of 167.6, 168.8 and 170.0 eV, cor-
responding to the -C-SO,- (x = 2, 3, 4) species, respectively.*”**
The results of XPS measurements further demonstrate that the
as-prepared CDs were not only functionalized by imine,
hydroxyl, carboxyl and amino groups but also successfully
codoped with N and S atoms. Furthermore, the UV-visible
absorption spectrum of the as-prepared N, S-codoped CDs was
also measured. As shown in Fig. 4a, the characteristic UV

This journal is © The Royal Society of Chemistry 2020

absorption peaks at around 370 nm were observed, which could
be attributed to the n-m* transition of the C=N groups,** cor-
responding to the findings of FTIR and XPS measurements.
From all the above characterization results, it can be
confirmed that the formation mechanisms of N, S-codoped CDs
are probably related to the multi-step reaction processes,
including TEPA oxidation, Schiff base condensation, in situ
doping of sulphur and carbonization (Scheme 1). Initially, in
the presence of a high concentration of Na,S,0g, many amino
groups of TEPA molecules are easily oxidized and converted to
oxime and carbonyl groups. Subsequently, Schiff base conden-
sation reaction of the oxidation products of TEPA ensues with
the unreacted precursors. Eventually, the condensation prod-
ucts undergo rapid polymerization, N/S doping and carboniza-
tion processes promoted by the large amounts of released heat,
resulting in the ultrafast spontaneous formation of N, S-
codoped CDs with a graphite-like crystalline structure.

Synergistic effect of sulfur doping

In order to clarify the effects of sulfur doping on the fluorescent
properties of N, S-codoped CDs, TEPA-derived nitrogen-doped
carbon dots (N-CDs) were also synthesized using H,0, as the
oxidant and the synthetic routes and temperature variations
were similar to those obtained by the reaction between Na,S,04
and TEPA (Fig. 1a). The QY of the N-CDs obtained under the
optimal conditions is calculated to be 8.6%, which is far below
that of N, S-codoped CDs, demonstrating the synergistic effect
of sulfur doping on the fluorescence enhancement of CDs. The
typical TEM image of N-CDs shown in Fig. S3af indicates that
the CDs are well dispersed and their average diameter is about
12.1 nm, which is only slightly larger than that of N, S-codoped

Nanoscale Adv., 2020, 2, 1483-1492 | 1487
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Fig. 3 The high-resolution C 1s (a), O 1s (b), N 1s (c), and S 2p (d) XPS spectra of the as-prepared TEPA-derived N, S-codoped CDs.

CDs, indicating that the possible quantum effects can be
ignored in comparison. Afterwards, the UV-visible absorption
spectrum of N-CDs was measured. As shown in Fig. S3b,T the
characteristic UV absorption peaks of the N-CDs blueshift from
370 nm to 340 nm. Moreover, compared to N, S-codoped CDs,
the absorbance strength of N-CDs obviously decreased, sug-
gesting the much lower content of C=N groups in N-CDs.

The surface functional groups of N-CDs were also charac-
terized by XPS analysis (Fig. S4at). The high-resolution C 1s
spectrum (Fig. S4bt) reveals four peaks with binding energies of
284.5, 285.7, 287.5 and 289.9 eV, ascribed to C=C/C-C, C-O/C-
N, C=0 and COOH bonds, respectively. Deconvolution of the N
1s peak (Fig. S4ct) yields four main peaks with binding energies
of 398.3, 398.8, 399.6 and 401.2 eV, corresponding to C=N,
pyridinic N, pyrrolic N, and graphitic N, respectively. Compared
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Fluorescence intensity

with N, S-codoped CDs, the percentage of carbonyl/carboxyl
groups of N-CDs dramatically increased from 15.16% to
31.14% (Table S21), and the content of C=N bonds existing in
N-CDs greatly decreased from 13.69% to 7.57% (Table S31),
corresponding to the findings of UV-visible spectral analysis.
These results indicate that the sulfur atom doping can lead to
the content redistribution of the functional groups in CDs.
Previous studies have indicated that the C=N functional
groups are one of the important fluorescence-emitting moieties
and play a significant role in the strong fluorescence properties
of CDs.** In contrast, the electron-accepting carboxyl and
carbonyl moieties act as fluorescence quenchers and induce
non-radiative recombination processes.”> Besides, the calcula-
tions based on density functional theory also revealed that the
improvement of the fluorescence performances of N, S-codoped
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(a) UV-vis absorption spectrum (inset at the left: photograph taken under visible light) and optimal excitation/emission fluorescence

spectrum (inset at the right: photograph taken under 365 nm UV light) of N, S-codoped CD aqueous solution; (b) fluorescence spectra of N, S-
codoped CD aqueous solution upon excitation at different wavelengths.
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CDs was caused by the redistribution of spin processes.*® Taken
together, the potential mechanism of fluorescence enhance-
ment after the doping of sulfur atoms can be attributed to the
redistribution of spin and charge densities of CDs, which can
lead to an increase in the content of fluorescence-emitting
moieties (i.e. C=N functional groups) in CDs and contribute
to the inhibition of the non-radiative recombination quenching
effect caused by carboxyl and carbonyl moieties.

Fluorescence properties and photostability of N, S-codoped
CDs

The light-yellow N, S-codoped CD aqueous solution emits
a bright blue fluorescence under a UV lamp (365 nm) (the inset
of Fig. 4a). The fluorescence properties of N, S-codoped CDs
were investigated by fluorescence spectroscopy. As shown in
Fig. 4b, the N, S-codoped CDs exhibited an excitation-
dependent fluorescence behavior. With increasing excitation
wavelength from 320 to 420 nm, the maximum emission
wavelengths of the N, S-codoped CDs are gradually red-shifted.
The maximum excitation and emission wavelengths of N, S-
codoped CDs are 370 and 450 nm (Fig. 4a). Such excitation-
dependent emission character can be attributed to the
different sizes (quantum effect) and heterogeneous surface
states of N, S-codoped CDs.**

Prior to investigating the application prospects of N, S-
codoped CDs, it is necessary to first study their photostability
toward various operation environments, such as high ionic
strength and extreme pH. As depicted in Fig. S5a,t the fluo-
rescence intensity of N, S-codoped CDs excited at 370 nm
scarcely exhibits obvious changes from pH 3 to 12, indicating
that the obtained CDs can be utilized in a wide range of pH.
Furthermore, with the concentration of NaCl (0-400 mM)
increased, the fluorescence intensity of N, S-codoped CDs
remained almost unchanged (Fig. S5b7), demonstrating their
excellent resistance to high ionic strength. The photostability
of N, S-codoped CDs was also studied through continuously
exposing the CD suspension to a 20 kW xenon lamp for 120 min,
and the fluorescence intensity did not significantly change
(Fig. S5ct). Meanwhile, after storage for two months at room
temperature, there was no significant change in the fluores-
cence intensity of N, S-codoped CDs. Therefore, it was
confirmed that the obtained N, S-codoped CDs have enormous
potential in the field of sensing under physiological conditions.

Fluorescence response of N, S-codoped CDs to Fe**

Based on the coordination interaction between metal ions and
the functional groups on the CDs (e.g. hydroxyl and amino
groups) and inspired by previous studies on the fluorescence
quenching effect of metal ions on PL CDs,"** we speculate that
the as-prepared N, S-codoped CDs may also exhibit a sensitive
response to metal ions. To test the selectivity for the detection of
metal ions in the current sensing system, the representative
metal ions, including Na*, K*, Mg>*, Ca*>*, Mn**, Fe**, Fe**, Co*",
Ni**, cd**, Pb*", Ba®", Cu®", zn>*, AI*", Ag" and Hg>", were
respectively added to the solutions of N, S-codoped CDs, and the
changes in the fluorescence intensity were recorded. As shown

This journal is © The Royal Society of Chemistry 2020
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in Fig. 5, besides Fe®*, several other metal ions could also
quench the fluorescence of N, S-codoped CDs to a certain
extent. By contrast, when N, S-codoped CDs coexisted with
EDTA, the fluorescence intensity ratios (F/F,) in the presence
and absence of different metal ions were remarkably increased
to values approaching those of the control group, except that of
Fe". Therefore, the as-prepared N, S-codoped CDs exhibited
a highly selective fluorescence response to Fe*" under the
masking effect of EDTA. The excellent selectivity could be
attributed to the strong binding preference of Fe** ions toward
the functional groups on the surface of the N, S-codoped CDs,
while the other metal ions were chelated by EDTA.** In
consideration of the possible cross reactivity, the selectivity of
the presented nanoprobe coexisting with the possible inter-
fering ions was investigated. As shown by the blue bar of Fig. 5,
the coexistence of other metal ions does not induce a significant
change in the fluorescence quenching effect of Fe*" ions, con-
firming the good anti-interference capability of the proposed
nanoprobe for detecting Fe*".

To obtain the best sensing performance for the detection of
Fe®*, the fluorescence intensity ratios of N, S-codoped CDs in
the presence and absence of Fe*" at different pH values were
further investigated. As shown in Fig. S6,1 the as-prepared CDs
exhibited a good response to Fe’" ions over a broad pH range of
3-12, which contributed to extending their applicability in
extreme pH environments. Specifically, the fluorescence inten-
sity ratios gradually decreased with the increase of pH value up
to 7.0, followed by a slight increasing trend for further increase
in the pH value. Enhanced protonation of CDs and stronger
interaction of Fe*' with OH™ might be the reasons for the
decreased fluorescence responses of N, S-codoped CDs to Fe** at
low and high pH values, respectively. Therefore, the HEPES
buffer at pH 7.0 was selected for further studies.

Fig. 6a depicts the change in the fluorescence intensity of N,
S-codoped CDs in the presence of EDTA (2.5 mM) and an

1.2 I CDs + metal ions
I CDs + EDTA+metal ions

B CDs + EDTA-+metal ions + Fe'*

0.8

0.6

F/F,

0.4

0.2

0.0

¥ el ¥ ¥ ¥ YA INIT LN
&o\( < < < Y'%C’Q\q"‘\)‘\ SRS D D C o
Fig.5 Fluorescence intensity ratios (F/Fo) of N, S-codoped CDs before
and after the addition of various metal ions (300 uM) in the presence
and absence of 2.5 mM EDTA. The error bars represent the standard
deviations based on three independent measurements.
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Fig. 6 (a) Fluorescence emission spectra of N, S-codoped CD (75 ng mL™?) aqueous solution upon addition of different concentrations of Fe**
(from O to 600 pM) under excitation at 370 nm. (b) Plot of fluorescence quenching efficiency (Fo — F)/Fq versus the concentration of Fe3*.

increased concentration of Fe®". It can be seen that the fluo-
rescence of N, S-codoped CDs gradually decreased as the
concentration of Fe** increased from 0 to 600 uM. Moreover, as
shown in Fig. 6b, the fluorescence quenching efficiency ((F, —
F)/F,) has a good linear relationship (R* = 0.9997) versus the
concentration of Fe** in an ultra-wide range of 0.2-600 uM. The
detection limit of Fe** was calculated to be 0.10 uM according to
the 3o/slope rule (¢ is the standard deviation of the blank
signal), which was much lower than the limit of Fe** (about 5.4
puM) in drinking water prescribed by the US Environmental
Protection Agency. As listed in Table S4,T the presented method
has better sensitivity and a much wider linear range for the
detection of Fe** compared with the previously reported PL CD-
based nanosensors and other fluorescent nanoprobes.****%°
Therefore, the as-synthesized N, S-codoped CDs have great
potential for the detection of Fe*" in real samples.

Possible quenching mechanism of Fe*" to N, S-codoped CDs

To reveal the fluorescence quenching mechanism of N, S-
codoped CDs by Fe*', the quenching constant Kg, was calcu-
lated based on the Stern-Volmer equation: Fo/F =1 + KSV[Fe“],
where F, and F are the fluorescence intensities before and after
the addition of Fe*, respectively. As shown in Fig. S7a,t a good
linear relationship between F,/F and Fe’" concentration was
observed over the range of 0.2-600 uM with a correlation coef-
ficient (R*) of 0.9996 and the value of Ksy was calculated to be
1.77 x 10° M. Then, time resolved fluorescence decay analysis
was further performed by the time-dependent single photon
counting (TCSPC) method to better understand the quenching
process. As illustrated in Fig. S7b,T the average fluorescence
lifetime of N, S-codoped CDs was 3.39 ns, suggesting a fast
electron-transfer process. After the addition of Fe*”, the lifetime
decreased to 2.21 ns, indicating that a dynamic quenching
process occurred in the Fe®'/CD sensing system.”® The
quenching rate (k) was further calculated to be 5.22 x 10" M ™!
st according to the equation Kgy = kg7, where 75 = 3.39 ns.
The value of K is higher than the typical diffusion-controlled
quenching rate of 10'® M™* s * further confirming the fast
electron-transfer process. From all the above results, we
propose that when Fe** ions are added into the solution of N, S-

1490 | Nanoscale Adv., 2020, 2, 1483-1492

codoped CDs in the presence of EDTA, they can selectively
coordinate with the hydroxyl and amino groups on the surfaces
of N, S-codoped CDs, and the excited electrons of N, S-codoped
CDs can rapidly transfer from the excited state to the half-filled
3d orbitals of Fe*" ions, facilitating the non-radiative electron
transfer process and resulting in fluorescence quenching.

Quantitative detection of Fe** in environmental water and
human serum samples

The practicability of the proposed sensing system was verified
through the detection of Fe®" in environmental water and
human serum samples. The samples of tap, river and lake water
were spiked with different concentrations (5, 15, and 25 pM) of
Fe*". The results listed in Table S5t showed that the recoveries
ranged from 94.1 to 107.9%, and the relative standard deviation
was lower than 6.51%, indicating the high accuracy of the
sensing system. Besides, quantitative determination of Fe** in
human serum samples based on the nanoprobe was performed.

200 4

AF =7.1252C + 43.996
R’ =0.9992

160 -

AF

0 5 10 15 20
Concentration of Fe** (uM)

Fig. 7 Linear regression curve of the fluorescence quenching values
AF versus the concentration of Fe3* ranging from O to 20 pM. The
absolute value of the intercept of the fitting line at the x axis was
utilized to calculate the concentration of Fe** in the human serum
sample.
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As illustrated in Fig. S8, with the increase of the amount of
human serum sample, the fluorescence intensity gradually
decreased and the corresponding fluorescence quenching
values AF (AF = F, — F) had a good linear correlation with the
sample volume, confirming that the presented method could be
used in the quantitative analysis of Fe** in human serum
samples. The unknown amount of Fe*" in human serum was
measured using the standard addition method with ferric
chloride as the standard (Fig. 7) and the concentration of Fe*" in
a selected serum was found to be 24.8 + 0.6 uM, which was in
good accord with the result (25.6 + 0.5 pM) obtained by ICP-MS.
Thus, these above results demonstrate that the presented
nanoprobe has great practicability for sensing of Fe’" ions.

Conclusions

In summary, a room temperature, green, ultrafast and energy-
efficient route for large scale synthesis of highly PL N, S-
codoped CDs has been successfully developed. Compared
with previously reported synthesis routes of PL CDs, the present
carbon source self-heating strategy is more concise, energy-
efficient and environmentally friendly. The use of this method
not only allows us to bypass the costly external energy supply,
but also to easily tune the fluorescence properties of PL CDs by
controlling the reaction conditions of heteroatom doping. The
as-prepared N, S-codoped CDs exhibited excellent photostability
and high QY, as well as a highly selective and sensitive fluo-
rescence response to Fe*" in an ultra-wide range of 0.2-600 uM,
with a detection limit of 0.10 uM. Furthermore, the fluorescent
nanoprobe was successfully applied for the quantitative detec-
tion of Fe*" in environmental water and human serum samples
with satisfactory results. The present study not only paves a new
effective way for the green synthesis of PL CDs, but also shows
its great application prospects in the field of sensing and
biomedical applications.
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