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Abstract: N and S co-doped carbon quantum dots (N, S-CQDs) with a high fluorescence quantum yield (12.6% ) were synthe-
sized by a one-pot hydrothermal method. Results indicate that the N, S-CQDs have a small particle size and an amorphous structure,
exhibiting unique surface states and excitation wavelength-independent fluorescent properties. Co-doping of N and S increases the
electron-transfer rate and improves the coordination interaction between the N, S-CQDs and Hg’* ions. The N, S-CQDs show a high
sensitivity and selectivity in detecting Hg** ions even for a lake water sample. They are promising fluorescence probes for environ-
mental monitoring.
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1 Introduction ue>*'. According to research data, approximate 940
tons of Hg’" ions are released to lithosphere and hy-

Heavy-metal ions are greatly hazardous to human drosphere each year, which is seriously harmful to
health and ecological environments''*'. During the human and other organisms due to the hydrologic cy-
past few decades, industrial and other anthropogenic cle and accumulation'” . Conventional analytical tech-
processes have been constantly releasing heavy-metal niques for the determination of Hg’" ions have been

ions into the environment. Among them, the Hg”'
ions are never away from our sight due to its extreme
toxicity, wide distribution and high industrial val-

successfully developed such as chromatography, spec-
trofluorimetry, and atomic absorption spectrome-
try'>*'. However, most of these methods are not con-



- 334 - oA

-

933 &

venient due to the requirement of expensive equipment
and complicated sample pretreatment. Accordingly,
the development of advanced analytical techniques for
Hg’* ion detection is highly desired.

Compared with conventional analytical tech-
niques, the fluorescent probe method possess a series
of merits such as high sensitivity, high selectivity,
and easy operation®"''. As an outstanding fluores-
cence probe material, carbon quantum dots ( CQDs)
have attracted growing interest owing to their distinct
advantages such as low cost, simple synthesis route,
good biocompatibility, low cytotoxicity, high photo
and chemical stability, no blinking fluorescence, and
tunable excitation and emission spectra. Up to date,
the CQDs have been developed for the detection of
Hg’*, Cu*, Cr**, Fe’, et al. by monitoring the
changes of their fluorescence intensities'>"*'. Among
them, the doped, especially co-doped CQDs with dif-
ferent heteroatoms such as nitrogen and sulfur intro-
duced more active sites and improved the fluorescent
quantum yield (FLQY), leading to outstanding sens-
ing performance''®*”’. Therefore, the investigation on
co-doped CQDs with peculiar properties for use as
fluorescent probes have never been stopped. Wang et
al. used citric acid and dithiooxamide to fabricate N,
S-CQDs and investigated the Hg** ion detection prop-
erties'”). Xu’s group employed heparin sodium to
obtain N, S-CQDs and studied the performance for
Fe’* detection'*'. Nevertheless, it is still a challenge
to prepare N, S-CQDs with novel properties via a fac-
ile and effective route.

In this work, a facile and simple strategy is de-
veloped for the hydrothermal synthesis of N, S-CQDs
by using L-cysteine as the single precursor. It is

Hydrothermal
HS method
on [ —
NH,
L-Cys S,N-CQDs

found that both N and S atoms are doped in the
CQDs. As-prepared N, S-CQDs exhibit a small parti-
cle size, good fluorescence performance, relatively
high quantum yield up to 12.6%, and have been suc-
cessfully applied in Hg** ion detection.

2 Experimental

2.1 Chemicals and reagents

L-cysteine (L-cys) with a purity of 99% was
purchased from Aladdin Ltd. ( Shanghai, China).
All the other chemicals were purchased from Aladdin
Ltd. (Shanghai, China) and used as received without
further purification. All solutions were prepared using
Milli-Q deionized water (18.2 M(Q cm™ , Millipore )
as the solvent throughout the experiments.
2.2 Synthesis of the N, S-CQDs

The N, S-CQDs were prepared by hydrothermal
treatment of L-cys. The typical experimental proce-
dure is shown in Scheme 1. Typically, 1.0 g L-cys
was dissolved in 30 mL deionized (DI) water under
agitation at room temperature, and then the solution
was transferred to a stainless steel autoclave with a
50 mL Teflon liner and heated at 180 C for 12 h.
After cooled to room temperature naturally, the resul-
ting yellow aqueous solution was centrifuged at 12 000
rpm for 20 min to remove the non-fluorescent depos-
it. The resultant supernate containing fluorescent N,
S-CQDs was dialyzed (MWCO: 3500) against DI
water for two days to remove inorganic ions and mol-
ecules. Finally, a clear and transparent N, S-CQD
solution without any precipitation was obtained. On
exposure to UV light (365 nm), the obtained solu-
tion shows a bright blue color.

UV light

—>

Dissolved
in water

Scheme 1  Schematic of the preparation procedure of N, S-CQDs and the photograph of the N,
S-CQDs solution excited by daylight and a 365 nm UV lamp.

2.3 Characterization

Transmission electron microscopy ( TEM) ima-
ges, high resolution TEM (HRTEM) images and se-
lected area electron diffraction ( SAED ) were ac-
quired by using a Tecnai-G* F30 transmission electron
microscope operating at an acceleration voltage of 300
kV. X-Ray diffraction ( XRD) measurements were
performed on a Rigaku D/Max-2400 X-ray diffrac-
tometer using Cu Ka radiation. The Fourier transform

infrared (FTIR) spectra were measured by a Thermo
Nicolet Nexus FTIR model 670 spectrometer. X-ray
photoelectron spectroscopic ( XPS) analysis was car-
ried on an ESCALAB 250xi photoelectron spectrome-
ter. UV-Vis spectroscopic studies were performed
with a TU-1901 dual beam UV-Vis spectrophotome-
ter. Photoluminescent ( PL) measurements were car-
ried out with a FLs920 steadystate/transientstate spec-
tro xsort.
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2.4 Metal ion detection

The obtained N, S-CQD solution was diluted 20
times to be the fluorescent probe. For the detection of
various metal ions, MnCl,, CaCl,, ZnCl,, MgSO,,
NaCl, NiCl,, AICl,, CdCl,, CuCl,, Pb(NO,),,
Hg(NO,), were used as various ion sources. In a
typical detection experiment, the solutions containing
a calculated amount of ions were added into the N, S-
CQDs solution. After mixing evenly, the PL spectra
were detected at 365 nm excitation. All of the experi-
ments were performed in phosphate buffer saline
(PBS) unless stated otherwise.

3 Results and discussion

Fig. 1 represents a typical XRD profile of the N,
S-CQDs. The (002) peak centers at 19. 1° and the
corresponding interlayer spacing is d = 0. 425 nm,
which is larger than that of graphite (0.34 nm) "',
The increase in this value indicates an increase in a-
morphous nature, and is probably ascribed to the in-
troduction of nitrogen-, sulfur- and oxygen-containing
groups'**'. The poor crystalline nature of the N, S-
CQDs is further confirmed by HRTEM image (in the
set of Fig. 1b), from which no clear lattice fringes
can be seen. Fig. 1b shows the TEM image of the N,
S-CQDs, revealing that the N, S-CQDs have a spher-
ical morphology and a narrow size distribution from
2.0 to 6.5 nm (inset of Fig. 1a).
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Fig. 1 (a) XRD pattern of the N, S-CQDs, inset; size distribution bar graph;
(b) TEM image of the N, S-CQDs, inset; HRTEM image of one particle.
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Fig. 2 Surface state and component characterization of N, S-CQDs: (a) FTIR spectrum; (b) XPS full scan spectrum;
(c-f) high resolution scan XPS spectrum of C 1s, O 1s, S 2p and N Is, respectively.
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The surface functionalities were characterized by
FTIR and XPS analysis. Fig. 2a represents the FTIR
spectrum of the N, S-CQDs. The broad peak cen-
tered at about 3429 cm is attributed to the O—H and
N—H stretching vibration, indicating the presence of
hydroxyl and amino groups'®’, which contributes to
their favorable hydrophilicity. The band located at
3205 cm™” is caused by the C—H bonds, while the
small peak observed at 1 715 cm’ corresponds to

C=0 bonds'*. The peaks at 1 658 and 1450 cm’
show the presence of C=N and C=C bonds,
respectively'”’’. The peaks at 1394, 1120 and 1 068
cm”can be identified as C—N, C=S and S=O
bonds, respectively ' "' Besides, there is a peak a-
round 660 cm™ , which is due to the C-S bonds"* *"".
These bonds might be generated from the hydrother-
mal treatment of L-cys.

XPS was used to further investigate the elemental
composition and surface chemical states of the N, S-
CQDs. Fig. 2b shows the full scan XPS spectrum of
the N, S-CQDs, and the five peaks at 161, 225,
283, 398 and 531 eV correspond to S 2p, S 2s, C
Is, N Is and O 1s, respectively ™ . Besides, the full
width at half maximum (FWHM) of S 2p, C 1s, N
Is and O 1s are 2. 564, 2.373, 3. 107 and 3. 221 eV,
and the content of C, O, N and S elements gathered
by element analysis is 75.97, 17. 73 (calculated by
difference) , 2. 00 and 4. 30 wt% , respectively. All
these observations indicate that the carbon dots con-
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Fig. 3 (a) Absorbance spectrum and (b)

The results of PL spectra of the N, S-CQDs
(Fig. 4a) indicate that their emission wavelength is
excitation-independent under the excitation wave-
length ranges from 280 to 500 nm and the intensity of
the emission peaks are relatively strong along with ex-
citation wavelength ranging from 280 to 360 nm.
Such excitation-dependent emission property has been
reported as an important criterion for CQD materials.
This is attributed to the inhomogenous carbogenic core
emission in the sample, which results in the distribu-

tain nitrogen, and sulfur elements. Deconvolution of
the high resolution C 1s spectrum displays three peaks
at 282.6, 284.0 and 286. 6 eV corresponding to the
C—C, C—0O and C=0O bonds, respectively’.
The high-resolution O 1s spectrum of the N, S-CQDs
shows two peaks (Fig. 2d) at 529.9 and 531.3 eV,
which are attributed to the C=—O0O and C—O bonds,
respectively /. As shown in Fig. 2e, the high reso-
Iution S 2p XPS spectrum clearly shows two peaks at
161.2 and 162.4 eV, which represent S—C and S—
H bonds, respectively''®*'. Furthermore, the weak
N signal has also been observed for the N, S-CQDs
samples (Fig. 2f). All these experimental evidences
are consistent with the FTIR results, demonstrating
that the S and N elements were successfully co-doped
into the carbon dots, which would give the CDs more
outstanding properties.

Fig. 3a shows the UV-visible absorption spec-
trum of the N, S-CQDs with a characteristic absorp-
tion peak at 226 nm, which is ascribed to the 7-7"
electronic transitions of C=—C. A weak absorption
peak around 318 nm is observed, which is correspon-
ded to the n-7 " electronic transitions of C=N and

C=0 inthe N, S-CQDs"*"***'. Under an excitation
of 365 nm, the N, S-CQDs exhibit a strong emission
at 438 nm, which corresponds to the blue fluores-
cence as shown in Fig. 1. Monitoring the emission at
425 nm produces a peak centered at 335 nm ( Fig.
3b).

——Ex spectrum (A)=425 nm)
«Em spectrum (A, )=365 nm)

(b)

~ U
335nm % T 438 nm

PL intensity (a.u.)

P T P B R
250 300 350 400 450 500 550 600 650
Wavelength (nm)

emission and excitation spectra of N, S-CQDs.

tion of different emissive sites on each nanoparti-
cles™™®'. The PLQY of the CQDs was obtained by
referencing to a standard ( quinine sulphate in 0. 1 M

H,S0,) following the previous reports***"" according
to the equation (1) .
,om
o= (") ()’ (1)
m-m

Where ¢ and ¢’ (54% ) is the PLQY of sample
and standard, m (sample, 3.61x10°) and m’ (stand-
ard, 1.546x10'") is the slope with the plot of inte-
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grated fluorescence intensity vs. absorbance, 1 ( sam-
ple) and ' (standard) is the refractive index of the
solvent (for the aqueous solutions 1/’ =1). The
FLQY of the N, S-CQDs is calculated to be 12.6% ,
which is acceptable for their use as fluorescent
probes. It is worth mentioning that reducing reaction
temperature from 200 to 120 C leads to a decrease in
the PLQY from 13.9% to 8.4% . Fig. 4b shows the
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PL decay curve and the instrument response function,
the observed lifetimes of the CQDs are 7, = 0.64 ns,
7,= 3.05 ns and 7, = 10. 11 ns, which reveals the ra-
diative recombination nature of excitations. The cal-
culated average lifetime is 4. 25 ns. This lifetime lo-
cated in the magnitude of nanosecond suggests that the
N, S-CQDs are most suitable for optoelectronic appli-
cations >
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Fig. 4 PL emission spectra of N, S-CQDs with progressively longer excitation wavelengths from 280 to 500 nm,
inset; normalized PL emission spectra; (b) PL decay curve of N, S-CQDs, inset; instrument response function.
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Fig. 5 (a) PL spectra of N, S-CQDs in the absence-( A) , presence-(B) of Hg?* ions and N, S-CQDs-Hg?**-EDTA mixture-(C) ;
(b) PL spectra of the CD dispersion in the presence of different Hg>* ion concentrations(0, 0.001, 0.005, 0.01, 0.05, 0.1, 0.5,
1,5, 10, 20, 30, 40, 50 and 100 uM) ; (c) the dependence of F°/F on the concentrations of Hg?* ions;

(d) the dependence of F*/F on the blank and solutions containing different metal ions (A, = 360 nm, [ions] = 100 uM).
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For qualitative detection of Hg’* ions, as shown
in Fig. 5a, the N, S-CQD solution in the absence of
Hg’* ions exhibits a strong PL peak at 433 nm (A_ =
360 nm). In contrast, the presence of Hg’* ions leads
to an obvious intensity decrease of fluorescence at the
same test conditions, indicating that Hg’* ions can ef-
fectively quench the fluorescence of the N, S-CQDs.
This observation is attributed to the electron transfer
from excited N, S-CQDs to Hg** ions, leading to
substantial fluorescence quenching'¥*’'. The possible
quenching mechanism of the N, S-CQDs fluorescent
probe is presented in Scheme 2. When ethylene diam-
ine tetraacetic acid ( EDTA) was employed as a
strong Hg”" ion chelator, the intensity of the PL emis-
sion peak was almost completely restored, which veri-
fies the above theoretical explanation. In the follow-
ing experiments, the selectivity of this detection sys-
tem for Hg** ions was also carried out. Different con-
centrations of Hg** ions in the range of 0-100 puM (0,
0.001, 0.005, 0.01, 0.05, 0.1, 0.5, 1, 5, 10,
20, 30, 40, 50 and 100 wM) in the blank N, S-
CQDs solution were tested. Fig. 4b shows the PL
spectra of N, S-CQDs in the presence Hg** ionswith
different concentrations, revealing that the PL intensi-

ty of the mixture is sensitive to Hg** concentration and
decreases with the increase of Hg>* concentration.
The sensitivity limit can be as high as 1 nM, which is
higher than those of traditional detection methods and
is comparable to the previously reported
works'"®*“*2! " This accuracy exceed the maximum al-
lowable Hg”* level (10 nM) in drinking water as es-
tablished by the Environmental Protection Agency
(USA ). To get insight into the fluorescence
quenching mechanism involved, the fluorescence
quenching data were analyzed by the Stern-Volmer
equation (2),

etky o) )
where F° and F are the N, S-CQDs fluorescence in-
tensities at 433 nm in the absence and presence of
Hg’" ions, respectively. [ Q] is the concentration of
the quencher (i.e. Hg™ ions), and Kj, is the Stern-
Volmer constant. As shown in Fig. 5c, the Stern-
Volmer plot does not fit a conventional linear Stern-
Volmer equation, indicating both dynamic and static
quenching processes occur in this sensing sys-
t em[43-45] )

' '
E =3.44 eV \
k , r— . B \
] 2* i '
" - hv’ Hg™ ions ' - hv’ -
1 € 2 1€ > Hg?
' 3 ; X [
h ' h '
v ' | E_=2.86eV Y ' : e/
rd
rd
-
N,S-CQDs N,S-CQDs + Hg*

Scheme 2 The proposed FL quenching mechanism for N, S-CQDs system.

To evaluate the selectivity of the proposed Hg”*
sensor, the detection of Hg>* was carried out in the
presence of various representative metal ions under i-
dentical conditions with the same concentration of 100
M. As shown in Fig. 5d, a much low PL intensity
can be observed for the N, S-CQDs due to the addi-
tion of Hg**, while no obvious decrease is seen after
adding other metal ions into the N, S-CQDs solution.
The results reveal that the N, S-CQDs possess excel-
lent ion selectivity, and the other metal ions have an
ignorable interference on the sensing system. The
high selectivity is probably assigned to the high affini-
ty between Hg’* and the functional groups on the sur-
face of the N, S-CQDs.

As shown in Fig. 6a, an anti-interference Cd**,
Cu’*, or Pb>* ions only have a slight influence on the

fluorescence of the detection system. Furthermore,
we also performed Hg** detection to evaluate this sen-
sor in real water system, the analysis was challenged
by lake water samples obtained from the local Longzi
Lake of Bengbu, Anhui province, China. The lake
water was centrifuged at 12 000 rpm for 20 min and
filtered through membrane to remove the solid impuri-
ties and impurity inorganic ions. Subsequently, the
Hg’* ions with different concentrations were added in-
to the resultant water samples and then analyzed with
the proposed method. It is seen that the PL intensity
decreases with increasing the concentration of Hg”" i-
ons from 0.5 to 20 uM (Fig. 6b), and the sensitivi-
ty limit is about 500 nM in spite of the interference
from numerous minerals and organics existing in
the lake water . These results imply the practical
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(b) PL spectra of N, S-CQD dispersion in the presence of different Hg** concentrations
(from top to bottom: 0, 0.5, 1, 2, 5, 10 and 20 uM) in lake water.

applicability for Hg’* ion detection in environment
monitoring.

4

Conclusion

One-pot hydrothermal treatment of L-cys has

been performed for preparing N, S co-doped CQDs.
The N, S-CQDs with a small size and higher FLQY
have been further used as an outstanding sensing plat-
form for detection of Hg** ions in DI water and a real
water sample. This fluorescent probe with a fairly
high sensitivity and selectivity provides a simple and
fast route for sensing heavy-metal ions.
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