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The nitrogen and sulfur co-doped carbon dots (N, S-CDs) with increased luminescence were synthesized by a hy-
drothermal process in one green pot by using glucose, and a new sulfur-doping source of sodium sulfite was developed.
The synergistic effect of the N and S groups was well discussed through the structure analysis of Fourier transform infrared
spectra and x-ray photoelectron spectra. The surface states of N, S-CDs embody more complicated functional groups, and
S element exists as –SSO3, –C–SO3, and SO2−

4 groups due to the introduction of sodium sulfite. The sulfur-containing
groups passivate the surface of the CDs, and the relatively high sulfur groups may reduce the non-radiation centers. The
fluorescence is affected by the hydroxyl group of the solvent. The quenching of Fe3+ ion to fluorescence and the sensitivity
of fluorescence to pH were also investigated.

Keywords: carbon dots, glucose, sodium sulfite, nitrogen and sulfur codoping, synergistic effect

PACS: 81.05.U–, 81.07.–b, 42.70.–a DOI: 10.1088/1674-1056/ab5213

1. Introduction

Fluorescent carbon dots (CDs) have received increasing
attention due to their outstanding optical properties, good bio-
compatibility, low toxicity, and low cost, and have shown a
wide range of applications, including bio-imaging, photocatal-
ysis, metal detection, and opt-electric devices.[1–5] Until now,
many methods have been explored for fabricating the fluo-
rescent CDs,[6] such as the hydrothermal method, microwave
methods, electrochemical oxidation, and carbonizing organic
routes.[7–10] Although great progress has been made in the re-
search of CDs, the luminescence mechanism is still not well
addressed. The moderate growth process of CDs by the hy-
drothermal method is more conducive to understanding the lu-
minescence mechanism.

The CDs of the same size prepared with different raw
materials of synthesis always exhibit quite different fluores-
cence (FL) phenomena. The compositions and structures of
CDs are the key factors to understand their complicated lu-
minescence mechanisms,[11,12] which can be adjusted by dop-
ing other non-metallic elements or surface passivation.[13–17]

The poly-aromatic structures can be induced by the N-doping,
which will improve the quantum yield (QY) of the CDs, and
the tunable luminescence has been obtained by adjusting the N
contents.[18–20] Many groups reported that some organic am-
monium compounds, such as primary amines and amino acids,
can serve as surface modifiers for CDs.[21–24] Yang et al. pre-

pared highly fluorescent N-doped CDs with QY 85% and dis-
cussed the chemical structure from citric acid and ethylenedi-
amine (EDA).[25] Besides the fluorescence of CDs has been
improved by nitrogen doping, much effort has been devoted
to the development of CDs for practical application. Re-
cently, the multi-element doped carbon dots have been de-
veloped, which are mainly doped with a combination of N
and other elements, such as P, S, or B, and show higher lu-
minous efficiencies.[18,21,26,27] Among them, the N, S-coped
CDs (N, S-CDs) exhibit excellent photoluminescent proper-
ties, low cytotoxicity, and sensitivity.[28,29] By far, the sulfur
and nitrogen sources often come from an organic substance,
such as thiourea,[30] cysteine,[28] and so on. Although the per-
formance of CDs may be improved by N, S-codoping, it is
still a challenge to study the mechanism of the hetero atom
doping on the fluorescence of CDs, especially the synergis-
tic effects in the case of multi-element coexistence.[25] Mean-
while, it is the key factor to search for the fluorescence origin
of the CDs.[31,32] Comparing with the organic sulfur source,
the inorganic sulfur has better solubility in water and wider
application. What is more important, it is simple and control-
lable to understand the effect of sulfur on the performance of
CDs. Few studies have been reported on the inorganic materi-
als as the sulfur source. In this paper, sodium sulfite as a new
provider of sulfur atoms is reported. The N-doped CDs were
synthesized from glucose and aqueous ammonia by ultrasonic
method,[33] but the research of synergistic effects on the co-
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doped CDs needs to be carried out. We explore a green and
facile synthesis of N, S-CDs by a one-step hydro-thermal treat-
ment using glucose as the carbon source. The fluorescence
properties of un-doped and doped CDs were investigated, and
the composition structure and the synergistic mechanism of
N, S co-doped CDs were discussed.

2. Experimental details
2.1. Preparation of carbon dots

Glucose (Glu, AR, 99.5%), ethylenediamine (EDA, AR,
99.0%), and sodium sulfite (Na2SO3, AR, Aladdin, 98.0%)
were purchased from Aladdin Chemistry Co., Ltd. (Shanghai,
China). All reagents were used without further purification.
The pH of the solution was adjusted with sodium hydroxide
(AR, 96.0%).

For preparing glucose-based carbon dots, the typical pro-
cedure was conducted. The un-doped CDs (G-CDs) were syn-
thesized directly from glucose as the carbon source. 0.36 g
of glucose was dissolved in 10 mL distilled water to obtain a
dispersion solution, and then the solution was transferred to a
100 mL teflon liner. A hydro-thermal procedure was applied
at 140 ◦C for 5 h. After the autoclave cooled to room tempera-
ture, the obtained liquid was dialyzed for 48 h in a dialysis bag
having a molecular weight cutoff of 1000 Da (the deionized
water was changed every 6 h). For the doping CDs, parallel
experiments were carried out as follow: EDA as the nitrogen
doping source for N-doped CDs (N-CDs), sodium sulfite as
the sulfur doping source for S-doped CDs (S-CDs), EDA and
sodium sulfite for N, S co-doped CDs (N, S-CDs). More de-
tails are listed in Table 1.

Table 1. Compositions of different raw materials.

Glucose/g EDA/g Na2SO3/g Water/ml
CDs 0.36 0 0 10

N-CDs 0.36 0.12 0 10
S-CDs 0.36 0 0.252 10

N, S-CDs 0.36 0.12 0.252 10

2.2. Structure characterization and performance testing

Transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM) mea-
surements were performed on an electronic microscope (FEI
Talos F200X). Fourier transform infrared (FT-IR) spec-
troscopy of the CDs was recorded by Nicolet 460 FT-IR spec-
trometer (Thermo Nicolet, USA). The x-ray photoelectron
spectra were analyzed using Escalab 250XI (Thermo Fisher).
The x-ray diffraction (XRD) patterns were recorded on a Shi-
madzu XRD-6000 powder x-ray diffractmeter. The fluores-
cence spectrum and the fluorescence lifetime were recorded
by a steady transient fluorescence spectrometer and a transient
spectrum (Fluorolog-3, HORBIA Scientific). The absolute

photoluminescence quantum yield was measured by an inte-
grating sphere attached to a Horiba Jobin Yvon fluororomax-4
spectro-fluorometer. All absorption spectra were measured by
an ultraviolet–visible–near infrared spectrophotometer (UV-
3600, SHIMADZU). Different pH solutions (3, 5, 7, 9, 11,
13) were prepared with 2 wt.% NaOH and dilute sulfuric acid.

3. Results and discussion
Figure 1 shows the UV–visible absorption spectrum and

fluorescence emission spectrum of the CDs solution. There
is an obvious excitation absorption peak at 272 nm, which
comes from the π–π∗ transition of C=C. At the same time, a
small shoulder absorption peak at 340 nm is observed, which
comes from the n–π∗ transition of the C=O group in the un-
doped CDs. However, the small shoulder absorption peak is
not found in the S-CDs spectrum. Both N-CDs and N, S-CDs
exhibit a wide absorption band, and they include two main
absorption peaks at 350 nm and 270 nm. It is noted that a
more obvious absorption peak at 270 nm is found in N, S-
CDs, indicating that the CDs have both π–π∗ and n–π∗ tran-
sitions, and the former may be promoted by the interjection
of sulfur atom. Figure 1(b) shows the fluorescence spectra of
CDs at 380 nm excitation wavelength. The emission peaks
are concentrated at around 460 nm, and comparing to other
three CDs, there is a red shift (at 470 nm) of N-CDs. The
fluorescence quantum yields (FLQY) of CDs measured by in-
tegrating spheres are 0.33% (G-CDs), 3.09% (S-CDs), 5.18%
(N-CDs), and 6.31% (N, S-CDs), respectively. The fluores-
cence of the CDs is significantly improved by element doping,
and compared with the FLQY of N-CDs, that of N, S-CDs is
increased by 22%. The synthesized N, S-CDs emit bright blue
light and the emission peaks have hardly shifted by changing
the molar ratio of the raw materials. In order to explore the op-
tical properties of the CDs, the fluorescence emission spectra
of N, S-CDs at different excitation wavelengths were assessed.
From Fig. 1(c), when the excitation wavelength increases from
300 nm to 500 nm, it can be seen that the fluorescence emis-
sion intensity of the CDs increases initially and decreases af-
terwards, and the maximum emission intensity can be obtained
when excited at 360 nm. Furthermore, the fluorescence emis-
sion peak shifts from 417 nm to 557 nm with the longer ex-
citation wavelength. Due to the surface defect state and the
quantum confinement effect, the fluorescence emission of CDs
often has significant excitation wavelength dependence.[34]

The micro-morphology of the CDs was characterized by
TEM and XRD spectra. Figure 2(a) shows the TEM image
of the obtained N, S-CDs. These small CDs are well dispersed
with a diameter of about 5 nm. The HRTEM result (the inset of
Fig. 2(a)) shows the lattice fringes with an average interplanar
spacing of 0.29 nm, which is very close to the (002) diffrac-
tion faces of graphite.[28,35] Figure 2(b) displays the XRD pat-
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terns of G-CDs, N-CDs, S-CDs, and N, S-CDs. The XRD
patterns of the CDs show very broad diffraction peaks without
other diffraction peaks, indicating that the CDs are less crys-
talline due to the highly disordered carbon atoms in the inte-
rior. G-CDs and N-CDs show the diffraction peaks at about

2θ = 18.3◦. The peak shifts to about 2θ = 20.7◦ in S-CDs
and N, S-CDs. According to the diffraction principle, the in-
terplanar spacing of the N, S-CDs is about 0.31 nm, which is
a little larger than the result of HRTEM owing to the organic
groups on the surface of the CDs.
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Fig. 1. (a) UV–vis absorption spectra and (b) fluorescence spectra (λex = 380 nm) of G-CDs, S-CDs, N-CDs, and N, S-CDs dispersed in water.
(c) Fluorescence spectra of N, S-CDs under varied excitation wavelengths.
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Fig. 2. (a) TEM and HRTEM images of N, S-CDs and (b) XRD patterns
of G-CDs, S-CDs, N-CDs, and N, S-CDs.

To investigate the fluorescence emission mechanism, the
surface functional groups of the four-type CDs were char-
acterized by FTIR spectroscopy, and the result is shown in
Fig. 3(a). The strong absorption bands at around 3420 cm−1

and 1594 cm−1 correspond to the stretching vibrations of O–
H/N–H and C=O, respectively. The saturation vibration ab-

sorption of C–H, which is the inherent group of glucose, is de-
tected at 2935 cm−1. The surfaces of G-CDs, N-CDs, S-CDs,
and N, S-CDs are rich in hydroxyl and carboxyl groups. These
functional groups coincide with the excellent aqueous disper-
sivity. The C–N stretching vibration band at 1335 cm−1 is
detected in N-CDs and N, S-CDs, which is consistent with the
primary amide absorption. A large content of energy potential
well of the amide contributes to the fluorescence generation.
A new band at 1200 cm−1 arises from the stretching vibration
of O=S=O, which confirms that sodium sulfite molecules are
graphed onto the S-CDs and N, S-CDs surfaces. At the same
time, both of them have obviously complex absorption bands
in the fingerprint region of the FTIR spectrum. There are pri-
mary four stretching vibration peaks of C–O, C–S, –SO3H,
and C–H bonds, which indicates the existence of the sulfur-
containing groups on the surface of N, S-CDs and the surface
passivation caused by the entry of sodium sulfite. This result is
in good agreement with the slight shift of the XRD diffraction
peak.

The surface chemistry of N, S-CDs was further investi-
gated by XPS. Four peaks appear at 285 eV, 399 eV, 532 eV,
and 163 eV in the full scan spectrum as shown in Fig. 3(b),
and their binding energies correspond to C 1s, N 1s, O 1s,
and S 2p, respectively. The atomic percentages of N and S
are 16.9% and 5.53%, which are consistent with the results
obtained by FTIR and conform the formation of N, S-CDs.
Figure 3(c) shows a high-resolution C 1s spectrum that can be
deconvoluted to four component peaks with binding energies
at 284.1 eV, 284.9 eV, 285.3 eV, and 287.3 eV, which are as-
signed to C–C, C–O, C–N, and C=O groups, respectively. The
high-resolution spectrum of N 1s can be resolved into three
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component peaks as shown in Fig. 3(d), which are assigned
to pyridinic–N (398.9 eV), pyrrolic–N (400.8 eV), and N–O
(397.1 eV) groups, respectively. Similarly, the high-resolution
spectrum of O 1s can be deconvoluted to three component
peaks in Fig. 3(e), suggesting that there are C=O (530.8 eV),
C–O–C (531.7 eV), and O–H (534.8 eV) groups on the surface
of the N, S-CDs. The high resolution fitting spectrum of S 2p
is shown in Fig. 3(f) and the sulfur element exists in a plurality
of states. The binding energy of 161.6 eV corresponds to the

–SSO3 group, and that of 162.8 eV corresponds to the –C–S–
group, while the binding energies of 167.3 eV and 168.5 eV
correspond to the –SO4 and the –C–SO3– groups, respectively.
This is also in good agreement with the FTIR. Based on the
analysis of FTIR and XPS, the surface states of N, S-CDs em-
body more complicated functional groups, the formation of
the sulfur-containing group may passivate the surface of the
CDs, and the relatively high sulfur groups may reduce the non-
radiation centers.
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Fig. 3. (a) FT-IR spectra of G-CDs, S-CDs, N-CDs, and N, S-CDs and (b) XPS spectra of N, S-CDs. (c)–(f) High- resolution XPS data of C
1s, N 1s, O 1s, and S 2p of N, S-CDs.

To further investigate the origin of the CD fluorescence,
fluorescence decay curves (excitation wavelength: 370 nm) of
four-type CDs emissions were measured and demonstrated in
Fig. 4 and Table 2. The fluorescence lifetime of G-CDs, N-
CDs, S-CDs, and N, S-CDs was determined according to an
established method with the following equation:

τ =
∑αiτ

2
i

∑αiτi
,

where τi is the fitted fluorescence lifetime, τ is the fitted aver-
age fluorescence lifetime, and α is the fitting coefficient.

A three-exponential fit was performed on the decay
curves of G-CDs and N-CDs. For the G-CDs, it can be found
that τ1 = 3.28 ns, τ2 = 9.48 ns, τ3 = 0.87 ns, and their pro-

portions are 34.5%, 62.2%, and 3.3%, respectively. The av-
erage lifetime (τ) of G-CDs is 3.6 ns. The values of N-CDs
are τ1 = 3.59 ns, τ2 = 0.93 ns, τ3 = 10.32 ns, and the average
lifetime (τ) is 5.56 ns. The proportion of τ3 increases to 9.5%
comparing with that of G-CDs. When the single N element
is doped, more surface states are introduced,[5] and then there
are more fluorescent emissions from the surface defect state,
resulting in that the fluorescence lifetime is relatively longer.
The two-exponential fits were performed on the fluorescence
lifetime of S-CDs and N, S-CDs. The fluorescence lifetime for
S-CDs is τ1 = 1.5 ns, τ2 = 4.69 ns, and the average lifetime
is 2.76 ns, while that of N, S-CDs is τ1 = 1.4 ns, τ2 = 6.8 ns,
and the average lifetime is 2.9 ns. Comparing with the fluo-
rescence lifetime of S-CDs, the proportion of τ1 in N, S-CDs

128102-4



Chin. Phys. B Vol. 28, No. 12 (2019) 128102

is increased from 82.7% to 92.7%. The lifetime of N, S-CDs
and S-CDs is lower than that of N-CDs. The surface of carbon
dot may be passivated due to the introduction of sulfur, and the

synergistic effect of nitrogen and sulfur promotes the emission
from the surface molecular state and shortens the fluorescence
lifetime of the CDs.
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Fig. 4. Time-resolved fluorescence decay curves for (a) G-CDs, (b) N-CDs, (c) S-CDs, and (d) N, S-CDs in water (λex = 360 nm).

Table 2. Biexponential fit values of the life time for G-CDs, N-CDs,
S-CDs, and N, S-CDs in water.

τ1/ns α1/% τ2/ns α2/% τ3/ns α3/% τ/ns
G-CQDs 3.28 34.5% 0.87 62.2% 9.48 3.30% 3.60
N-CQDs 3.59 28.4% 0.93 62.1% 10.32 9.5% 5.56
S-CQDs 1.50 82.7% 4.69 17.3% 2.76

N, S-CQDs 1.42 92.7% 6.81 7.3% 2.90
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Fig. 5. (a) Fluorescence emission spectrum of N, S-CDs with various
pH from 3 to 13; the insert is the photos under pH 3 and 13, respec-
tively. (b) PL intensity upon the cyclic switching of N, S-CDs under
alternating conditions of pH = 3 and pH = 13.

The pH sensitivity of the fluorescent carbon dots was also
investigated. Figure 5(a) shows a fluorescence emission spec-
trum of the aqueous solution of N, S-CDs at different pH val-
ues. It can be seen that the fluorescence intensity of the carbon
dots is affected by the pH value. The emission peak has hardly

any shift when pH changes from 3 to 13. The fluorescence
intensity is only slightly reduced in the pH range of 3–11,
and the quenching effect is not obvious. However, a signifi-
cant decrease of intensity is observed with a relatively fast rate
within pH 11–13. As can be seen from the two comparative
photographs of pH values of 3 and 13 inserted in Fig. 5(a), a
significant quenching effect is obtained; it appears that the flu-
orescence intensity of the CDs is very sensitive to the strong
alkaline solution. At the same time, we also studied the re-
versibility of the fluorescence switching operation upon varia-
tion of pH. The N, S-CDs are subjected to pH cycling between
pH = 3 and pH = 13 using acid and base as modulators. As
shown in Fig. 5(b), the fluorescence intensity can be restored
and the switching operation can be repeated for six consecu-
tive cycles, which indicates that the two-way switching pro-
cess has good reversibility. The luminescence will be affected
by pH, mainly because the surface of the fluorescent carbon
dots contains hydroxyl or the carboxyl groups. Due to the
change of pH, the hydroxyl group on the surface of the carbon
dots adsorbs H+, and the degree of dissociation of the carboxyl
group is also affected when the pH value changes. There is a
large amount of negative charge on the surface of carbon dots,
which affects the fluorescence performance.[5,36]

To check the selectivity of this fluorescence system, we
investigated the fluorescence quenching effect of various metal
ions on the CDs. The metal ions included K+, Mg2+, Cu2+,
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Al3+, Cd2+, Ca2+, Zn2+, and Fe3+, and each with a con-
centration of 0.01 mol·L−1 was added into a CDs dispersion
(0.001 mg·mL−1). In Figs. 6(a) and 6(b), there is no obvious
fluorescence quenching for K+, Mg2+, Cd2+, Al3+, Ca2+, and
Zn2+ ions; the visible fluorescence quenching can be observed
for Cu2+ ions; and the strongest fluorescence quenching is ob-
tained for Fe3+ among all the metal ions tested. The possible
mechanism of the specific fluorescence quenching effect is the
strong interactions between Fe3+ ions and the surface groups
of N, S-CDs, such as hydroxyl or carboxyl groups, which can
form complexes and transfer the photoelectrons from the CDs
to Fe3+ ions.[28,32] Figure 6(c) shows the fluorescence spectra
of the N, S-CDs solution containing different concentrations
of Fe3+ at the excitation wavelength of 360 nm and a grad-
ual decrease of the fluorescence intensity is found with the
increase concentration of Fe3+. There is a good linearity be-
tween the quenching efficiency (F/F1) and the concentration
of Fe3+ ions in the range of 20–600 µM with a correlation
coefficient (R2) of 0.998 in Fig. 6(d). Therefore, the concen-
tration of Fe3+ could be calculated using the following cali-

bration equation:[37]

Log(F0/F1) =−0.00254+3.8199×10−4C,

where F1 and F represent the fluorescence emission intensities
of N, S-CDs in the presence and absence of metal ions, respec-
tively, and C represents the concentration of Fe3+. The limit
of detection is estimated to be 2.355 µM at an S/N of 3. This
result suggests that Fe3+ can be effectively detected with CDs
via luminescence measurements in a narrow range of detection
concentrations.

In summary, the fluorescence of CDs is significantly im-
proved by element doping. The introduction of sulfur source
does not produce a new luminescence center. There are obvi-
ously complex absorption bands in the fingerprint region and
more complicated sulfur-containing functional groups, such as
–SSO3, –SO4, and –C–SO3– groups. The sulfur-containing
groups may passivate the surface of N, S-CDs, and the rela-
tively high sulfur groups may reduce the non-radiation cen-
ters. So the synergistic effect of nitrogen and sulfur promotes
the emission from the surface molecular state and improves
the fluorescence quantum yield of CDs.
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Fig. 6. (a) Fluorescence quenching and (b) comparison of fluorescence intensities of CDs after the addition of different metal ions. (c)
Fluorescence quenching in the presence of Fe3+ ions (from top to bottom: 0, 20, 60, 100, 160, 220, 300, 400, 500, and 600 µM) and (d)
relationship between the PL intensity and C-dots size and the concentration of Fe3+ ions.

4. Conclusion

Nitrogen, sulfur co-doping CDs were prepared by one-
step hydro-thermal synthesis method using sodium sulfite as
sulfur source and glucose as carbon source. According to the
absorption spectra and fluorescence lifetime measurement, the
origin of fluorescence from the surface molecular state was
confirmed. The S element doping can passivate the surface

state of the carbon dots, and the synergistic effect of nitrogen–

sulfur co-doping improves the fluorescence performance of the

CDs comparing with single N or S doping. The carbon dot

shows good water solubility due to the carboxyl and hydroxyl

groups on the surface. Our research indicates that the N, S-

CDs have significant application in Fe3+ ion and strong alka-

line solution detection.
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