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In citric acid-based carbon dots, molecular fluorophore contributes greatly to the fluorescence emission. In this paper,
the nitrogen and sulfur co-doped carbon dots (N,S-CDs) were prepared, and an independent sulfur source is selected to
achieve the doping controllability. The influence of sulfur doping on the molecular fluorophore was systematically studied.
The introduction of sulfur atoms may promote the formation of molecular fluorophore due to the increased nitrogen content
in CDs. The addition surface states containing sulfur were produced, and S element exists as –SO3, and –SO4 groups.
Appreciate ratio of nitrogen and sulfur sources can improve the fluorescence emission. The photoluminescence quantum
yields (PLQY) is increased from 56.4% of the single N-doping CDs to 63.4% of double-doping CDs, which ascribes to the
synergistic effect of molecular fluorophores and surface states. The sensitivity of fluorescence to pH response and various
metal ions was also explored.

Keywords: carbon dots, citric acid, sodium sulfite, molecular fluorophore, synergistic effect

PACS: 78.30.Na, 81.05.U−, 73.63.Kv DOI: 10.1088/1674-1056/abfbd5

1. Introduction
Fluorescent carbon dots (CDs) are prospective materials

owing to their outstanding optical properties, tunable surface
functional groups, good bio-compatibility, and low cost.[1–5]

Until now, various CDs have been prepared from molecu-
lar precursors, multiwalled carbon nanotubes, activated car-
bon, and natural plants via a variety of methods, such as hy-
drothermal routes, laser ablation, microwave routes, chemical
oxidation, and plasma method.[6–9] Because the performance
of CDs is not enough to meet the requirements of practical
application, a great deal of effort has been invested in the
development of CDs. Doping CDs with heteroatom is con-
firmed to be an effective pathway to improve their optical
properties.[10–12] Among the various doping elements, nitro-
gen is often used to promote the unique properties of CDs due
to their close atomic size to the carbon, and much progress has
been made.[13,14] Moreover, double-doped CDs are also ex-
plored in order to tune the intrinsic properties towards appro-
priate applications.[15,16] Li et al.[17] reported a double doping
strategy of N/Mg-doped CDs with citric acid (CA), Mg(OH)2,
and ethylenediamine (EDA) as sources, and the photolumines-
cence quantum yields (PLQY) is significantly enhanced.

Citric acid CDs and citrate-based fluorescent materials
have received much interest due to their intrinsic advan-
tages, such as tunable emission, low toxicity, high quan-

tum yields, and simple synthesis procedures.[18,19] Among the
most common synthesis methods toward CDs using CA and
amine, molecular fluorophores have been expected to form
and contribute to their high PLQY.[20–22] For example, the
CDs prepared by CA and EDA have formed the fluorescent
molecule, 5-oxo-1,2,3,5-tetrahydroimidazo(1,2-a) pyridine-7-
carboxylic acid (IPCA). The CDs derived from CA and hex-
amethylenetetramine as sources produced a parallel forma-
tion of the fluorophores.[23] The formation and properties of
molecular fluorophores have been influenced by the type of
amine, reaction temperature, and so on.[24,25] Importantly, the
double doping also has a great influence on the fluorescence
properties of CA CDs. It is recommended that nitrogen and
sulfur co-doped CDs (N,S-CDs) is a practicable method to in-
crease the optical properties of CA CDs, and the QY of N,S-
CDs is higher than that of single N-doped CDs (N-CDs).[26]

Wu et al.[27] demonstrated that N,S-CDs synthesized with CA
and cysteine show high PLQY of 69%. They attributed these
results to the enhancement of nitrogen-luminescent centers
due to the introduction of S atoms. Although much progress
has been made in the research of CA CDs, there are relatively
few studies on the characteristic of the molecular fluorophores
in double doping CA CDs, especially the effects from the sul-
fur doping.

For N,S-CDs, nitrogen and sulfur elements are mostly
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derived from the same organic source, such as cysteine,[27]

thiourea,[28] and so on. In order to elucidate the effect of
heteroatom doping on molecular fluorophore, it is necessary
to introduce an independent doping source. Compared with
organic materials, inorganic sulfur source possesses simple
structure, strong controllability, better water solubility, and
wide application range. In the present work, sodium sulfite
(Na2SO3) was selected as sulfur source, and N,S co-doped CA
CDs were prepared via the hydrothermal route. We compare
the structure and optical properties of N-CDs and N,S-CDs,
and discuss the influence of S doping on the molecular fluo-
rophores. Furthermore, the pH response and the sensitivity for
the detection of metal ions using N,S-CDs was investigated
and the involved mechanism was discussed.

2. Experimental procedures
2.1. Synthesis of CDs

The CDs were prepared via hydrothermal method with
CA as carbon source, EDA as nitrogen source and Na2SO3 as
sulfur source. CA (AR, 99.5%), EDA (AR, 99%), and Na2SO3

(AR, 98%) were obtained from Aladdin Chemistry Co., Ltd.
All reagents were directly used without further purification.
Sodium hydroxide (NaOH, AR, 96%) was used to tune the pH
of the solution.

The typical hydrothermal procedure was conducted to
prepare CA-based CDs. For the single N-doped CDs, the mo-
lar ratio of CA:EDA was 1:2. 1-mmol CA (0.1921 g) and 2-
mmol EDA (134 µL) were dispersed in 10-mL distilled wa-
ter, and then mixture obtained was put in a Teflon-lined au-
toclave. The hydrothermal process was adopted at 140 ◦C
for a period of 5 hours. After reaction, on cooling to room
temperature, the products were then further filtered, dialyzed
and dried to obtain resulting N-CDs. For N,S-CDs, the simi-
lar synthetic procedure was performed. The N,S-CDs sample
with CA:EDA:Na2SO3 at 1:2:1 was chosen for comparison.
To further study the effect of doping source, the various N,S-
CDs were synthesized by changing the molar ratio of EDA and
Na2SO3. The molar ratios of CA: EDA: Na2SO3 were 1:1:1,
1:2:1, 1:3:1, 1:1:2, 1:1:3, and 1:2:2, respectively.

2.2. PH response and fluorescence detection

For pH response measurement, sodium hydroxide with
2% (wt%) and sulfuric acid were used to realize the solutions
with different pH values. The pH values were selected as 3, 5,
7, 9, 11 and 13. The detection of metal ions was carried out in
1-mL N,S-CDs solution (0.1 mg/mL). Metal ions (Al3+, K+,
Cu2+, Mg2+, Cd2+, Zn2+, Ca2+, and Fe3+) at the same con-
centration of 1 mM was injected separately in the N,S-CDs
solution. The sensitive detection of Fe3+ was executed in 1-
mL solution with different concentrations of 0, 20, 60, 100,

160, 220, 300, 400, 500, and 600 µM, respectively. The 1-
mL N,S-CDs solution was added and mixed thoroughly before
characterization.

2.3. Characterization

The structure of samples was measured by the x-ray
diffraction (XRD, Shimadzu XRD-6000). The morphol-
ogy was observed on the transmission electron microscopy
(TEM) and high-resolution transmission electron microscopy
(HRTEM, FEI Talos F200X). Fourier transform infrared spec-
tra (FTIR) of the CDs were obtained on Nicolet 460 FT-IR
spectrometer (Thermo Nicolet, USA). The chemical struc-
ture was measured using x-ray photoelectron spectra (XPS,
Escalab 250XI. The absorption spectra were examined with
an UV-visible-infrared spectrophotometer (UV-3600, Shi-
madzu). The PL spectra and the lifetime were recorded
using Fluorolog-3 (Horbia Scientific). The photolumines-
cence quantum yield was analyzed by Horiba Jobin Yvon
fluororomax-4 spectro-fluorometer.

3. Results and discussion
3.1. Structural characterization

Figure 1(a) displays the XRD patterns of N-CDs and N,S-
CDs. For the two CDs, there is a broad peak to be observed,
while the peak centered is about 18.42◦ for N-CDs and 22.32◦

for N,S-CDs. The diffraction angle and width of the N,S-
CDs appeared are larger than those of N-CDs. Comparing
with N-CDs, the disorder degree of N,S-CDs is enhanced.
It is probably attributed to rich active sites on the surface of
double-doped CDs induced by introduction of S element.[29]

The TEM images are shown in Figs. 1(b) and 1(c). The aver-
age diameter is about 3.7 nm for N-CDs and 3.9 nm for N,S-
CDs, respectively. These particles are dispersed uniformly
without obvious agglomeration. The value of interplanar spac-
ing is 0.32 nm for N-CDs and 0.28 nm for N,S-CDs respec-
tively, which is in accordance with the (002) diffraction plane
of graphene.[30] In virtue of the existence of surface states
introduced by the S-doped element, the values of them are
different.[31]

In order to investigate the functional groups, FTIR mea-
surements were conducted and shown in Fig. 2(a). The
two CDs emerge similar bands centered at 1600 cm−1 and
3450 cm−1, corresponding to the stretching vibration of the
C=C/C=N and O–H/N–H, respectively. These hydrophilic
groups give CDs superior hydrophilicity. The absorption
peaks at 1394 cm−1 and 1200 cm−1 represent the stretching
vibration of C–N. These results indicate that nitrogen atoms
exist not only as amide bands on the CDs surfaces but also
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as polyaromatic structure in the cores, suggesting the for-
mation of molecular fluorophore IPCA.[32] In addition, N,S-
CDs have two additional absorption peaks at 1410 cm−1 and
610 cm−1 in the spectrum, corresponding to the stretching
vibration of C–S, confirming the presence of S-containing

groups. More importantly, the peak intensity of N,S-CDs is in-
creased at the low wavenumbers, especially in the C–N band.
The pronounced features reflect that the addition of S pro-
motes the formation of N-containing functional groups, result-
ing in more IPCA.
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Fig. 1. (a) XRD patterns of N-CDs and N,S-CDs, TEM, and HRTEM (inset) images of N-CDs (b) and N,S-CDs (c).
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Fig. 2. (a) The FTIR spectra of N-CDs and N,S-CDs, (b) XPS spectra of N-CDs and N, S-CDs, (c)–(f) high-resolution XPS data of C 1s, O 1s, N 1s, and S
2p of N,S-CDs.

The surface chemical structure was analyzed by XPS.
Both of CDs possess three distinct peaks at 284.7, 531.1, and
399.7 eV in Fig. 2(b), which present the C 1s, O 1s, and N 1s
signals, respectively. For N,S-CDs, addition peak at 167.7 eV
is observed, which is related to presence of S groups and fur-
ther confirms the introduction of S atom into CDs. The com-
position of 68.5% C, 15.7% O, and 15.8% N are obtained in
N-CDs, whereas the atomic percentage of C, O, N, and S are
47.6%, 33.4%, 14.5%, and 4.5% in N,S-CDs respectively. The
ratio of carbon to nitrogen was expressed, i.e., 68.5:15.8 for

N-CDs and 47.6:14.5 for N,S-CDs, implying that the intro-
duction of S element increases the nitrogen content in CDs,
which is in agreement with FTIR results. Figures 2(c)–2(f)
show the high-resolution spectra for N,S-CDs. The C 1s spec-
trum (Fig. 2(c)) exhibits three characteristics peaks, containing
aromatic conjugated sp2 C (C–C) at 284.59 eV, sp3C (C–N,
C–O) at 285.82 eV, and C=O/C=N at 287.79 eV. Figure 2(d)
displays the O 1s high resolution spectra. There are two peaks
at 531.0 eV and 532.0 eV, corresponding to C=O and C–O,
respectively. The N 1s band can be deconvoluted into two
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peaks at 399.7 eV (C–N–C), and 401.0 eV (N–H), which are
distributed to pyridinic N and pyrrolic N, respectively. These
obvious signals may originate from the molecular structure of
IPCA.[23] The S 2p spectrum (Fig. 2(f)) displays two peaks at
167.6 eV and 168.9 eV, which represents sulfur existence in
two states of –SO3 and the –SO4 respectively. The functional
groups introduced by S are mainly connected to the surface
states.[2,3,33] Combined with the results of FTIR and XPS re-
sults, the molecular fluorophore have been formed in the CA-
based CDs, and S-containing groups have been successfully
introduced on the CDs surfaces. Furthermore, the introduc-
tion of sulfur atoms can promote the formation of molecular
fluorophores in the present study.

3.2. Optical characterization

The optical properties of N-CDs and N,S-CDs are com-

pared in Fig. 3, and the absorption and fluorescence spectra

are expressed. Two kinds of CDs show the absorption peaks

at 240 nm and 345 nm (seen in Fig. 3(a)), which are similar

to the molecular fluorophores of IPCA.[23] The results tend to

ascribe the strong absorption peak at 240 nm to the π–π* tran-

sition of aromatic conjugated system sp2 domains. The shoul-

der absorption peak at 345 nm might originate from the n–π∗

transition of C=O band. In addition, the peak of N,S-CDs at

345 nm is slightly wider than that of N-CDs, indicating that
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Fig. 3. (a) UV–vis absorption spectra, (b) fluorescence spectra (λex = 380 nm) of N-CDs and N,S-CDs dispersed in water, fluorescence emission spectra of
(c) N-CDs, (d) N,S-CDs, (e) peak position, and (f) normalized PL intensity at different excitation wavelengths.
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more functional groups and surface states are generated due
to the introduction of S element. Figure 3(b) displays the flu-
orescence emission spectra at 380-nm excitation. The emis-
sion peak is about 445 nm of N-CDs, which is in accordance
with the emission of IPCA. The emission peak of N,S-CDs
is at 439 nm, which is slightly blue shifted. The CDs after
S-doping would form new functional groups on the surface,
which might lead to local deformation on the CDs and induced
the new energy levels.[17,34,35] As a result, the emission peak
position is shifted. N,S-CDs present more blue emission than
N-CDs (Fig. 3(b)), and the PLQY is up to 63.4%, which is
much higher than that of N-CDs (56.4%). Undoubtedly, the
sulfur doping enhances the fluorescence emission. According
to the FTIR and XPS results, sulfur doping can increase the ni-
trogen doping and induce S-containing surface states, meaning
that more C–N, C=N/C=O and new C–S bonds are produced.
The newly introuduced groups are obviously responsible for
the raising blue emission.[36] The PLQY of N,S-CDs is im-
proved owing to their synergistic effect.

The fluorescence emission spectra at different excitation
wavelengths were assessed and shown in Figs. 3(c) and 3(d).
For two kinds of CDs, the PL emission exhibits clearly two
separate regions. Under short wavelength excitation in the
range of 340 nm–400 nm, the excitation-independent emis-
sion is observed, meaning that a single emissive transition is
dominant. Excitation in the range of 400 nm–440 nm leads
to a typical excitation-dependent emission, which comes from
the newly introduced surface states.[37,38] Figures 3(e) and 3(f)
show the peak position and normalized PL intensity at dif-
ferent excitation wavelengths. Owing to the introduction of
sulfur atoms, the optimal excitation wavelength changes from
400 nm of N-CDs to 380 nm of N,S-CDs, which is more close
to that of pure IPCA. The fluorescence decay curves of the
two CDs were exhibited in Fig. 4. The PL lifetime of N-
CDs is 11.5 ns, which is similar with that of IPCA reported
by Schneider.[39] For the double doped CDs, the PL lifetime
is elongated to 15.7 ns. The introduction of S element gives
additional surface states to the CDs.[40] As a result, the PL
lifetime is prolonged.

To further investigate the influence of S injection on
molecular fluorophores, the samples with different precursor
ratios were prepared. Figure 5 displays the fluorescence emis-
sion spectra of these CDs by excitation at 380 nm. For three
samples that the ratio of CA:EDA:Na2SO3 is 1:1:1, 1:2:1, and
1:3:1, following the increase of EDA, the fluorescence inten-
sity of CDs first increases, reaches the maximum at 1:2:1, and
then decreases. Appropriate introduction of N element can
increase the information of IPCA and then improve the emis-
sion, which is consistent with the reported results by Koko-
rina et al.[41] For the samples with different Na2SO3 ratio,
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Fig. 4. Time-resolved fluorescence decay curves for N-CDs and N,S-CDs
(445-nm emission under 380-nm excitation).
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Fig. 5. The fluorescence spectra of N,S-CDs prepared with various
CA:EDA:Na2SO3 ratios.

namely, CA:EDA:Na2SO3 1:1:1, 1:1:2, and 1:1:3, the optimal
emission is obtained at 1:1:2 ratio. Appropriate increasing the
ratio of EDA (1:2:1) or Na2SO3 (1:1:2) can enhance the flu-
orescence emission of the CDs. However, the CDs prepared
with CA:EDA:Na2SO3 =1:2:2 exhibit the minimum emission,
meaning that increasing both the ratio of EDA and Na2SO3

would harm the emission. Schneider et al.[39] suggested that
fluorescence of CDs synthesized from CA and EDA mainly
originates from IPCA, which may be bond to the CDs. The
surface states induced by S doping are attached to the CDs sur-
faces. Excessive addition of the two precursors would cause
the competition between the two kinds of functional groups
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on the CDs surfaces, leading to the decrease of effective func-
tional groups that can produce luminescence.[41,42] The CDs
with CA:EDA:Na2SO3 at 1:2:1 ratio exhibit maximum flu-
orescence emission and minimum half-height width in the
present study. The precursor ratio has little impact on the emis-
sion peak position of N,S-CDs. These results suggest that the
fluorescence of N,S-CDs are decided by synergistic effect of
nitrogen containing fluorophores (IPCA) and sulfur containing
surface states.

3.3. Fluorescence sensitivity

The fluorescence sensitivity of the present N,S-CDs under
various conditions has also been studied. Figure 6(a) presents
the fluorescence spectrum under various pH conditions. The
bright blue light is observed from the N,S-CDs and the fluo-
rescence emission intensity is influenced by the solution con-
ditions. As the pH value increases, the emission intensity in-
creases, reaches the maximum at pH = 7, and then decreases.
The neutral conditions favor the fluorescence emission of CDs,
whereas strong acid or strong alkaline conditions lead to flu-
orescence quenching. With increasing pH value, the fluores-
cence emission peak shifts from 457 nm to 444 nm.
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Fig. 6. (a) Fluorescence emission spectrum and (b) optical photographs of N,
S-CDs in various pH conditions.

Figure 6(b) shows the optical photographs of the samples
under UV irradiation at different pH conditions. The pH sensi-
tivity of N,S-CDs is attributed to the presence of a large num-
ber of carboxyl and N–H groups. These groups give the CDs
the similar structure of amino acids, which possesses various

isoelectric points and dissociation constants.[9,30] As a result,
the fluorescence emission occurs the changes in different pH
values.

400 440 480 520 560 600

(a)

Wavelength (nm)

none

Al3+

K+

Cu2+

Mg2+

Cd2+

Zn2+

Ca2+

Fe3+

(b)

Ion

400 440 480 520 560 600

600

Wavelength (nm)

(c)

0

0 200 400 600

0

0.1

0.2

0.3 (d)
fit line

Concentration of Fe3+ (mM)

P
L
 i
n
te

n
si

ty
 (

a
rb

. 
u
n
it
s)

P
L
 i
n
te

n
si

ty
 (

a
rb

. 
u
n
it
s)

P
L
 i
n
te

n
si

ty
 (

a
rb

. 
u
n
it
s)

lo
g
(F


/
F
)

none Al3+ K+ Cu2+ Mg2+ Cd2+ Zn2+ Ca2+ Fe3+

c(Fe3+)/mM

R2=0.986

Fig. 7. (a) Fluorescence spectra, (b) comparison of fluorescence intensities
of N,S-CDs after adding different metal ions, (c) fluorescence spectra of the
N,S-CDs mixed with various concentrations of Fe3+ ions: 0, 20, 60, 100,
160, 220, 300, 400, 500, and 600 µM, (d) logarithmic relative PL intensity
versus concentration of Fe3+ ions.

097802-6



Chin. Phys. B Vol. 30, No. 9 (2021) 097802

The fluorescence detection of the N,S-CDs were mea-

sured under the condition of various metal ions. As shown in

Figs. 7(a) and 7(b), for K+, Mg2+, Cd2+, Ca2+, and Zn2+ ions,

the fluorescence intensity remains almost unchanged. The ob-

vious fluorescence quenching can be caught in the solution

of Al3+ and Cu2+ions, but the strongest quenching is found

in the presence of iron ions. The quenching effect is possi-

ble contribute to the strong interaction between metal ions and

functional groups attached to the CDs surfaces, which leads to

form complexes and the photoelectrons migration from CDs

to the metal irons, especially Fe3+ irons.[7,11] Figure 7(c) dis-

plays the fluorescence spectra of N,S-CDs solution added dif-

ferent concentrations of Fe3+ ions under 360-nm excitation.

With the increase of Fe3+ concentration, the fluorescence in-

tensity decreased gradually. Moreover, the intrinsic fluores-

cence peak of N,S-CDs occurs red-shift, which is due to the

formation of complex between Fe3+ ion and CDs, just as re-

ported by Wu et al.[27] The quenching efficiency (F0/F1) ex-

hibits a close linearity correlation with the Fe3+ concentration

in a range of 0 µM–600 µM, and a correlation coefficient (R2)

was calculated to be 0.986 from Fig. 7(d). The concentration

of Fe3+ can be calculated from the following calibration equa-

tion:

log(F0/F) =−0.00254+3.8199×10−4C, (1)

where F and F0 are the fluorescence intensity of N,S-CDs in

the addition and un-addition of metal ions, respectively, and

C denotes the concentration of Fe3+. The limit of detection

is evaluated to be 3.31 µM at an N/S value of 3.[43,44] The

results suggest that N,S-CDs can accurately detect the con-

centration of Fe3+ ions on the basis of the luminescence in a

narrow range.

4. Conclusion

Citric acid-based carbon dots with modification via

ethylenediamine and sodium sulfite are prepared under hy-

drothermal conditions in this paper. The influence of the S

doping on the structural and optical characteristics, and flu-

orescence sensitivity of CDs has been carefully investigated.

In the N,S-CDs or N-CDs, the molecular fluorophore IPCA

is formed. The introduction of the S element can further pro-

mote the formation of the IPCA, and produce the additional

surface states containing sulfur. According to the fluorescence

lifetime measurement, the S doping increases the lifetime of

CDs. The synergistic effect in critic acid-based CDs improves

the fluorescence performance due to the co-doping of nitro-

gen and sulfur, and the photoluminescence quantum yields are

increased from 56.4% for N-CDs to 63.4% for N,S-CDs. Flu-

orescence sensitivity results indicate that the N,S-CDs have

potential applications prospect in strong alkaline solution and

Fe3+ ion detections. Introducing independent sulfur source

is a practicable method to investigate the influence factors of

molecular fluorophores in CDs.
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