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Carbon quantum dots are promising fluorescence probes with applications in metal ions detection, 
biosening and bioimaging etc. In this study, water-soluble carbon nanodots are synthesized through a 
simple one-step heat treatment of ethyl glycol solution. In the present preparation, the C-dots may be 10 

formed through the hydration, crosslinking and carbonization processes. The synthesized C-dots show 
green luminescent emission under ultraviolet excitation, which can be used for the detection of Ag+ ions. 
Interestingly, different from the usual quenching effects of metal ions on the fluorescence of C-dots, Ag+ 

exhibited an enhancement effect on the photoluminescence of C-dots, which can be attributed to the 
reduction of Ag+ to silver nanoclusters (Ag0) on the surface of carbon dots. Based on the linear 15 

relationship between fluorescence intensity and concentration of Ag+ ions, the prepared C-dots can be 
used to sensitive and selective detection of silver ions in environmental water with a limit of detection of 
320 nM and a linear range of 0-90 M.  

 

1. Introduction 20 

With the rapid development of industry, heavy metal ions 
have become one primary class of pollutants in our environment, 
which could be a serious threat to our health.1 As a type of noble 
metal, silver is very important to human beings due to its 
charming properties and multi-functions which make it has wide 25 

applications in our daily life, such as decoration and materials for 
curing the diseases, e.g. rheumatism. On the other hand, silver is 
also largely used in electronic, photographic and imaging 
industries.2 However, silver ions have been classified to one of 
the most poisonous heavy metal ions.3 Thus, determination of the 30 

concentration of silver (I) ions in freshwater or seawater is 
necessary for ensuring the non-polluted environment that we live 
in and no harmful to our health. Although many modern 
instrumentally analytical techniques such as atomic 
absorption/emission spectroscopy and inductively coupled 35 

plasma mass spectroscopy, have been applied to the analyzing 
trace content of Ag+ in water,4 these techniques require 
complicated instruments and/or sample preparation processes, 
resulting in the limitation of their application. On the other hand, 
compared to sensors for detection of other metal ions, the existing 40 

fluorescence probes for Ag+ detection are relatively scarce.5-7 
Therefore, more simple and rapid methods for the precise 
determination of silver concentration are still needed. 

Fluorescent nanomaterials have been investigated by chemists 

and biologists for a long time because these materials could be 45 

used in different areas, such as chemical sensors, biosensors and 
bioimaging etc. 8-12 Among the studied fluorescent probes, carbon 
nanodots (C-dots) have attracted increasing attention in recent 
years due to their good stability, high biocompatibility and low 
cytotoxicity compared to semiconductor quantum dots and 50 

organic fluorophores.13-16 Up to now, there have developed 
various methods for the preparation of fluorescent C-dots. For 
example, by taking advantage of a microfluidic system Alonso-
Chamarro and co-workers prepared C-dots for application in 
optical pH sensors.17 Recently, Zhang et al. presented an 55 

economical and green synthesis method for synthesizing 
fluorescent C-dots and their application for Hg2+ detection based 
on the Hg2+-induced fluorescence quenching.18 In another study, 
high photoluminescent C-dots were synthesized by Zhu et al, and 
the fluorescent carbon particles can be utilized for the detection 60 

of Fe3+ in biosystems.19 Additionally, C-dots have also been used 
as fluorescent probes for sensing other metal ions.20, 21 

Except for the carbon nanodots, fluorescent heteroatom-
doped C-dots and graphene quantum dots have also been 
prepared and extensively studied as sensing probes for metal ions 65 

detection.22-25 For example, our group synthesized N-doped 
carbon dots for detection of Hg2+ and graphene quantum dots for 
recognition of Fe3+.18, 26 It should be pointed out that in these 
studies, the sensitive detection of metal ions was realized based 
on fluorescence quenching by metal ions. Meanwhile, to the best 70 

our knowledge, the carbon dots-based fluorescence sensing for 
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the detection of Ag+ ions is scarce. In a recent study, Algarra et 
al.27 reported the functionalization of luminescent C-dots and 
their application as effective sensing platform for Ag+ ions, on the 
basis of quenching effect of Ag+ on the fluorescence of C-dots. 

Herein, we present a one-step and simple method to 5 

synthesize fluorescent carbon dots directly from ethyl glycol at 
high temperature under the protection of inert gas. The obtained 
C-dots exhibited green luminescence. Interestingly, different 
from the previous observation of quenched fluorescence by metal 
ions, the fluorescence intensity of the C-dots can be enhanced 10 

upon addition of silver ions. Based on the linear relationship 
between the enhanced fluorescence intensity and Ag+ 
concentration, the selective, sensitive detection of Ag+ ions was 
achieve with the prepared C-dots. Moreover, the prepared carbon 
nanodots can also be applied to the determination of Ag+ 

15 

concentration in environmental lake water. The possible 
mechanisms of the formation of C-dots and the Ag+-induced 
fluorescence enhancement are proposed. 

2. Experimental Section 

2.1 Materials 20 

Ethyl glycol (C2H6O2) , sodium hydroxide (NaOH), hydrochloric 
acid (HCl), nitric acid (HNO3), sulfuric acid (H2SO4), sodium 
dihydrogenphospate dehydrate (NaH2PO4

.2H2O), and di-sodium 
hydrogen phosphate dodecahydrogen (Na2HPO4

.12H2O) were 
purchased from Beijing Chemical Reagent. Quinine sulfate was 25 

obtained from Sigma-Aldrich. Standard stock (10 mM) of metal 
ions (Hg2+, Ca2+, Fe3+, Na+, Cu2+, K+, Ni2+, Co2+, Pb2+, Ag+, Mn2+, 
Mg2+, Zn2+, Cd2+) were prepared with ultrapure water from the 
respective metal salts (NaCl, KCl, CuCl2

.H2O, ZnCl2, CaCl2, 
FeCl3

.6H2O, AgNO3, MgSO4, Hg(NO3)2
.1/2H2O, MnCl2, 30 

NiCl2
.6H2O, Pb(NO3)2, CoCl2

.6H2O, Cd(CHCOO)2
.H2O). All the 

reagents are of analytical reagent grade and used as received. And 
all the aqueous solutions were prepared with ultrapure water 
supplied by a Water Puried Nanopure water system (18.3 MΩ 
cm). 35 

2.2 Synthesis of carbon dots 

C-dots were synthesized directly from an ordinary dihydric 
alcohol, i.e. ethyl glycol by a simple heating treatment. In a 
typical reaction, 20 mg of sodium hydroxide was added to 2 ml of 
ethyl glycol in the round-bottomed flask and this mixture was 40 

sonicated for 5 min at room temperature. After the solid was 
dissolved completely, the reaction was left stirring at 25 °C for 30 
min. Then, the solution was heated at 185 °C for 30 min under 
the protection of nitrogen atmosphere. After 30 min, the color of 
the solution changed from colorless to light and then deep yellow 45 

gradually, which indicates the formation of C-dots. After the 
solution was cooled down to room temperature, the product was 
separated and dried under vacuum to get a yellow solid of C-dots 
for further characterization. Additional experiments were 
performed to study the effect of solution pH on the fluorescence 50 

of the prepared C-dots. Such experiments were carried out with 
the same procedure described above except for adding HCl (1 M, 
1.5 ml) or different amounts of sodium hydroxide (0 mg, 10 mg) 
to the reaction solution. 

2.3 Material characterization 55 

UV-Vis spectra were recorded on UV-3000PC 
Spectrophotometer (Shanghai Manada Instruments Co.,Ltd). 
Photoluminescence spectra (PL) were recorded on a Perkin-
Elmer LS-55 Luminescence Spectrometer (Perkin-Elmer 
Instruments U.K). X-ray photoelectron spectroscopy (XPS) 60 

measurements were performed by using AVG Thermo 
ESCALAB250 spectrometer (VG Scientific) operated at 120 W. 
Fourier-transformed infrared spectroscopy (FTIR) study was 
conducted with a vertex 70FTIR (KBr wafer technique). The size 
and morphology of C-dots were examined by using a Hitachi H-65 

600 transmission electron microscope (TEM) operated at 100 kV. 

2.4 Fluorescence detection of Ag+ ions 

In a typical run, 370 μL of the original C-dots solution was 
diluted to 3 mL by nanopure water. AgNO3 solutions were 
prepared from the stock solution (10 mM) with water. Different 70 

volumes of Ag+ solution were added into the C-dots solution and 
the corresponding fluorescence spectra were recorded at room 
temperature after one minute of mixing. To examine the 
selectivity of the prepared C-dots for Ag+ detection, 6 μL, 10 mM 
of other different metal cations (Hg2+, Ca2+, Fe3+, Na+, Cu2+, K+, 75 

Ni2+, Co2+, Pb2+, Ag+, Mn2+, Mg2+, Zn2+, Cd2+) were also added to 
the C-dots solution to study their effects on the fluorescence of C-
dots. In addition, detection of Ag+ in a real water sample was 
performed by using the lake water from South Lake of 
Changchun, Jilin province with the similar experimental 80 

procedures described above. 

2.5 Quantum yield (QY) measurements 

The measuring experiment of quantum yield (QY) of the 
prepared C-dots was conducted according to the established 
procedure. In the measurement, quinine sulfate in 0.1 M H2SO4 85 

(QY = 0.54 in water) was used as standard sample. The 
fluorescence quantum yield value of the C-dots could be 
calculated on the basis of the following equation: 
                      Фx=Фst( gradx / gradst )( η

2
x / η

2
st )                  (1) 

Where the subscripts st and x denote standard and test 90 

respectively, Ф is the fluorescence quantum yield, grad refers to 
the gradient from the plot of integrated fluorescence intensity VS 
absorbance, and η is the refractive index of the solvent. 

3. Results and Discussion 

3.1 Synthesis and the formation mechanism of C-dots 95 

In the present work, C-dots were prepared by a one-step thermal 
polymerization way directly using ethylene glycol as the sole 
carbon resource. With temperature increasing, the colorless 
solution changed to faint yellow gradually, suggesting the 
formation of C-dots. It is interesting that the pH of the solution 100 

was found to have obvious effect on the fluorescence of the 
obtained products. Fig. 1A shows the fluorescent emission 
spectra of the products synthesized from 2 ml ethylene glycol 
containing 0, 10, 20 mg NaOH and 1.5 ml HCl (1 M), 
respectively under the same experimental conditions. It can be 105 

seen that for the products synthesized from ethylene glycol with 
the absence of NaOH or with the presence of HCl, almost no 
fluorescence can be observed, suggesting no C-dots formation 
under such conditions. However, upon the addition of NaOH in 
ethylene glycol, the obtained products show strong fluorescence  110 
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Fig. 1 (A) Fluorescent emission spectra of the products prepared from 2 
ml ethyl glycol containing 1.5 ml 1 M HCl (black line), 0 mg NaOH (red 
line), 10 mg NaOH (green line), 20 mg NaOH (violet line) under the same 30 

experimental condition with an excitation at 350 nm. The insets show the 
digital photographs of the solutions of 2 ml ethyl glycol + 20 mg NaOH 
(number 1) and the corresponding C-dots product (number 2) under the 
irradiation of sunlight (top) and ultraviolet light (bottom). (B) Schematic 
representation of the formation of C-dots. 35 

 
at 433 nm, indicating the production of C-dots, and the sample 
synthesized from solution with 20 mg NaOH exhibits the stronger 
fluorescence. The digital images in Fig. 1A inset compares the 
colors of the initial ethylene glycol (2 ml) + NaOH (20 mg) and 40 

the product under the daylight (top) and ultraviolet lamp (bottom) 
(number 1 and 2 represent the ethylene glycol and C-dots 
solutions, respectively). Obviously, different from the ethylene 
glycol solution, the product shows pale-yellow color under 
daylight lamp and exhibits a green color under the ultraviolet 45 

lamp. Note that further modification and purification steps are not 
needed in the preparation process, which makes the present 
synthesis method simple, distinctive and attractive for synthesis 
of fluorescent carbon nanodots. Importantly, addition of sodium 
hydroxide is a key factor for the formation of C-dots and the 50 

amount of NaOH has significant influence on the fluorescent 
intensity of the produced C-dots. 

Here, the mechanism of the formation of carbon dots from 
ethylene glycol is proposed. We infer that the generation of 
radicals and carbonization at the elevated temperature result in 55 

the formation of C-dots, which is similar to the process and 
mechanism of electrochemical oxidation of low-molecular-
weight alcohol that was reported earlier.28 Overall, the formation  
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Fig. 2 (A) TEM image of the synthesized C-dots. Insets show the 
magnified TEM image of the C-dot aggregations and the particle size 
distribution histogram. (B) Fourier-transformed infrared spectrum (FTIR) 
of the C-dots. (C) XPS survey spectrum of the as-synthesized C-dots. (D) 
XPS of the C1s spectrum. 85 

 
process of carbon dots could be divided into three steps, as shown 
in Fig. 1B. Firstly, when the temperature rises to a certain value, 
the dehydration of the alcohol would occur and the chemical 
bonds of O-H, C-O, C-C in ethyl glycol could be broken, 90 

producing different kinds of radicals. In the following step, the 
active species could be self-assembled and crosslinked into 
different groups, and new chemical bonds could be formed to 
generate the polymer-like carbon dots. In the third step, the 
polymer-like carbon dots are finally carbonized into carbogenic 95 

C-dots through further dehydration between functional groups.19 
It is noteworthy that the basic environment is very important for 
the preparation of the carbon dots as mentioned earlier. As 
discussed above, for ethyl glycol with the absence of sodium 
hydroxide or presence of hydrochloric acid, no C-dots were 100 

formed, which is consistent with the electrochemical-oxidation of 
alcohols in alkaline solution.28-32 In this reaction system, the OH- 
may act as the catalyst and evocator for the formation of C-dots. 
Moreover, the OH- may also affect the surface state of C-dots as 
suggested by the discrepancy of fluorescence intensity. In the 105 

studies below, the C-dots prepared from ethyl glycol solution 
with 20 mg NaOH are used. 

3.2 Characterization of the C-dots 

Fig. 2A shows the typical transmission electron microscopy 
(TEM) images of the synthesized C-dots. At first sight of the 110 

TEM image, the deep black and large particles may come into 
notice. However, from the magnified TEM image shown in Fig. 2 
inset (top), the large particles are actually the aggregates of C-
dots. The aggregates show torispherical or flower-like 
morphology with a size in the range of 60~70 nm but without 115 

sediments in solution. Such observation suggests that the 
produced C-dots tend to aggregate into “C-dot clusters” in the 
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solution due to the hydrogen bonds or/and the affinity of the 
surface functional groups. According to the particle size 
distribution histogram calculated from one hundred of carbon 
dots (Fig. 2 inset, bottom), the carbon nanoparticles have a size 
distribution in 3~6 nm with an average size of 4.98  1.5 nm. 5 

Fig. 2B presents the Fourier-transformed infrared (FTIR) 
spectrum which reflects the surface functional groups of the 
obtained carbon dots. The peak at 3410 cm-1 could be assigned to 
the stretching vibration of O-H. The peaks at 2948 and 2880 cm-1 
are attributed to the stretching vibrations of C-H, while the peak 10 

at 1449 cm-1 corresponds to the bending vibration of C-H. 
Besides the peaks at 2364 cm-1 originated from the stretching 
vibration of C≡C, the stretching vibrations of C-O can be 
identified by the peaks at 1221 and 1099 cm-1. Moreover, the 
peaks at 1720 and 1615 cm-1 originate from the stretching modes 15 

of C=O and C=C, respectively. The FTIR spectrum together with 
the following XPS results indicate the successful preparation of 
C-dots with different kinds of surface chemical bonds such as 
C=C, C≡C, and surface functional groups such as -COOH, -OH 
which can enhance their water-solubility. 20 

   X-ray photoelectron spectroscopy (XPS) has been one of the 
frequently-used analytical techniques to analyze the valence 
states of the elements in carbon materials. The XPS survey 
spectrum shown in Fig. 2C gives two sharp-pointed peaks of 
graphitic C1s at ca.284 eV and O1s at ca.532 eV, illustrating the 25 

presence of O-rich groups on the surface of carbon frame. The 
abundant oxygen-containing groups endow the C-dots with good 
water solubility, which is favorable for the detection of metal ions 
in water. Fig. 2D shows the high resolution spectrum of C1s. The 
deconvoluted three peaks with the binding energies of 284.7, 30 

286.7, and 288.2 eV can be respectively assigned to the C=C/C-C, 
C-O, C=O, which is well consistent with the previous studies on 
carbon materials, e.g. graphene oxide.33 Based on above 
characterizations, aromatic rings, epoxy, alkoxy and carboxyl 
groups may exist in the as-synthesized carbon dots. 35 

   The absorption and photoluminescence properties of the as-
synthesized C-dots were also examined. Fig. 3A presents the UV-
vis absorption spectra and photoluminescent emission spectra of 
C-dots in three kinds of solvents, including ethylene glycol (EG), 
ethanol and water. In the absorption spectra, two sharp absorption 40 

peaks located at 205 and 256 nm and a shoulder peak at 223 nm 
can be observed from the C-dots EG and ethanol solution. 
However, the peak at 205 nm disappeared and the shoulder-peak 
at 223 nm became less pronounced when the C-dots were 
dispersed in water. Such solvent effect on the optical properties 45 

of carbon materials has also been observed in the previous 
study.34 Correspondingly, the fluorescence intensity of C-dots is 
also dependent on the solvents and the fluorescent intensity in 
ethanol and EG is much higher than that in water. Here, the 
solvent-dependent absorption and fluorescence intensity indicate 50 

the polarity-sensitive properties of the C-dot fluorophores, 
suggesting the effect of the surrounding micro-environment on 
the excited state dipole moment or the electronic structure of the 
C-dots. Fig. 3B gives the fluorescent excitation and emission 
spectra of the carbon nanodots with the maximum values around 55 

350 nm and 440 nm respectively. The large stokes shift is 
attributed to the effect of the nearby polar solvent molecules on 
the excited dipole moment of the C-dots.35 According to Eq.(1),  

Fig. 3 (A) UV-vis absorption and the corresponding photoluminescent 
emission spectra (ex = 350 nm) of the C-dots in ethyl glycol (EG, black 60 

lines), ethanol (red lines) and water (blue lines). (B) Fluorescent 
excitation and emission spectra of C-dots in water, ex = 350 nm, em = 
440 nm. (C) UV-vis absorption spectra of the C-dot in different pH buffer 
solutions. (D) Photoluminescent emission spectra of the C-dots at 
different excitation wavelength from 320 to 400 nm. 65 

 
the quantum yield of the C-dots was calculated to be 3.02 % by 
using quinine sulfate as a reference. Fig. 3C shows the influence 
of hydrogen ions on the optical absorption of the C-dots. There is 
the maximum absorption difference of 8 nm in the basic and acid 70 

buffer solutions, again reflecting the chemical 
microenvironmental effect on the surface state or molecule state 
of C-dots. The fluorescent emission under different excitation 
wavelength was also investigated. As shown in Fig. 3D, with the 
excitation wavelength changing from 320 to 400 nm, the 75 

maximum emission peak exhibits a red shift from 430 to 460 nm. 
Such excitation-dependent emission properties have been 
reported in the studies of carbon dots and graphene quantum dots, 
which could be ascribed to the different surface states of the 
prepared C-dots.34  80 

3.3 Sensitive and selective detection of Ag+ ions based on the 
Ag+-induced fluorescence enhancement of C-dots 

Fluorescent C-dots have been widely used for the detection of 
various metal ions based on the metal ions-induced fluorescence 
quenching. Interestingly, we found that the addition of Ag+ ions 85 

into the present C-dot aqueous solution can enhance but not 
quench the fluorescence. Moreover, there is a linear relationship 
between the concentration of Ag+ ions and the enhanced 
fluorescence intensity, based on which silver ions can be 
sensitively detected. To study the response rate of fluorescence 90 

signal of C-dots to Ag+ ions, the required time for the reaction 
between C-dots and added Ag+ ions was first evaluated by mixing 
C-dots with 35 μL, 10 mM Ag+ in aqueous solution. Fig. S1 
shows the time-dependent fluorescence of C-dots，it can be seen 
that the fluorescence intensity shows almost no change after 1 95 

min. Therefore, in the following studies, each emission spectrum 
is recorded after 1 min of mixing C-dots and different 
concentrations of Ag+ ions. 
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Fig. 4 (A) Fluorescent emission spectra of the C-dots aqueous solution 
with the addition of different concentrations of Ag+ increasing from 0 to 
117 μM, (ex = 350 nm). (B) Change of fluorescence intensity of the C-20 

dots versus the Ag+ concentration. (F and F0 represent fluorescence 
intensities with the presence and absence of metal ions, respectively) (C) 
Fluorescence response of the C-dots aqueous solution to the addition of 
different metal ions with a concentration of 135 μM. (D) Fluorescent 
emission spectra of C-dots aqueous solution (black line), and the solution 25 

after adding 55 μM Ag+ ions (red line) and all other metal ions (including 
Na+, K+, Ca2+, Cu2+, Mg2+, Hg2+, Zn2+, Ni2+, Co2+, Cd2+, Mn2+, Pb2+, blue 
line). 

 
Fig. 4A displays the fluorescent emission spectra of C-dots 30 

upon addition of different concentrations of Ag+ ions changing 
from 0 to 117 μM. Obviously, different from the usual quenching 
effect of metal ions on fluorescence of C-dots, the peak intensity 
of the emission increases with the concentration of Ag+ ions 
increasing. Hence, the prepared C-dots can be used as probes for 35 

the fluorescence turn-on detection of Ag+. Meanwhile, the 
emission peak shows blue-shift from 440 nm to 425 nm. Fig. 4B 
displays the calibration curve for Ag+ ions detection, which 
exhibits a good linearity in the concentration range from 0 to 90 
μM with a correlation coefficient of 0.998 (F and F0 correspond 40 

to the fluorescence intensities of the C-dots solution with the 
presence and absence of silver ions, respectively). It should be 
pointed out that the present linear range is much larger than those 
reported previously.7, 36 The linear regression can be expressed as: 
F-F0/F0 = 0.33218*CAg+ - 0.30399. The limit of detection (LOD) 45 

of Ag+ ions in the present system was calculated to be 320 nM 
(S/N=3), which is much less than the concentration of Ag+ ions in 
daily table-water (460 nM or 0.050 mg L-1) determined by the US 
Environmental Protection Agency (EPA).37 

To assess the selectivity of the fluorescent C-dots for 50 

recognition of Ag+ ions, the fluorescence intensities of the C-dots 
solution with the presence of different metal cations (i.e. Hg2+, 
Ca2+, Fe3+, Na+, Cu2+, K+, Ni2+, Co2+, Pb2+, Mn2+, Mg2+, Zn2+, 
Cd2+) were measured. As shown in Fig. 4C, compared to the 
blank C-dots solution, enhanced fluorescence intensity was 55 

obtained for the C-dots solution containing 135M Ag+ ions, 
whereas a negligible intensity change can be observed upon 
addition of other metal cations with the same concentration (135 
μM). On the other hand, the interference of other metal ions on  

 60 

 
 
 
 
 65 
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 75 

 
 
 

Fig. 5 (A) Fluorescent emission spectra of the C-dots with the presence of 
different concentrations of Ag+ from 0 to 50 μM in lake water, (ex = 350 80 

nm). (B) The relationship between (F-F0)/F0 and Ag+ concentration. 

 
the detection of Ag+ was also examined. From Fig. 4D, one can 
see that the fluorescence intensity of C-dots solution can be 
largely enhanced by adding only 55 μM Ag+ (red line). However, 85 

the addition of the same concentration of all other metal ions 
(blue line) can result in almost no change of the fluorescence 
intensity. These results indicate that the prepared C-dots have 
high sensitivity and selectivity for Ag+ detection by taking 
advantage of its unique enhancement effect on the fluorescence of 90 

C-dots. 
Furthermore, the application of the carbon nanofluorophore for 

the sensing of Ag+ in real environmental water can also be 
achieved. Before the experiment for Ag+ detection, the lake water 
was first filtered by a 0.22 μm membrane and then centrifuged at 95 

10000 rpm for 10 min to remove the large and insoluble 
impurities. Fig. 5A shows the changes of fluorescent emission 
spectra of C-dots in lake water containing different 
concentrations of Ag+. From the corresponding calibration curve 
of (F-F0)/F0 vs the concentration of Ag+ within the range from 0 100 

μM to 50 μM in lake water, it can be seen clearly that the 
fluorescence intensity shows a good linearity over the 
concentration of Ag+ ions. Note that although there are all kinds 
of impurities such as minerals and organics in the real lake water, 
the as-prepared carbon dots is still sensitive to Ag+ concentration, 105 

indicating the promising application of the C-dots in detecting 
Ag+ in real environmental sample. It should be pointed out that 
because the original concentration of Ag+ in the lake water 
sample is much lower than the LOD, the present sensing system 
did not give the reasonable concentration of silver ions, which is 110 

consistent with the result from ICP-MS measurement (didn’t give 
the certain value). 

Compared to the previously reported methods for detection of 
Ag+ ions, e.g. sensing systems based on deoxyribounucleic acid, 
gold clusters, gold nanoparticles,7, 36, 38, 39 the low cost and high 115 

selectivity (without masking agent) of the present C-dots is more 
attracting and would be more suitable for the real application. 
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Table 1 Comparison of Detection Performance of Different Fluorescent Probes for Ag+ Detection 

 

 

 

 5 

 
 

 
Meanwhile, compared to the reported graphene quantum dots and 10 

other C-dots,40-42 the present work presents a simpler one-step 
synthesis and wider linear range for Ag+ detection. Table 1 
summarizes the sensing performances of different fluorescent 
probes for Ag+ detection. We believe this work provides an 
alternative convenient platform for the detection of silver ions 15 

and new insights into the fluorescence enhancing mechanism 
(discussed below). 

 

3.4 Fluorescence enhancing mechanism  
It is widely accepted that the photoluminescence of carbon dots 20 

arises from the radiative combination of the trapped surface holes 
and electrons.43 In this study, the fluorescence enhancement of C- 
dots induced by silver ions may be ascribed to the metal-
enhanced fluorescence mechanism, i.e. the produced Ag 
nanocluster could increase the local incident field of the C-dots.35 25 

It is well known that enhanced fluorescence of some fluorophores 
would be induced by metals, such as silver and gold.44 From 
Table 2, we can quickly find that the reduction potential of silver 
(I)/silver is much higher than other metal ions except for Hg2+/Hg. 
Thus, we can propose the following mechanism. Upon addition 30 

of Ag+ into the C-dots solution, the oxidation-reduction reaction 
would occur on the surface of C-dots, i.e. Ag+ is reduced to metal 
Ag0 while C-dots is oxidized. The interaction between C-dots and 
the formed tiny silver nanoclusters could enhance the radiative 
emission of C-dots.45 Since the formed Ag nanoclusters can not 35 

be separated from the C-dots, it is not clear whether there is 
fluorescence contribution from the Ag nanoclusters or not. 
However, the present Ag nanoclusters are not covered by organic 
ligands, their fluorescence should be different from the reported 
fluorescent monolayer-protected metal clusters.46-49 The detailed 40 

fluorescence enhancement mechanism needs to be further studied. 
On the other hand, metal nanoparticles or nanoclusters in situ 
formed on carbon materials have been reported previously, such 
as Ag nanoclusters on carbon nanodots,50 Ag nanoparticles on 
cysteine,51 Pd nanoparticles on carbon nanodots,52 and Au and Pt 45 

nanoparticles on carbon nanotubes53 etc. Here, from the UV-vis 
absorption comparison shown in Fig. 6A, after the addition of  

Table 2 Standard electrode potentials in aqueous solution at 25 °C (vs 
NHE)a 

 50 

aThe data in this Table are taken from A. J. Bard, L. R. Faulkner, Eds., 
“Electrochemical Methods Fundamentals and Aplications, 2nd., John 
Wiley & Sons. Inc. 

 
 55 

 
 
 
 
 60 

 
 
 
 
 65 

 
 
 
 
 70 

 
 
 
 
Fig. 6 (A) UV-vis absorption spectra of C-dots with and without the 75 

addition of Ag+ ions (CAg+ in water is 35 μM). (B) XPS spectrum of the 
C-dots solution after addition of Ag+ ions. 

Detection probes            Detection mechanism         Detection Limit          Linear range        Reference 

GO-oligonucleotide           Fluorescence enhancement                    5 nM                                 /                        7   
Au nanoclusters                 Fluorescence enhancement                   62 nM                        25 nM-3 M            36 
DNA-SWCNT                   Fluorescence enhancement                    1 nM                         0-150 nM                 38 
Au nanoparticles                LSPR light scatter                                 62 nM                        0.13-1.12 M           39 
Graphene quantum dots     Fluorescence quenching                       0.3 mM                              /                        40 
N-doped C-dots                 Fluorescence enhancement                   1 M                          1-100 M                 41         
C-dots                                Fluorescence quenching                       0.13 M                      0.5-6 M                  42           
C-dots                                Fluorescence enhancement                   320 nM                       0-90 M              This work 

Metal  ion Potential (V) Metal  ion Potential (V) 

K+/K -2.925 Cd2+/Cd -0.4025 
Ca2+/Ca -2.84 Co2+/Co -0.277 
Na+/Na -2.714 Ni2+/Ni -0.257 

Mg2+/Mg -2.356 Pb2+/Pb -0.1251 

Mn2+/Mn -1.180 Cu2+/Cu 0.340 
Fe3+/Fe -0.037 Hg2+/Hg 0.851 
Zn2+/Zn -0.7626 Ag+/Ag 0.7991 
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Ag+ into the C-dots solution, the surface plasmon resonance of 
the produced Ag clusters can effectively improve the light 
absorption. Also from the XPS result in Fig. 6B, both Ag+ (Ag 
3d5/2, 369.47 eV; Ag 3d3/2, 375.54 eV) and Ag0 (Ag 3d5/2, 367.9 
eV; Ag 3d3/2, 374.05 eV) are present in the solution. It is 5 

noteworthy that due to the electronic interaction between metallic 
Ag and C-dots, the binding energy of Ag 3d shows a little down-
shift compared to that of bulk Ag (368.5 eV; 374.3 eV). On the 
other hand, it is well known that Hg2+ is heavy ion and its bulk 
metal (Hg0) is not easy to produce plasmonic properties which are 10 

the basic requirements for metal-enhanced fluorescence.54 
Therefore, Hg2+ ions didn’t exhibit enhancement effect on the 
fluorescence of C-dots. In the previous studies,55, 56 it was found 
that the metal-enhanced fluorescence depends on the distance 
between metal nanoparticles and fluorescein. Usually, the larger 15 

separation distance between fluorescein and metal surface are 
considered to be more favorable for the fluorescence 
enhancement. However, the exact distance for fluorescence 
enhancement is still unknown. Moreover, the fluorescence 
enhancement is strongly affected by chemical enviroments and 20 

fluorescent systems. Further studies are still needed to well 
understand the fluorescence enhancing mechanism of nanocluster 
systems.  

4. Conclusion 

In summary, we successfully synthesized luminescent C-dots 25 

through a simple, low-cost and environmentally friendly process 
by using ordinary ethyl glycol as carbon source. The prepared C-
dots showed excitation-dependent blue fluorescent emission in 
aqueous solution. Based on our proposed mechanism, silver ions 
could be reduced to Ag0 clusters on the surface of the C-dots, 30 

which can enhance efficiently the fluorescence intensity of the C-
dots. To the best of our knowledge, the metal ions-induced 
enhancement effect on fluorescence of C-dots has been rarely 
reported. More importantly, the enhanced fluorescence intensity 
exhibited a good linearity on the concentration of Ag ions in 35 

aqueous solution. Therefore, the C-dots can be used as 
fluorescence turn-on probes for detection of Ag+ ions in water 
with high sensitivity and selectivity. 
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+
 ions 

 

 

 

 

 

 

 

Wavelength (nm)

400 450 500 550 600

F
L
 I
n
te
n
si
ty

0

200

400

600

800

1000

Ag
+
 

117 µM 

0 µM 

C-dots 

Page 9 of 9 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t


