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Abstract. In this report, silicon quantum dots (SiQDs) with the NH2 functional group were synthesized 

with the hydrothermal method. The as-prepared SiQDs exhibit a strong fluorescence emission peak               

at 441 nm when excited at 355 nm and are effectively quenched upon adding Cr6+ ions. Hence, SiQDs 

were used as an optical probe to detect Cr6+ ions in solutions. The crystal structure of SiQDs was 

characterized by using X-ray diffraction (XRD). The Fourier-transform infrared spectroscopy (FT-IR) 

was used to determine the linker groups on the SiQDs surface. The fluorescence spectroscopic 

technique with an excitation wavelength of 355 nm was used to quantify the Cr6+ ion concentration in 

the solutions in the range of 0.1–1000 µM. Competition from common coexisting ions, such as K+, Na+, 

Al3+, Zn2+, and Pb2+, was ignorable. The test with actual samples showed good linearity for the Cr6+ 

concentration range of 0.1–50 µM. 
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1 Introduction 

Over the past decades, the increasing toxicity of 

heavy metals has seriously affected the 

environment. One of those heavy metals is 

chromium, which exists in different oxidation 

states. Trivalent chromium (Cr3+) and hexavalent 

chromium (Cr6+) are primary oxidation states in 

the environment. Cr6+ ions have a stronger impact 

on human health and the environment than Cr3+ 

ions because of its high solubility, carcinogenicity, 

mutagenicity, and teratogenicity in biological 

systems [1]. While Cr6+ exists primarily as highly 

soluble oxyanions [2], Cr3+ is less soluble and 

readily precipitates as Cr(OH)3. Cr3+ has low 

toxicity and is considered an essential nutrient for 

many organisms [3]. In contrast, Cr6+ is 1000-fold 

more toxic than Cr3+ [4]. Nevertheless, the Cr6+ ion 

and other Cr6+ ion forms are used in different 

industries, including leather tanning, electroplating, 

painting, and metallurgy [1]. Therefore, chromium 

contamination has been reported in various 

industrial sites because of accidental leakages or 

improper disposal [6-9]. Hence, the determination 

of total chromium is crucial for environmental 

impact studies.  
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Recently, quantum dots (QDs) have 

attracted much attention because of their unique 

physical and optical properties, such as strong 

absorption, high quantum yield, fluorescence 

emission, availability for resizing by adding 

functional groups in the nanoscale, and high 

stability [10]. However, toxic inorganic precursors 

are commonly used in synthezing traditional QDs 

and may harm various biological systems [11]. 

Among the quantum dots, those of silicon, 

semiconductor Si nanoparticles ranging from 1 to 

10 nm, have attracted much attention in analytical 

science because of their advantages, such as 

inertness, nontoxicity, abundance, and low cost 

[12]. In addition, their highly efficient 

fluorescence makes them promising optical 

probes for various biomedical and biological 

applications [13].  

In this paper, the silicon quantum dots 

(SiQDs) with NH2 functional groups, synthesized 

with the hydrothermal method, were used as an 

optical probe for detecting Cr6+ ions in solutions 

via the fluorescence quenching mechanism. Their 

structure and fluorescence properties were also 

addressed. 

2 Experimental 

2.1 Synthesis of SiQDs solution 

All reagents used in the experiments were 

purchased from Sigma-Aldrich in the analytical 

grade without further purification. First, 1 g of 

trisodium citrate (TSC) was completely dissolved 

in 30 mL of deionized water (DI) in a Teflon cup 

under magnetic stirring and aerated 

simultaneously with high-purity nitrogen to 

purge dissolved oxygen for 30 minutes. Next,    

3 mL of 3-aminopropyl triethoxysilane (APTES) 

was added to the solution. The mixture was 

continuously stirred and aerated with nitrogen for 

five minutes. Afterwards, the Teflon cup was put 

in a stainless steel vessel, tightened, and covered 

with foil. The system was heated for 12 hours at 

170 °C under magnetic stirring with a speed of 

450 rpm. Finally, a SiQDs solution with yellowish 

colour was obtained. The synthesis schema of the 

stock SiQDs solution is shown in Fig. 1. From the 

obtained SiQDs solution, we prepared derivative 

SiQDS solutions for subsequent experiments by 

diluting it at the 1:300, 1:600, and 1:1200 (v/v) 

ratios. After dilution, these derivative SiQDs 

solutions strongly emitted a blue colour when 

excited with UV light of a 365 nm wavelength. 

The derivative SiQDs solution at the 1:600 

dilution ratio was selected for the subsequent 

measurements. 

2.2 Preparation of Cr6+ solutions 

The 100 mM Cr6+ solution was obtained by 

dissolving 147.092 g potassium dichromate 

(K2Cr2O7) in 10 mL of DI water and then used as 

the first stock solution. Firstly, the derivative 

stock solutions with a concentration of 0.1, 1, 10, 

and 100 mM were prepared by diluting the first 

stock solution with an appropriate volume of DI 

water. Secondly, the Cr6+ ion solutions of different 

final concentrations were also prepared by 

diluting a specific volume of appropriate 

derivative stock solutions with a relevant volume 

of DI water. The concentration of these final Cr6+ 

ion solutions is shown in the first column of Table 

1.

 

Fig. 1. Schematic illustration for stock SiQDs 

solution synthesis 
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Table 1. Volume of Cr6+ ion solutions (L) 

Derivate Stock Solution 

 

Final  

Solutions 

 
Cr6+ 

(100 mM) 

Cr6+ 

(10 mM) 

Cr6+ 

(1 mM) 

Cr6+ 

(0.1 mM) 
DI H2O 

0.01    100 900 

0.02    200 800 

0.05    500 500 

0.1     900 

1  100 100  900 

2  200   800 

2.5  250   750 

5  500   500 

6  600   400 

7  700   300 

8  800   200 

9  900   100 

10 100    900 

15 150    850 

20 200    800 

30 300    700 

40 400    600 

50 500    500 

60 600    400 

70 700    300 

80 800    200 

90 900    100 

100 1000     

2.3 Preparation of actual samples 

Some actual samples were taken from Van Phuc 

village, the To Lich river, and the Nguyen Lan 

river, and they were subjected to sedimentation 

for 12 hours. Then, they were transferred into 1 

mL glass vessels and named VP1, VP2, VP3, TL1, 

TL2, TL3, TL4, TL5, NL1, and NL2 according to 

where they were collected (Van Phuc village, the 

To Lich river, and the Nguyen Lan river). 

Afterwards, a solution containing Cr6+, K+, Na+, 

Al3+, Zn2+, and Pb2+ ions was dropped into each 

glass vessel. The obtained actual samples are 

shown in the first three columns of Table 2.  
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Table 2. Volume of wastewater samples (L) 

 Van Phuc 

village 

To Lich  

river 

Nguyen Lan 

river 

Cr6+ 

(5 mM) 

Cr6+ 

(100 mM) 

K+ 

(20 mM) 

Na+ 

(20 mM) 

Al3+ 

(20 mM) 

Zn2+ 

(20 mM) 

Pb2+ 

(20 mM) 

VP1 1000          

VP2 940    10 10 20 10 10  

VP3 905    30 10 10 20 10 15 

TL1  1000         

TL2  960  15  15 10    

TL3  945  20  10 15 10   

TL4  935   15 10 20 10 10  

TL5  885   35 20 10 20 10 20 

NL1   1000        

NL2   965 15  10 10    

 

2.4 Instrumentation 

The crystalline phase of the SiQDs was 

characterized by using X-ray diffraction (XRD) on 

an XRD Siemens D5005 diffractometer with Cu-

K radiation (2 = 10÷80°, step 0.02°). 

Fluorescence spectra were measured on a 

spectrofluorometer FL 3-22, Jobin Yvon-Spex, 

USA. FT-IR spectra were recorded with a wave 

number range of 375–4000 cm–1 on a Jasco 4600 

Fourier-transform spectrophotometer. All the 

measurements were carried out at ambient 

temperature. 

3 Results and discussions  

The X-ray diffraction pattern of SiQDs is shown in 

Fig. 2. We can see that the broad diffraction peak 

at 22° is unclear and disturbed. 

The deconvolution of the X-ray diffraction 

pattern reveals the presence of the peaks assigned 

to amorphous SiO2 (at approximately 22° – the red 

curve) and crystal plane (111) of crystal Si (at 

approximately 28° – the green curve) [14]. The 

crystalline grain size calculated from the Scherrer 

formula for this crystal plane is 0.34 nm (green 

curve). 

The absorption spectrum of SiQDs is 

presented in Fig. 3. A typical absorption band 

centred at about 236 nm can be attributed to the 

–* transitions of N–SiQDs bonds [15]. Fig. 4 

displays the FT-IR spectra of SiQDs and APTES in 
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Fig. 2. XRD pattern and its deconvolution of SiQDs 
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the ranges of 375–2000 cm–1 (Fig. 4a) and 2000–

4000 cm–1 (Fig. 4b). The FT-IR spectrum of SiQDs 

reveals the existence of the C–H, O–Si–O, –NH2, 

and Si–O–Si bonds in both APTES and SiQDs 

samples. The peak at 470 cm–1 is attributed to the 

bending vibrations of O–Si–O (14). Strong N–H 

bending vibrations at 1590 cm–1 and 3370 cm–1 

(Fig. 4a, 4b, bottom) indicate the presence of the –

NH2 group on the SiQDs surface.  Thanks to the 

presence of the –NH2 group, SiQDs are well 

dispersed in water. Furthermore, the peak at 3370 

cm–1 appears in the APTES spectrum (Fig. 4b, up) 

with a weaker intensity than the one in the SiQDs 

spectrum (Fig. 4b, bottom) because the vibration 

of the –NH2 bond appears more clearly in SiQDs. 
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Fig. 3. XRD pattern and its deconvolution of SiQDs 

 

Fig. 4. FT-IR spectra of APTES and SiQDs in wavenumber ranges of 375–2000 (a) and 2000–4000 cm–1 (b)

Fig. 5a displays the excitation and 

fluorescence spectra of SiQDs, and Fig. 5b 

demonstrates the fluorescence spectra of SiQDs 

solution with different Cr6+ ion concentrations. 

The characteristic absorption peak at 355 nm 

reveals that the synthesized SiQDs are uniformly 

dispersed [16]. The maximal emission intensity of 

SiQDs is observed at 441 nm. Similarly, as shown 

in the inset of Fig. 5a, the SiQDs are transparent in 

daylight and emit intense blue colour under the 

illumination of UV irradiation at 365 nm. 

Furthermore, the stability of SiQDs is confirmed 

by the fluorescence spectra of SiQDs at different 

intervals. The as-synthesized SiQDs are stable 

even after two-month storage at –10 °C. In 

contrast, H2O and other Cr6+ solutions emit 

primarily at a wavelength of 396 nm. The 

emission peak at the 452 nm wavelength is weak 

or absent (Fig. 5b). 

The qualitative result of Cr6+ ion detection 

is shown in Fig. 6. The colour images of the 

samples containing Cr6+ ion in the range of 1–1000 

μM were taken under daylight (Fig. 6a) and UV 

light with a wavelength of 365 nm (Fig. 6b). 

Notably, the fluorescence intensity of the SiQDs 

solutions decreases remarkably with increasing 

Cr6+ concentration. The fluorescence spectra in 

Fig. 7 demonstrate that all peaks localize at the 

441 nm wavelength. Their intensity decreases 

with increasing Cr6+ concentration, indicating that 

Cr6+ possibly forms complexes with SiQDs. 

(a) (b) 
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Fig. 5. Excitation and fluorescence spectra of SiQDs (a) and fluorescence spectra of added Cr6+ ion solutions (b) 

(a) 

 

(b) 

 

Fig. 6. Fluorescence of Cr6+ solutions corresponding to concentrations in the range of 1–1000 μM under daylight (a) 

and UV irradiation with wavelength of 365 nm (b)

400 450 500 550 600
0.0

4.0x106

8.0x106

1.2x107

1.6x107

F
lu

o
re

sc
en

ce
 I

n
te

n
si

ty
 (

cp
s)

Wavelength (nm)

 Blank

 0.1 M

 0.2 M

 0.5 M

 1 M

 10 M

 25 M

 50 M

 70 m

 100 M

 200 M

 300 M

 400 M

 500 M

 600 M

 700 M

 800 M

 900 M

 1000 M

441 nm Cr6+ ion concentration

 

Fig. 7. Fluorescence spectra of SiQDs solutions (1:1200) 

with Cr6+ ion solutions with concentration in the range 

of 0.1–1000 μM 

 

Under UV illumination (365 nm), electrons 

move from the valence band to the conduction 

band in SiQDs. Some of them might recombine 

with holes in the valence band and emit a photon. 

Others might combine with N atoms. Hence, the 

N atoms become more mobile. When the Cr6+ ions 

are present, the nitrogen atoms transfer these 

electrons to them, forming complexes between the 

SiQDs and the Cr6+ ions. Thus, the peak intensity 

in the fluorescence spectra of the SiQDs decreases 

with increasing Cr6+ ion concentration. The 

mechanism of the fluorescence quenching is 

shown in Fig. 8. 

 

(a) 
(b) 
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Fig. 8. Mechanism of the SiQDs fluorescence quenching 

Fig. 9 illustrates the dependence of 

fluorescence intensity on Cr6+ ion concentration in 

the solutions of the SiQDs probes. It can be seen 

that the fluorescence intensity increases with the 

increasing concentration of the SiQDs. Probe 1:300 

is the most sensitive, and probe 1:1200 reaches 

saturation rapidly. According to the linearity of 

the standard curve in the range of 0.1–50 µM, we 

chose probe 1:1200 for detecting Cr6+ ions in actual 

samples. 
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Fig. 9. Difference of emission intensities at 441 nm in 

the absence (F0) and presence (F) of Cr6+ of different 

SiQDs probes added different concentrations of Cr6+ ion 

Fig. 10 shows the selectivity of the SiQDs 

optical probe to Cr6+, K+, Na+, Al3+, Zn2+, and Pb2+ in 

the solutions with a concentration of 200 µM. It 

can be noticed that the SiQDs optical probe 

reaches the best sensitivity to the Cr6+ ion. 

Fig. 11 displays the fluorescence spectra of 

the actual samples. It is obvious that increasing 

the Cr6+ ion concentration leads to a decrease in 

the fluorescence signal in the VPs and TLs groups. 

The fluorescence intensity of the TL5 sample 

decreases substantially, corresponding to the most 

added Cr6+ amount. The calibration curve is linear 

for Cr6+ ion concentrations (R2 = 0.998) from 0.1 to 

50 μM (Fig. 12). The actual and determined Cr6+ 

ion concentration is approximately the same (Tab. 

3). Hence, the optical probe can detect the Cr6+ ion 

concentration in actual samples.  
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Fig. 10. The selectivity of SiQDs optical probe to Cr6+ 

ion 
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Fig. 11. Fuorescence spectra of the SiQDs optical probe 

for actual samples 
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Fig. 12. Calibration curve of the changes in relative 

fluorescence intensity (F0 – F)/F0 versus Cr6+ 

concentrations in logarithmic scale 
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Table 3. Comparison of actual and found Cr6+ ion 

concentration 

Name 

Cr6+ ion 

conc. 

(actual) 

(µM) 

(F0 – Fi)/F0 

Cr6+ ion conc. 

(found)  

(µM) 

VP1 1.1 0.0235 1.1 

VP2 11.4 0.0822 7.8 

VP3 31.0 0.2102 33.7 

TL1 2.0 0.0343 2.0 

TL2 2.6 0.0317 1.7 

TL3 2.9 0.0368 2.2 

TL4 16.9 0.1372 17.3 

TL5 36.8 0.2444 42.6 

NL1 2.7 0.0421 2.7 

NL2 3.4 0.0472 3.3 

4 Conclusion  

We successfully synthesized SiQDs with surface 

functionalization. The SiQDs optical probe 

exhibited high sensitivity towards Cr6+ ions and 

was used to detect and qualify actual samples. 

The method has good linearity in the range of 0.1–

50 µM.  
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