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Semiconductor Silicon quantum dots (SiQDs) and magnetic nanomaterials have been studied extensively for their 

variety of applications. We have presented a new method for the preparation of Magnetic Silicon Quantum Dots 

(Fe3O4/SiQDs) heterostructure nanocomposites. These nanocomposites are fluorescent, have excellent magnetic 

properties as well as high photocatalytic activity. Magnetic nanoparticles-semiconductor nanocomposites served as an 

effective recoverable photocatalyst for melamine degradation. In addition, due to their easy magnetic separation, these 

nanocomposites showed optimum catalytic activity for 15 cycles of usage. 
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1. INTRODUCTION0F

 

Melamine (1, 3, 5-triazine-2, 4, 6-triamine, C3H6N6) is 

a basic organic compound and has potential applications as 

polymer resins or as raw material for the chemical 

industry. Melamine contains s-triazine ring, which is very 

stable at high temperature and pressure. Hence, the 

discharge from melamine processing industries to surface 

water is undesirable and often subjected to restrictions. 

Various attempts have been made to find methods for 

removing this melamine from wastewater [1]. However, 

during degradation at high temperature, biodegradation or 

photolysis, melamine derivatives and analogues could be 

released into the environment [2]. The melamine’s 

oxidation using UV-irradiation in H2O2 presence takes 

place step by step resulting in ammeline, ammelide, and 

finally to cyanuric acid. Initially, the toxicity of the 

photocatalyzed solutions is higher than observed for 

melamine because of the intermediates engendered during 

photo-oxidation [3]. Also, UV treatment and oxidants had 

a profound effect in the toxicity of the by-products. Hence 

there is a need to find an inert, non-toxic and 

environmentally stable photocatalyst that could catalyze 

the melamine degradation without UV and oxidants. 

Silicon (Si) quantum dots are powerful singlet-oxygen 

generators in solution and are effective photosensitizers. 

Compared to ZnS or CdSe quantum dots, Si nanostructures 

are inert, non-toxic, abundant, low-cost and biocompatible. 

Hence, they are arguably one of the essential materials in 

the physical, chemical and material science research all 

over the world. Semiconductor nanoparticles can be 

utilized as photocatalysts in photodecomposition and 
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organic reactions. Similarly, silicon quantum dots, due to 

their tunable band-gap emissions from near-infrared to 

blue have been used as encouraging candidates for dye 

photodegradation, photoreduction and photocatalyzed 

selective oxidation [4]. However, recycling of these 

quantum dots, as a photocatalyst, had been a significant 

concern. Only a few studies are available on their 

application as renewable photocatalyst [5]. There are two 

reasons; first, such nanostructures are usually unstable and 

easily coalesce with each other due to their large surface-

to-volume ratio; hence it is hard to recover them for 

multiple uses. Secondly; the process of centrifugation and 

filtration for recycling nanostructures may cause the loss of 

them. 

Regarding industrial use, attention should also be paid 

to magnetic nanoparticles because of their low cost and 

excellent separability. In addition, Semiconductor Si 

quantum dots (QDs) and magnetic nanoparticles have been 

widely used in chromatographic separations, chemical 

catalysis, optoelectronics, and for bio-sensing and labeling 

[6]. Based on the photocatalytic activity of SiQD‘s and 

their easy recovery using magnetic nanoparticles, this 

study reports the synthesis and characterization of 

magnetic silicon quantum nanocomposites. Since, 

magnetic nanostructure technology to solve environmental 

pollution has received considerable attention, combining 

quantum dots with magnetic nanoparticles, could lead to 

recyclable novel nanocomposites with enhanced 

photocatalytic activity. 

A polyoxometalate (POM) assisted method was used 

for synthesis of SiQDs: because of the following 

characteristics: (i) silicon nanoparticles produced are 

uniform and terminated with Si-H; (ii) the sizes of SiQDs 

could be controlled and determined by current density; (iii) 

the SiQDs have good photoluminescence properties. The 
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SiQDs terminated with Si-H means that they will possess 

relatively high chemical reactivity due to a larger electron 

hole. Moreover, magnetic nanoparticles were prepared via 

a coprecipitation method, to achieve desired size and 

magnetization. 

Hereby, magnetic nanoparticles-semiconductor 

nanocomposites may be treated as effective recoverable 

photocatalysts in organic synthesis or for photodegradation 

reactions. Although melamine detection using Si 

nanostructures is extensively studied using various 

techniques and various metal nanocatalysts, surprisingly, it 

has never been tested for its removal from solution using 

magnetic silicon quantum dots. 

2. EXPERIMENTAL SECTION 

All the chemicals were purchased from Sigma-

Aldrich. Iron oxide nanoparticles were synthesized by the 

chemical co-precipitation method, as reported earlier [7]. 

While blue light emitting SiQDs were made by 

polyoxometalates (POMs) assisted chemical etching 

method. Briefly, n-type (boron-doped) and p-type 

(phosphorus-doped) Si chips were first for 5 min cleaned 

with 20 % hydrofluoric acid (HF), to eliminate any surface 

oxides and impurities. The electrolyte was prepared by 

mixing 60 mL of ethanol/HF (3:2) with a suitable amount 

(5 – 10 mL) of H2O2 (hydrogen peroxide 30 %) and POM 

was used as catalyst. POM was used in ethanol solution 

(10-2 – 10-3 M). The composition of hybrid 

polyoxometalates (HPOM) catalyst was H2O2/POM:97:3 

to 90:10 (V:V). The electrochemical system consisted of 

graphite as anode and Si wafer (n-type or p-type, 8 – 30 Ω 

resistivity, about 1 cm in width, and the total reaction area 

0.5 – 1 cm2) as cathode. Wafers of graphite and Si were 

placed into electrolyte solution and coupled to the DC 

power supply. A layer of n-hexane covering the electrolyte 

solution covered the electrolyte. The current intensity 

ranged 2 – 50 mA/cm2 and the etching process was 

performed for several hours. 

2.1. Synthesis of magnetic quantum dots 

nanocomposites 

A simple sono-chemical approach was adopted for the 

synthesis of magnetic silicon quantum dots 

nanocomposites. Typically, a mixture of Si-QDs colloidal 

solution and Fe3O4 nanoparticles were added to 50 ml  

n-hexane under inert environment in the presence of 

nitrogen and ultra-sonication. The sonication of the slurry 

with the high-intensity ultrasound radiation was carried out 

for 3 h. The product was then separated by a magnet, 

washed several times with water and dried at room 

temperature. 

2.2. Melamine degradation 

To explore the photocatalytic activity of magnetic 

nanocomposites, melamine was nominated as the test 

molecule. In a typical experiment, 15 mg of the 

nanocomposites were added to 30 mL of 6 × 10-5 M 

melamine solution. Mixture was allowed to irradiate under 

visible light and 1ml of the turbid solution was taken from 

the reaction mixture, at different time intervals to measure 

their absorption. 

2.3. Characterization 

The measurements of Transmission electron 

microscopy (TEM) were carried out using Philips CM20 

TEM (operating at voltage 200 kV). XRD patterns of the 

samples were taken using Siemens D500 powder 

diffractometer at room temperature (Cu Kα, λ = 1.5418 Å). 

FT-IR spectra were measured using a Nicolet Avatar 360 

FT-IR spectrophotometer. The colored photoluminescence 

images were attained by a Leica DMIRB 

photoluminescence microscope. Atomic Force Microscopy 

(AFM) images were acquired with a NanoscopeIIIa 

(Digital Instruments Veeco Metrology Group) using a 

commercial Etched Silicon Probe (Model TESP) (spring 

constant of 20 – 100 N/m). The cantilever was oscillated at 

or slightly below its resonance frequency with amplitude 

ranging typically from 20 nm to 100 nm. The separation 

dependent interaction force was determined by the bending 

of the cantilever using optical lever procedure. The laser 

beam was set fixed on the back of a cantilever and 

reflected onto the photodetector. The collected signal was 

processed by a computer that controls the feedback to a 

piezo-scanner. As a consequence, the surface topography 

of the sample was obtained by raster-scanning. Absorption 

spectra were recorded on a UV–VIS Spectrophotometer 

(Perkin Elmer) at room temperature and under visible light. 

3. RESULTS AND DISCUSSION 

3.1. Characterization of the Fe3O4/SiQD’s 

nanocomposites 

Morphology of the as-prepared nanocomposites was 

first characterized by transmission electron microscopy. 

From TEM analysis (Fig. 1) of the nanocomposites, it can 

be seen that these nanostructures have uniform-size and 

spherical morphology with an average size from 10 nm to 

12 nm, which is analogous to the crystallite size 

(10  5 nm) obtained from the X-ray spectrum by means of 

the Scherer formula using full width at half-maximum 

(fwhm) of the (311) reflection.  

Semiconductor quantum dots (QDs) are ideal for 

exceptional fluorescence properties single molecule 

applications and are also have the feature of well-defined 

size and detection by AFM [8]. Fig. 2 is a correlated AFM-

fluorescence image employing QDs as single molecule 

probes. For typical AFM imaging in tapping mode, we 

observe lower features than expected for QDs. However, 

the rough surface indicating small dots can be seen in the 

Fe3O4/SiQD nanocomposites. 

Fluorescence microscopy was performed to investigate 

the luminescent nature of the composite. It is obvious from 

the photoluminescence images (Fig. 3) that the magnetic 

quantum dots nanocomposites emit blue to purple 

fluorescence, which proved the modification of magnetite 

samples with purple light emitting Si quantum dots. 

The crystalline structure of the photocatalysts was 

determined by powder X-ray diffraction (XRD). The 

diffraction patterns and relative intensities of all the peaks 

matched well with those of magnetite (JCPDS card no.  

00-002-1035). The broad XRD peaks clearly showed the 

crystalline nature of the material (Fig. 4). 
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Fig. 1. TEM images of as-prepared Fe3O4/SiQD nanocomposites 

 
a b 

Fig. 2. a – AFM blowups of a region containing SiQDs with 

overlapping signals in the fluorescence image (scale bar 

500 nm); b – AFM blowups of a region containing 

magnetic SiQDs nanocomposites (scale bar 500 nm, 45°) 

Magnetic measurements at room temperature showed 

that there is no significant change in the magnetic moment 

for Fe3O4 nanoparticles and Fe3O4/SiQD nanocomposites. 

Fig. 5 presents the hysteresis loop for Fe3O4/SiQDs 

nanocomposites. 

From VSM measurements, magnetic saturation (Ms) 

value of 32 emu/g was observed for magnetic quantum 

dots which correspond to strong magnetic responsivity of 

the nanocomposites. 

 

Fig. 3. Florescence images of magnetic Silicon Quantum dots 

(scale bar; 100 nm) 

 

Fig. 5. Magnetic hysteresis loops of Fe3O4/SiQD nanocomposites 

at room temperature 

Fig. 6 presents the FTIR spectra of magnetic 

nanoparticles, silicon quantum dots and magnetic SiQD 

nanocomposites in the presence of SiQD’s. The 

characteristic absorption of Fe3O4 was at 582.5 cm-1 and 

the peak at 1260 cm-1 corresponds to O-H vibrations. The 

peak at 3412 cm-1 observed in curve (a) relates to the OH 

group. One of the important reflections appeared as a sharp 

decrease in the intensity of the ν (OH) band at 3412 cm-1 in 

the spectrum of the Fe3O4/SiQDs nanocomposites. On the 

other hand, the suppression of -OH vibrational modes in 

the 3000 – 3700 cm-1 regions has been associated to the 

proof of host guest interaction as a result of complete water 

release upon inclusion [9]. The decrease could be inferred 

as resulting from total deprotonation of the hydroxyl 

groups of Fe3O4. 

 
a b 

Fig. 4. a – XRD patterns of Fe3O4 nanoparticles; b – as-prepared Fe3O4/SiQD nanocomposites 
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Fig. 6. FTIR spectra: a – Fe3O4; b – silicon quantum dots;  

c – Fe3O4/SiQD nanocomposites 

However, Wenz [9] reported earlier that severe 

chemical conditions such as high temperature, strong 

reducing agent (NaH) and absence of water are critical for 

the deprotonation to occur, which is not the case here. 

Hence, we can suggest that -OH groups of magnetic 

nanoparticles may form hydrogen bonding with SiQD, 

resulting in H-O-H interactions and thereby reducing the 

intensity of OH bands in the spectra. This hypothesis has 

been reported earlier, published elsewhere [10]. The band 

at 1044 cm-1 represents Si-O bonds (Fig. 6 c), while band 

at 1639 cm-1 is due to the stretching and bending vibrations 

of Si-OH, which may suggest that δ (HOH) of two 

different types of molecules are existing in the solution. 

The FTIR spectra shown in Fig. 6 also indicate a 

change in the bonding configuration for magnetic quantum 

dot. It has been known that band at 2180 – 2200 cm-1 

represents the Si-H stretching mode (Fig. 6 b). If the 

stretching mode at 2180 – 2200 cm-1 corresponds to Si-H, 

the Si-Si dimmer will be the largest silicon cluster; hence 

no composite would be formed. It has been known that the 

vibrational energy of Si-H decreases with an increase in 

the density of the medium surrounding the Si-H bond. 

Usually, in the presence of a dense material, such as, 

magnetic nanoparticles, the Si-H bond shifts to a lower 

peak and very weak bond at 2097 appeared. The Si-H 

vibration mode at 2180 – 2200 cm-1 can also be explained 

by the number of hydrogen bonds in Si-H. The very weak 

absorption at 1086 cm-1, due to Si-O stretching, suggests 

that very little oxygen is present. Therefore, it can be 

suggested that for Fe3O4/SiQD nanocomposites, Si-H bond 

mainly formed outside the Si-QD, i.e. with the OH- group 

of Fe3O4 nanoparticles. These results indicate that the 

nanocomposites contain a very small amount of individual 

hydrogenated groups and are present mainly as 

Fe3O4/SiQD nanocomposites. 

3.2. Photocatalytic activity of Fe3O4/SiQD 

nanocomposites 

The wavelength tunable emission of Si QDs in the 

visible range depicts that the direct band gap for of blue 

light emitting SiQDs corresponds well with the spectrum 

of sunlight [11]. For instance, Zhen-Hui Kang and co-

workers have investigated the photocatalytic reduction of 

Methyl red using SiQD in visible light for 3 h, and the 

reduction of methyl red was almost complete. However, 

literature has reported the highly photocatalytic activity of 

the semiconductor nanostructures only in the first cycle, 

and little devotion has been paid to the examination of 

their renewable photocatalytic properties in the following 

reaction. 

We have observed that the recyclable photocatalytic 

activity was maintained in the following 15 cycles of 

usage, as the magnetic parts in the nanocomposites supply 

us simply with separation. Photocatalytic activity was 

observed using the method described previously by Wan 

and co-workers [12]. The absorption spectrum of 

Fe3O4/SiQD nanocomposites showed an obvious 

absorption shoulder around 470 nm (Fig. 7). 

 

Fig. 7. UV-VIS absorption spectrum peak for Fe3O4/SiQD 

nanocomposites 

Melamine was spectrophotometrically determined at 

max = 655 nm. In addition, the effect of contact time on 

the absorption of the melamine at different intervals was 

also observed as shown in Fig. 8. The intensity of the 

absorption peak decreased gradually and disappeared 

completely after 20 min. 

From Fig. 9, we can see that melamine absorption 

reached to its maximum. In the presence of Fe3O4/SiQD 

photocatalyst, melamine concentration decreased rapidly in 

the solution and degradation was completed within 20 min. 

However, higher catalytic activity in each cycle of usage is 

also necessary for process efficiency. 
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Fig. 8. Photodegradation of melamine (30 mL, 6 × 10-5 M) 

 

Fig. 9. Absorption spectrum of a solution of Melamine  

(6.0 × 10-5 M, 30 mL) in the presence of Fe3O4/SiQD 

nanocomposites (15 mg) 

The photocatalytic activity of the nanocomposites 

decreased slightly after each cycle. Catalytic activity 

reached to its maximum within 10 min, and a little change 

was observed thereafter. This kind of behavior was almost 

the same, after melamine exposure to the photocatalyst, for 

all 15 cycles of usage (Fig. 10). 

 

Fig. 10. Behaviours of recycled Fe3O4/SiQD nanocomposites in 

photodegradation of Melamine (30 mL, 6°×°10-5M) in 

different cycles under visible light irradiation 

Photocatalytic activity only decreased after 15 cycles 

of usage, and almost 85 % of melamine degradation was 

observed in the last cycle. After careful observation of 

these results, we can conclude that these nanocomposites 

are an ideal recyclable photocatalyst for melamine 

degradation in aqueous solution. 

4. CONCLUSIONS 

In conclusion, we have reported the synthesis, 

characterization and application of an effective and 

recyclable Fe3O4/SiQD nanocatalyst with high 

photocatalytic activity towards melamine degradation in 

aqueous solution. The synthesis method is simple, 

inexpensive, green, and efficient compared with the former 

routes utilized to obtain similar nanostructures. In addition, 

maximum catalytic activity can reach to its maximum 

within 10 min. Moreover, recyclable photocatalytic 

activity was maintained following 15 cycles of usage. 

Thus, as-prepared Fe3O4/SiQD nanocomposites, because of 

individual catalytic properties of each component, can be 

used as ideal recyclable photocatalysts in practical 

applications. 
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