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ABSTRACT 

Hettiarachchi, Sajini D, Microwave and Hydrothermal Synthesis of Tunable Cadmium 

Sulfide Quantum Dots. Master of Science (Chemistry), August, 2015, Sam Houston State 
University, Huntsville, Texas. 

 The purpose of this study was to rapidly synthesize tunable CdS quantum dots 

with one set of conditions (synthetic mixtures with molar ratio of Cd:GSH:Na2S:buffer of 

4:10:1:15). Two different methods were developed for this purpose: 1) hydrothermal 

synthesis and 2) microwave irradiation synthesis. Characterization of CdS QDs was 

carried out by fluorescence spectrometry, Fourier transform infrared spectroscopy, 

inductively coupled plasma atomic emission spectroscopy and particle size determination 

based on spectral features. 

The hydrothermal synthesis and nucleation time study reveals that the tunable 

CdS QDs with fluorescence ranging from blue to red could be synthesized only by 

varying the incubation time period at 70°C. Incubation times ranged from 1 hour for blue 

fluorescing QDs to 48 hours for red fluorescing QDs for the hydrothermal synthetic 

method. 

 The purpose for developing a microwave irradiation method was to synthesize 

CdS tunable QDs in a shorter time period. This effort was successful: this method could 

produce blue to red fluorescing QDs within 30 seconds. The QD diameter and molar ratio 

averages are close to those of hydrothermal synthesized QDs. 

Emission wavelength data of the fluorescence spectroscopic study indicated that 

the blue shift was produced by the smaller size QDs and red shift by the larger size QDs. 

Examination of relative fluorescence intensity results suggested that during CdS 

QD synthesis, as the QD particle diameters increased from 2.4 nm to ~3 nm (blue to 
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greenish yellow fluorescence) these QDs obeyed the Ostwald ripening mechanism, and 

for QDs sized from 3.6–4.7 nm, the fluorescence intensity dropped as the particle 

numbers in solution decreased, obeying the oriented attachment mechanism as describe in 

the literature.  

The Cd/S molar ratio ranged from 1:5-1:6 produced via either hydrothermal 

synthesis or microwave synthesis. 

In the hydrothermal synthesis, QD diameters ranged between 2.4 nm and 4.7 nm, 

and in the microwave synthesis, they varied between 2.36 nm and 4.98 nm, indicating 

that—for either method—the particle sizes were similar. 

FTIR studies established that CdS QDs produced via either the hydrothermal or 

the microwave synthetic methods are capped by GSH. 

KEY WORDS: Quantum dots, hydrothermal synthesis, microwave irradiation, 
fluorescence spectroscopic study, FTIR, QD diameter, Ostwald ripening, oriented 
attachment, blue shift, red shift, band gap
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CHAPTER I 

INTRODUCTION 

 

Nanoparticles are tiny particles which exist at the nanometer scale. Nanoparticle 

size ranges between 1 nm and 100 nm (Hornyak et al., 2008). There are various kinds of 

nanoparticles which can be categorized according to their size and shape. For instance 

nanowires, nanotubes, and buckyballs are examples; and the quantum dot is also one of 

them. 

 

1.1 Quantum Dots 

A quantum dot (QD) is a nanocrystal which ranges between 2 nm to 10 nm in size 

(Hornyak et al., 2008). Because of this smaller size they are called zero dimensional 

materials. Electrons in a zero dimensional material are ―confined‖ along the three x, y, z, 

physical dimensions. Thus it can be said that quantum dots will show a quantum 

confinement effect. Quantum dots are the smallest semiconductor nanocrystals which 

show quantum mechanical properties (Hornyak et al., 2008). 

The electrical conductivity of a semiconductor material lies between metals—

which have little or no band gap between valence band and conduction band, and 

insulators—which have a much higher band gap than semiconductors. In semiconductor 

nanocrystals, the valence band contains electrons in the outer most shell or, in other 

words, it is the highest occupied molecular orbital (HOMO) in a molecule. The 

conduction band is the lowest unoccupied molecular orbital (LUMO) in a molecule. The 

energy separation between the conduction band and a valence band is symbolized as Eg.  
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The conductivity of a metal or a semiconductor depends upon the ability to fill the 

conduction band with valence band electrons. Since metals (conductors) have no band 

gap, electrons will be easily stimulated to the conduction band with thermal energy. For 

semiconductors it only requires a few electron volts (eV) to stimulate the conductivity. In 

quantum dots, the band gap can be exceeded by the energy of UV light (Hornyak et al., 

2008). For example, CdS has a direct band gap of 2.5 eV (~500 nm) at room temperature 

which can absorb much of the visible light in the solar spectrum (Hu et al., 2010; Huang 

et al., 2013; Muruganandham et al., 2009). Thus that energy will be sufficient to jump 

electrons to the conduction band from the valence band. Since insulators have a much 

higher band gap they need a large amount of energy (far UV) to conduct electrons (for 

example, 4-12 eV for a good insulator, 310-100 nm) which can’t be reached in a practical 

situation (Strehlow and Cook, 1973). 

The relationship between band gap and quantum dot size is inversely 

proportional: the smaller the size, the larger the band gap due to quantization. When the 

QD size is smaller, some electronic states will disappear including the highest level of the 

valence band and the lowest level of the conduction band. This situation may give a large 

band gap in smaller size quantum dots. Conversely, larger size quantum dots—made 

from the same material, due to the reappearance of the electronic states, will exhibit a 

lower band gap between the conduction and valence band (Hornyak et al., 2008). 

Small size QDs absorb higher energy photons (shorter wavelength) and emit 

higher energy photons than large QDs (Karan and Mallik, 2007; Pérez-Donoso et al., 

2008). For instance Pérez-Donoso et al. report green QDs that absorb around 450 nm 

wavelengths (max absorbance) in the visible range and emit around 500 nm, and red 

(larger) QDs that absorb 550 nm and emit around 600 nm (Pérez-Donoso et al., 2012). 
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Thus when electrons in the valence band of these QDs are stimulated to the conduction 

band by near UV irradiation, the emitted fluorescent light will be released in the visible 

region. Smaller size QDs—excited at the same wavelength—will emit a shorter 

wavelength, around 400 nm in the visible region, a process normally referred to  as a 

―blue shift‖; and larger QDs will emit a longer wavelength around 600 nm which can be 

referred to  as a ―red shift‖ (Hornyak et al., 2008). 

Electrons in QDs absorb energy in the UV region and jump to excited states. 

When the electrons return to the ground state they lose part of their absorbed energy as 

the nonradiative relaxation from the excited state (conduction band) vibrational levels 

and the rest of the energy is emitted as fluorescence light (Figure 1). Thus a characteristic 

feature of QDs is that they absorb higher energy light and release a lower energy as 

fluorescence. QD total luminescence spectra (scanning excitation while sequentially 

scanning emission) can be measured by using a fluorescence spectrometer with two 

monochromators (Skoog et al., 1998). This instrument was used in this research as a 

characterization method for QDs. 
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Figure 1. Jablonski diagram 
 

1.2 Synthesis of QDs 

 

The synthesis of highly fluorescent semiconductor nanocrystals, which were 

described above as quantum dots, is a popular field in materials chemistry and QDs are 

used by analytical and biochemists for further applications. Semiconductor nanocrystals 

can be made from periodic table groups 11 to 16 elements (Huang et al., 2013; Karan and 

Mallik, 2007). With the use of these, workers can produce various kinds of QDs such as 

CdS, CdSe, CdTe, PbS, ZnS, CuS, etc (Ning et al., 2010). Among these groups, 12-16 

QDs are more common, and CdS is one of the most important 12-16 group 

semiconductors which has received attention due to its photoluminescence properties 
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(Huang et al., 2013). QDs have many potential applications in solar energy conversion, 

biomedical imaging, lasers and photocatalysis owing to their unique optoelectronic 

properties (Arachchige and Brock 2006; Karan and Mallik 2007; Pérez-Donoso et al., 

2012; Zheng et al., 2010). 

In the process of synthesizing CdS QDs, researchers are concerned about their 

compatibility with biological systems for possible applications in vivo. Therefore most of 

the time a capping agent is used which increases the biocompatibility, reproducibility, 

reagent effectiveness, quantum yield, etc. 

There are many capping agents which can be used to synthesize CdS QDs. 

Mercaptopropionic acid (MPA), L-cysteine, thioglycerol, thioglycolic acid (TGA), L- 

and D-penicillamines and glutathione (GSH) are thiol-containing capping agents which 

can interact with the QD surface strongly via covalent bonds. Other than the thiol-

containing groups, citrate, polyphosphate, acrylic acid, tyrosine are a few of the other QD 

capping agents described in the literature (Pérez-Donoso et al., 2012; Mo et al. 2012). 

GSH is a naturally-occurring important antioxidant in plants, fungi and some 

bacteria. It is a low molecular weight compound synthesized in the cytosol. It’s a 

tripeptide of glutamate, cysteine and glycine which are linearly joined together by α and γ 

peptide linkages (Figure 2). Reduced GSH is the redox-active molecule which contains 

the thiol group (-SH) in the cysteine residue. This group will participate in antioxidant 
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reactions (that is, act as a reducing agent) and will bind to the surface of QDs to make a 

cap around the QD. GSH can directly react with oxidants even in non-enzymatic 

reactions. The final oxidized species of GSH is glutathione disulfide (GSSG). In animal 

intracellular regions the concentration of GSH is around 5 mM and the GSH-GSSG redox 

pair acts as a biological redox buffer (Appenzeller-Herzog, 2011). 

 

Figure 2. Glutathione (GSH)  
 

The procedures for CdS QDs synthesis differ according to the capping agent. CdS 

QDs can be synthesized by different methods: using glutathione (GSH) as the capping 

agent and varying the pH of the medium (Huang et al., 2013), using GSH as a capping 

agent and in highly basic reaction media under reflux conditions in an N2 atmosphere 

(Beato-Lopez et al., 2012), microwave irradiation (Hu et al., 2010; Karan and Mallik 

2007), using high temperatures around 250°C with conventional heating (Morris-Cohen 

et al., 2012; Yu and Peng 2002), thermal decomposition methods using high temperatures 

around 400°C (Muruganandham et al., 2009), and photodeposition methods 

(Muruganandham et al., 2009). Since Cd is toxic (Goudarzi., 2009), it’s better to use a 
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biocompatible capping agent around the CdS QDs to reduce the toxicity to suit the QDs 

more to biomedical applications. And if the entire synthetic process is easily done 

without using any harsh/difficult conditions like high temperatures, inert atmospheres and 

different pH media, it can lead to a low time consuming and highly productive output. 

 For instance, Morris-Cohen et al. described the synthesis of CdS QDs using N-[1-

heptyl],N’-[3-carboxypropyl]-4,4’-bipyridinium dihexafluorophosphate as a capping 

agent requiring heating to 300°C under nitrogen to dissolve the reagents and a 250°C 

temperature to initiate the nucleation (Morris-Cohen et al., 2012). In this research study I 

focused on the synthesis of CdS QDs by using GSH as a capping agent with mild 

chemical and low temperature conditions and nucleation times of minutes or seconds. 

Thus, this study is an effort to synthesize tunable CdS QDs or, in other words, to 

synthesize QDs which have an ability to generate multi-color fluorescence by using 

simple reaction conditions and low time-consuming strategies. Two different methods 

were used to synthesize fluorescent CdS QDs: 1) the conventional heating method, using 

simple water baths and 2) a microwave irradiation method. Conditions were optimized—

such as temperature and GSH molar ratios—to find out which conditions produced a 

range of QD fluorescent emission, from blue to red color, in a shorter time period. 

Finally, inductively coupled plasma atomic emission spectrometry (ICP-AES), 

fluorescence spectrometry and Fourier transform infrared spectrometry (FTIR) were used 

to characterize CdS QDs synthesized with GSH as the capping agent. 
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CHAPTER II 

MATERIALS AND METHODS 

2.1 Reagents 

Sodium citrate (Na3C6H5O7•2H2O; Fisher Scientific, Fair Lawn, NJ, USA), 

sodium borate (Na2[B4O5(OH)4]•8H2O; Sigma-Aldrich, Saint Louis, MO, USA), 

cadmium chloride (CdCl2; Sigma-Aldrich), L-glutathione reduced (GSH) (Sigma-Aldrich 

or Alfa Aesar, Ward Hill, MA, USA), sodium sulfide (Na2S•9H2O; Sigma-Aldrich), 

concentrated nitric acid (VWR, West Chester, PA, USA) and ethyl alcohol (C2H5OH; 

Pharmco, Brookfield, CT, USA) were the chemical reagents used in this study. 

 

2.2 Equipment and Instrumentation 

A variety of laboratory equipment was used in this research: a microwave oven 

(850 W; Galanz, Naperville, IL, USA) was used for fast QD nucleation using a 

microwave acid digestion vessel (Model 4781, 23 mL volume; Parr Instrument Company, 

Moline, IL, USA); a Vortexor (Genie 2, Fisher Scientific) used to vigorously mix the 

reagents except sodium sulfide; a high speed centrifuge (5810 R; Eppendorf AG, 

Hamburg Germany) was used to separate newly synthesized precipitated QDs; a digital 

camera (Coolpix S9300; Nikon USA, Melville, NY, USA) was used to capture images of 

the QDs under room light and on the transilluminator under UV light; and a RiOs 3 water 

purification system (EMD Millipore, Billerica, MA, USA) was used for water 

deionization. 

QDs were screened for fluorescence using a UV transilluminator (2UVTM; UVP, 

Upland, CA, USA). A fluorescence spectrophotometer (F-4500, Hitachi, Schaumburg, 
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IL, USA), UV/vis spectrophotometer (V-550, Jasco, Easton, MD, USA), and Fourier 

transform infrared spectrometer (Vertex 70; Bruker Optics, Billerica, MA, USA) were 

used to determine QD spectral characteristics. An inductively coupled plasma atomic 

emission spectrometer (Spectro CIROS Vision ICP-OES, Mahwah, NJ, USA) was 

available at the Texas Research Institute for Environmental Studies to determine QD 

elemental composition. 

 

2.3 Synthesis of CdS QDs 

CdS QDs were synthesized according to the procedure of Pérez-Donoso et al., 

2012. As the initial step, stock solutions of buffer, metals/sulfides and capping agents 

were prepared: 

 

2.3.1 Borax citrate buffer solution  

The stock solution of 37.50 mM borax citrate buffer solution at pH 9 was 

prepared with adding 3.576 g of sodium borate and 2.758 g of sodium citrate to a 250 mL 

volumetric flask. The mixture was dissolved and the flask filled to the line with deionized 

water (DI water-type 1). The pH was checked by pH meter calibrated using a two buffers, 

pH 4 and 9. 

 

2.3.2 Cadmium chloride solution  

A 20.0 mM cadmium chloride stock solution was prepared by dissolving 0.916 g 

of cadmium chloride in DI water in a 250 mL volumetric flask. 
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2.3.3 Glutathione solution (GSH)  

Three stock solutions of GSH were prepared which had concentrations 25.0 mM, 

50.0 mM and 100 mM. Three separate masses of 0.396 g, 0.792 g, and 1.58 g of GSH 

were measured to dissolve in DI water in 50.0 mL volumetric flasks to prepare the above 

concentrations respectively and filled to the line with DI water. 

 

2.3.4 Sodium sulfide solution  

The stock solution of 5.00 mM sodium sulfide solution was prepared by adding 

0.306 g to a 250 mL volumetric flask and dissolved in distilled water and filled to the 

line. 

 

2.4 Hydrothermal Synthesis and Nucleation Time Studies 

A 2 mL aliquot of cadmium chloride and 4 mL of borax citrate buffer were added 

into three different sets of test tubes (quadruplicate test tubes in a set), and 2 mL of either 

25, 50 or 100 mM GSH from freshly-prepared GSH solutions were added via pipette, 

below the liquid level, to each set of test tubes. The test tubes were vortexed vigorously 

and subsequently allowed to sit at room temperature for 5 minutes. Then, 2 mL of sodium 

sulfide solution was added to each test tube and the tubes incubated at different 

temperatures in a water bath. The three different concentration ratios of the final mixtures 

were 4:5:1:15, 4:10:1:15 and 4:20:1:15 for cadmium chloride:GSH:sodium sulfide:buffer. 

Quadruplicate test tubes containing each of these ratios were incubated at 50°C, 60°C, 

70°C, and 80°C, respectively. For example, four tubes for each of three concentration 

ratios and incubated at four different temperatures was 4x3x4=48 tubes. Tubes were 

taken out at 2 hours, 4 hours, 6 hours, 24 hours and 48 hours from the start of the reaction 
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and their fluorescence emission color checked visually by the UV transilluminator using 

365 nm excitation. 

Another set of test tubes (Na2S-free set as a control) were incubated at 70°C after 

adding 2 mL of cadmium chloride, 4 mL of buffer, 2 mL of GSH from a 50.00 mM fresh 

solution, and 2 mL of distilled water. This test was carried out without adding sodium 

sulfide. The concentration ratio of the final mixture was 4:10:15 for cadmium 

chloride:GSH:buffer. As before, the samples were taken out at 2 hours, 4 hours, 6 hours, 

24 hours, 48 hours and 72 hours and checked for fluorescence visually with the 

transilluminator. 

 

2.4.1 Collecting the powdered CdS QDs 

A 20 mL aliquot of ethanol was added into 10 mL of a freshly-prepared aqueous 

synthetic mixture of CdS QDs and then centrifuged at 12000 rpm for 20 minutes (Pérez-

Donoso et al., 2012). Precipitated/powdered QDs were dried for more than 24 hours in a 

desiccator over calcium sulfate (previously heated at 110°C) at room temperature. 

Powdered CdS QDs were resuspended in borax citrate buffer and UV irradiated at 312 

nm to check the fluorescence color. Then the total luminescence spectra were taken via 

fluorescence spectrometer. Scan ranges were excitation wavelengths 250 nm to 500 nm 

and fluorescence emission wavelengths 400 nm to 750 nm. 

 

2.5 Microwave Irradiation Method Development 

A 2 mL aliquot of CdCl2, 4 mL of borax citrate buffer and 2 mL of GSH from a 

freshly-prepared 50 mM solution were added to a test tube and vortexed vigorously. After 

being allowed to stand for 5 minutes, 2 mL of Na2S was added to the test tube. The final 
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concentration ratio of the mixture was 4:10:1:15 of CdCl2:GSH:Na2S:buffer. The entire 

volume (10 mL) was poured into the Teflon® cup of the microwave acid digestion vessel 

(vessel total volume 23 mL). After affixing the outer cup, the microwave acid digestion 

vessel was microwaved for 5 seconds at 850 watts. Parallel experiments were carried out 

for 10 seconds, 15 seconds, 20 seconds, 25 seconds and 30 seconds. The samples were 

UV irradiated at 365 nm to check the fluorescing color and UV absorption measurements 

were carried out for the synthetic mixture as well as the solid QDs which were 

resuspended in buffer to estimate the QD diameter. The FTIR measurements were carried 

out to examine the capping process by GSH. 

 

2.6 Determination of Cd:S Molar Ratio 

Total cadmium and sulfur composition were determined by ICP-AES. CdS QDs 

were dissolved in 10% HNO3 solution. Standard Cd solutions (SCP Science, Champlain, 

NY, USA) and standard S solution (CGS1-1; Inorganic Ventures, Christiansburg, VA,   

USA) were used to prepare the standard series and all standards were dissolved in 10% 

HNO3 solution. Analytical emission wavelengths of Cd and S were 214.4 nm and 180.7 

nm, respectively. 

 

2.7 FTIR Examination of Capped QDs 

Small samples of dried CdS QDs crystals were placed on the diamond ATR 

(attenuated total reflectance) surface of the FTIR spectrometer and the QD spectra 

compared to the pure GSH FTIR spectrum. Control FTIR spectra were taken in distilled 

water, buffer (37.5 mM) solution, and aqueous ethanol (95% v/v). 
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2.8 Estimation of the CdS QD Particle Diameter 

The CdS QD diameters were calculated with the use of a method first described 

by Henglein and coworkers (Spanhel et al., 1987; Karan and Mallik, 2007) using the 

following equation: 2RCdS = 0.1/(0.1338 – (0.0002345 x λe)) The absorption edge 

wavelength is denoted as λe and was determined from QD absorption spectra as the 

wavelength at which the sharply decreasing region bends to be parallel to the x axis. The 

particle diameter is denoted as 2R. 

 



14 
 

 
 

CHAPTER III 

RESULTS 

 

3.1 Hydrothermal Synthesis and Nucleation Time Studies 

As mentioned in Chapter II, three different sets of test tubes having different GSH 

concentration ratios were incubated at different temperatures to check which temperature 

and which GSH concentration produced QDs rapidly exhibiting fluorescence from blue 

to red color. In Figure 3 the CdCl2:buffer:Na2S ratios were kept constant as 4:15:1 in 

every test tube and only GSH concentrations were varied as 5, 10, and 20 mM in the final 

mixture incubated at 50°C. 

3.1.1 At 50°C  

 

Figure 3. Color variation (under UV light 365 nm) of the QD synthetic mixtures in  
5, 10, 20 mM GSH concentration at 50°C with different incubation time increments. 
 

 
At 50°C, since the tubes fluoresced under UV light illumination, it was clear that 

QDs were produce by those synthetic conditions; synthetic mixtures with no added Cd 

produced no detectable (visible) fluorescence. But the QD production was very slow 

using this procedure: 5 mM GSH tubes stayed blue even after 5 days; 10 mM tubes 

achieved ocean green after 5 days; and 20 mM tubes turned dark green from light green 
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after only 5 days. Thus, at 50°C, rapid color change, that is QDs size increase based on 

these synthetic conditions, was hard to accomplish. 

  

3.1.2 At 60°C 

 At 60°C (Figure 4), the higher concentrations of GSH, 10 and 20 mM, showed 

color changes, a little faster than 50°C, but even after 72 hours colors ranged only 

between green to yellow. And 5 mM tubes still exhibited slow tunability, only achieving 

the smallest size QDs, signified by the fluorescent blue color. 

 

 

 
Figure 4. Color variation (under UV light 365 nm) of the QD synthetic mixtures in  
5, 10, 20 mM GSH concentration at 60°C with different incubation time increments. 

 
 

3.1.3 At 70°C  

At 70°C temperature (Figure 5), 10 mM GSH tubes showed a hasty color change 

within a few hours; 20 mM tubes also showed a color change, but their starting visible 

point—the initial QD nucleation color after one hour incubation—was green instead of 

blue; however it is reasonable to hypothesize that violet and blue particles formed in 

these solutions and grew so fast that they couldn’t be isolated. None of the 5 mM tubes 

showed any color variation. They stayed at the blue color for the entire 6 hours. Thus 10 
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mM GSH concentration tubes were significantly more tunable at 70°C than at the lower 

incubation temperatures. 

 

 5 mM GSH 10 mM GSH 20 mM GSH 

1 Hour 

   

2 Hours 

   

4 Hours 

   

6 Hours 

   

 

Figure 5. Fluorescence color variation in different GSH concentrations at 70°C in 
different incubation time periods. The actual color in 20 mM 2 hour+ tubes was 
increasingly yellow to the naked eye (showing a QD size increase). The tan colors in 
those images in this figure are an artifact of the digital camera used.  
  

Thus at 70°C CdS QDs could be produced whose colors ranged from blue to red 

within 48 hours (Figure 6). 
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Figure 6. Color variation (tunability) of 10 mM GSH concentrated CdS QDs synthetic 
solutions at 70°C with different incubation times. 
 

3.1.4 At 80°C 

 The incubation temperature was further increased to 80°C to check whether there 

was a possibility to get the same tunability using a lower incubation time period (Figure 

7). 
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Figure 7. Color variation at 80°C for the 5, 10, and 20 mM final GSH concentrated 
solutions with different incubation times. 

 

At 80°C 10 mM and 20 mM tubes were visibly degraded after 24 hours (showing 

dark brown color) and 5 mM solutions did not show any significant color variation like 

the 70°C, 10 mM synthetic mixture. 

Thus, we concluded that the most appropriate and efficient conditions to 

synthesize the tunable CdS QDs under one set of conditions using the hydrothermal 

method were 10 mM GSH concentration at 70°C incubation temperature. These 

conditions could produce blue QDs after 1 hour incubation and form red CdS QDs by 48 

hours. 
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3.2 Fluorescence Spectroscopic Study 

Based on the results presented above, all the subsequent experiments were carried 

out using the synthetic mixture containing 4:10:1:15 molar ratio of 

CdCl2:GSH:Na2S:buffer. Figure 8 shows the total luminescence spectra of QDs 

synthesized using that synthetic mixture, incubated at 70°C for times ranging from 2 to 

48 hours. 

     

 

Figure 8. Total luminescence spectra for CdS QDs synthesized at 70°C using  
10 mM GSH. Intensity values were indicated by the numbers shown at right hand side of 
the each spectrum. 
 

 
 According to the total luminescence data, when the QD size increased (when the 

visible QD emission color moved from blue to red as the synthetic mixture incubation 

time increased), max emission increased from 485 nm to 670 nm. When the intensities at 

each max emission were compared, the intensity increased up to the production of green 



20 
 

 
 

color QD and then dropped as red color QDs were produced. Table 1 below indicates the 

variation of max emission, max excitation, and intensity of QDs incubated from 2 to 48 

hours using the hydrothermal method. 

 
Table 1 
 

The variations of max emission, max excitation, and emission intensity of QDs incubated 

at different times. 

Incubation 

Time (hours) 
Color 

max emission 

(nm) 

max excitation 

(nm) 

Relative 

emission 

intensity at 

max 

2 Blue Green 485 370 100-150 

4 Green 490 380 150-200 

6 Greenish Yellow 510 385 200-250 

24 Yellow 555 440 100-150 

48 Red 670 450 5-10 

 

 

 Meanwhile another set of test tubes were incubated at 70°C without adding Na2S 

as the S2- source. In these experiments the only S2- source was GSH (10 mM). This 

method could also be used to synthesize CdS QDs, but it took 72 hours to produce red 

fluorescent QDs. Compared to the synthetic mixtures with Na2S, the fluorescence 

intensities were lower in synthetic mixtures without adding Na2S. Thus it was concluded 

that for a faster production of CdS QDs the synthetic mixtures with Na2S are more 

efficient than the synthetic mixtures without Na2S. 
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3.2.1 QDs composition 

ICP-AES studies were carried out to determine the Cd:S molar ratio in 

synthesized CdS QDs (Table 2). Triplicate QD samples for each incubation time were 

analyzed. The emission wavelength for Cd detection was 214.4 nm and for S, 180.7 nm. 

Table 2 

Cd:S molar ratio for different QD colors synthesized by the hydrothermal method at 

70°C, 10 mM GSH. All molar ratios were normalized to Cd Standard deviations of 

replicates are in parenthesis.  

CdS QD 

Type 

Average  

Cd Moles 

Average  

S Moles 

Average 

Cd:S  

molar 

ratio 

Rounded 

molar 

ratio 

Blue 
(1 h) 

7.15 x 10-6  

(1 x 10-6) 
3.64 x 10-5 

(5 x 10-6) 1 : 5.09 1 : 5 

Blue Green 
(2 h) 

6.133 x 10-6 

(3 x 10-6) 
3.46 x 10-5 

(2 x 10-5) 1 : 5.6 1 : 6 

Green 
(4 h) 

4.94 x 10-6 

(4 x 10-6) 
2.74 x 10-5 

(2 x 10-5) 1 : 5.54 1 : 6 

Greenish 
Yellow 
(6 h) 

9.21 x 10-6 

(8 x 10-7) 
5.00 x 10-5 

(1 x 10-5) 1 : 5.42 1 : 5 

Yellow 
(24 h) 

8.43 x 10-6 

(3x 10-6) 
3.66 x 10-5 

(2 x 10-5) 1 : 4.34 1 : 4 

Red 
(48 h) 

4.047 x 10-6 

(2 x 10-6) 
2.67 x 10-5 

(2 x 10-5) 1 : 6.59 1 : 7 

     

     
 

 According to the ICP-AES studies, it was concluded that all QD synthesized had 

the mole ratios ranging from 1:4 to 1:7 without any effect with the QD size. The 

experiment was repeated to confirm the data. 
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 For the ICP-AES determination of Cd and S, all the samples were dissolved in 

10% HNO3 for analysis in an effort to assure complete QD dissolution; however, an 

important observation is that acidified CdS samples smelled slightly of H2S. Therefore 

some S was released as volatile H2S and this would cause a loss of S in the ICP step. To 

check this, two QD samples were analyzed 24 hours after the dissolution in 10% HNO3 in 

order to examine whether H2S loss was important in this analytical procedure. The results 

for those samples gave similar results to samples dissolved in acid and analyzed 

immediately. As an example: 48 h incubated red QD particles had a 1:7 Cd:S molar ratio 

for the samples dissolved in HNO3 right before the analysis, and the same red QD batch 

showed a 1:8 molar ratio when analyzed by ICP 24 hours after dissolution in HNO3. Thus 

this showed that the released S as the volatile H2S did not affect the molar ratios as 

determined by our ICP method.  

 

3.2.2 Calculations of QD diameters 

 A QD diameter estimation was carried out according to Spanhel et al., 1987 as 

described by Karan and Mallik (2007) with the use of wavelength at the edge of the UV 

absorption spectra (e) as the determinant for the QD size. The results are shown in Table 

3. 
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Table 3 

Estimation of QD diameter for particles synthesized by hydrothermal method.  

 

 

 

 

 

 

 

 

 

 

 

3.3 Microwave Irradiation Method Development 

Since the hydrothermal method took 48 hours to synthesize red color CdS QDs, 

we investigated a faster method to synthesize tunable CdS QDs. 

 Synthesis by microwave irradiation yielded super-fast production of blue (5 s) to 

red color CdS QDs (30 s). The volume used in this synthesis was 10 mL of the synthetic 

mixture in a 23-mL Teflon container inside the microwave acid digestion bomb. 

Fluorescence inspections of microwave-irradiated mixtures of QDs transferred to 

cuvettes was accomplished by irradiating with UV light (365 nm) under the 

transilluminator (Figure 9). 

 

Incubation Time 

(hours) 

Color 
e excitation 

(nm) 

Calculated QD 

Diameter (nm) 

1 Blue  2.40 

2 Blue Green 410 2.65 

4 Green 410 2.65 

6 Greenish Yellow 433 3.09 

24 Yellow 455 3.60 

48 Red 480 4.70 
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Figure 9. Florescence of CdS QDs synthesized via microwave irradiation at 850 watts 
under 365 nm UV light for varying times. 
 

3.3.1 QDs composition 

 As with QDs produced by the hydrothermal syntheses, the microwave synthesized 

QDs’ elemental composition was determined by ICP-AES (Table 4). 
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Table 4 

Cd:S Molar ratio of different colors microwave synthesized CdS QDs. All molar ratios 

were normalized to Cd. Standard deviations of replicates are in parenthesis. 

 

CdS QD Type 
Average  

Cd Moles 

Average 

S Moles 

Average 

Cd:S molar 

ratio 

Rounded 

molar 

ratio 

Blue (5 s) 
4.6 x 10-6 

(2 x 10-6) 
2.46 x 10-5 

(1 x 10-5) 1 : 5.35 1 : 5 

Blue Green (10 s) 
4.05 x 10-6 

(3 x 10-6) 
1.69 x 10-5 

(9 x 10-6) 1 : 4.09 1 : 4 

Green (15 s) 
6.9 x 10-6 

(4 x 10-6) 
3.2 x 10-5 

(2 x 10-5) 1 : 4.64 1 : 5 

Yellow (20 s) 6.58 x 10-6 

(4 x 10-6) 
3.29 x 10-5 

(2 x 10-5) 1 : 5 1 : 5 

Orange (25 s) 6.32 x 10-6 

(3 x 10-6) 
3.57 x 10-5 

(1 x 10-5) 1 : 5.6 1 : 6 

Red (30 s) 6.39 x 10-6 

(1 x 10-6) 
3.15 x 10-5 

(6 x 10-6) 1 : 4.9 1 : 5 

 

 

 And similar to the QDs produced by hydrothermal synthesis, the composition of 

the microwave synthesized CdS QDs fell into the same CdS molar ratios range, from 1:4 

to 1:6. 
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 QD molar ratios fluctuated with no apparent correlation with particle diameter, 

and by considering the summed the relative standard deviations, RSD (Hallum, 2015; 

Manage, 2015) of the Cd/S molar ratios (    
  

 =     
       

 ), we concluded that in 

either method (hydrothermal or microwave) all of the QDs showed approximately the 

same molar ratio (ranges between 1:5-1:6) independent of the QD diameter (Figure 10).  

 

 

  

Figure 10. Relationship of mole ratio and particle diameter of CdS QDs synthesized by 
microwave or hydrothermal method. Error bars are summed RSD of mole ratio. 
 

3.3.2 Calculations of QD diameters 

 UV absorption studies were carried out to determine the CD e excitation for QDs 

synthesized by the microwave method and to estimate the QD diameter. Those data are in 

Table 5. 
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Table 5 

Estimation of QD diameter for particles synthesized by microwave irradiation. 

Microwave 

irradiated time 

(Seconds) 

Color 

e excitation 

(nm) 

Diameter  

(nm) 

5 Blue 390 2.36 

10 Blue Green 397 2.45 

15 Green 400 2.50 

20 Yellow 405 2.57 

25 Orange 438 3.21 

30 Red 485 4.98 

 

3.4 FTIR Analysis 

 FTIR analyses were carried out in an effort to investigate whether the capping 

process of CdS QD by GSH was successful or not. These experiments were based upon 

the supposition that if GSH’s S-H stretching vibrations—present in pure GSH—

disappeared in the FTIR spectra of GSH capped QDs, this would indicate that the QD 

capping process was successful (Peréz-Donoso et al., 2012). But, we also hypothesized 

that the disappearance of the S-H peak might not only be due to the capping process, it 

could also be due to the oxidation of the S-H bond. Thus further analyses were carried 

out to determine if GSH oxidation caused the loss of S-H stretching vibrations in GSH. 

Figure 11 shows FTIR comparison of fresh powdered GSH (Figure 11 A) and of CdS 
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QDs synthesized with hydrothermal (Figure 11 B-C) and microwave (Figure 11 D-E) 

methods. 

 

 

Figure 11. FTIR comparison between A) fresh GSH powder B) blue QD, hydrothermal 
synthesis C) yellow QD, hydrothermal synthesis D) orange QD, microwave synthesis E) 
red QD, microwave synthesis. 
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 GSH’s S-H stretching vibration appears around 2550-2560 cm-1 in the IR 

spectrum (Chen et al., 1997; Pérez-Donoso et al., 2012; Silverstein et al., 1991). As 

explained above, it is presumed that if the GSH cap is bonded to the CdS surface, or if 

GSH is oxidized to GSSG, the S-H stretch should, in theory, disappear, or significantly 

decrease. According to the FTIR spectra of various QDs in Figure 11 B-E, the IR peak in 

the region between 2550-2560 cm-1 did indeed disappear. This may be because those CdS 

QDs were capped by GSH or GSH was oxidized to GSSG. The next experiment was 

designed to differentiate between these two possibilities, thiol capping or thiol oxidation. 

 GSH samples of fresh powder form and the GSH paste which was prepared by 

dissolution in distilled water (from a freshly-opened reagent container) were kept open to 

atmospheric air for 5 days to check the disappearance rate of the S-H IR stretch. 

According to the daily recorded FTIR spectra from these samples over 5 days (Figure 12 

and Figure 13), a significant disappearance of the S-H stretch was not observed in either 

powdered or paste GSH samples with respect to the FTIR spectrum of oxidized GSH 

(GSSG) (Figure 14) . But by looking at the intensities it’s very hard to determine whether 

variations in the S-H stretching intensity were caused by different sample thickness or 

placement on the diamond surface of the FTIR. To check this, the ratios of the intensities 

of the C=O bond stretch to S-H bond stretch was calculated for all 5 days of the study 

(Tables 6 and 7). The ratio of these intensities did not show a significant difference or 

trend (except for a large increase in S-H intensity in the 5th day of both GSH forms), from 

which we concluded that the disappearance of the S-H bond stretch in QDs examined in 

Figure 11 was not caused by atmospheric oxidation and instead was only because of the 

GSH’s S-H bond attachment to the CdS QD surface, in other words, successful GSH 

capping. 
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Figure 12. FTIR spectra comparison of the GSH powder form to check the S-H bond 
oxidation by atmospheric air. 
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Table 6 

FTIR intensity of C=O and S-H stretch of GSH powder exposed to atmospheric O2 over 5 

days. 

Days exposed 

to atmospheric 

O2 

Intensity of S-H 

stretch at 2526 cm
-1

 

Intensity of C=O  

stretch at 1597 cm
-1

 

             

 –           
, X 

Fresh 0.1408 0.3153 2.24 

1 0.1944 0.4373 2.24 

2 0.1515 0.3415 2.25 

3 0.1439 0.3292 2.28 

4 0.1000 0.2294 2.23 

5 0.2134 0.4597 2.15 

  Average,  ̅ 2.23 

  
Average 

  
  ̅   

 ̅
        

1.24% 
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Figure 13. FTIR Spectra comparison of the GSH Paste exposed to atmospheric O2 examined 
daily got 5 days. 
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  Table 7 
 

Intensity C=O IR stretch and S-H stretch of GSH paste exposed to atmospheric O2 over 5 

days. 

Days exposed to 

atmospheric O2 

Intensity of S-H  

stretch at 2526 cm
-1

 

Intensity of C=O 

stretch at 1597 cm
-1

 

             

 –           
   

Fresh 0.3136 0.6965 2.22 

1 0.3301 0.7604 2.30 

2 0.3514 0.7761 2.21 

3 0.3911 0.7872 2.01 

4 0.3751 0.8184 2.18 

5 0.3258 0.6463 1.98 

  Average,  ̅ 2.15 

  Average     ̅   

 ̅
        4.8% 
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Figure 14. FTIR spectrum of GSSG powder form.  
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CHAPTER IV 

DISCUSSION 

 

4.1 Hydrothermal Synthesis and Nucleation Time Studies 

The major focus of this research was to synthesize tunable CdS QDs with one 

particular set of synthetic conditions. The method followed was the technique for CdTe 

synthesis of Pérez-Donoso et al. (2012). We thought it reasonable to assume that other 

chalcogens (S, Se) could be substituted for Te with similar results. 

 At 50°C, even though there was a production of fluorescent QDs, the tunability 

was very slow: even after 5 days at that temperature, the color was not changed beyond 

greenish yellow in any tube at the GSH concentrations examined (Figure 3). Thus the 

desired goal was not achieved at this temperature. 

 The next experiments increased the incubation temperature up to 60°C. At higher 

concentrations of GSH, the tunability ranges moved to between green and yellow; 

however, 5 mM GSH concentrations showed no tunability at all (Figure 4). Thus the 

incubation temperature was increased up to 70°C. 

 A rapid color change was observed at 10 mM GSH concentration at this higher 

temperature, but none of the other two GSH concentrations showed a rapid color change. 

Ten mM GSH concentration yielded fluorescence colors ranging from blue to red within 

48 hours, which accomplished the production of smaller size QD as well as the higher 

size QDs (Figure 5 and 6). This achieved the desired goal of a wide range of QD 

tunability with one synthetic mixture. 
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The incubation temperature was increased further to check whether the same 

tunability could be achieved within a shorter time period: an incubation temperature of 

80°C. The desired tunability goal was not observed; the higher GSH concentrated 

solutions were visibly degraded after 2 h; and 10 mM GSH solutions did not showed any 

significant color change (Figure 7). We conclude that the optimum conditions to 

synthesize tunable CdS QDs via the hydrothermal method were 70°C at 10 mM GSH 

concentration. 

 

4.2 Fluorescence spectroscopic study 

4.2.1 Band gap 

 According to the total luminescence spectral data (Table 1) the excitation 

wavelength that yielded maximum fluorescence (max) increased with the QD synthesis 

incubation time. This further confirmed that the (required) excitation energy decreased 

with QD particle size, from blue to red, and also suggested that the electrons in the 

ground state, upon excitation, needed to pass a lower energy barrier (band gap) as the QD 

size increased.  

4.2.2 Blue shift and red shift 

The variations of max emission, max excitation, and fluorescence emission 

intensity of QDs incubated at different times were listed for QDs synthesized via the 

hydrothermal method. Results shown in Table 1 can be interpreted as showing that the 

QD emission wavelength also increased as the particle size increased, leading to a 

conclusion confirming earlier results (Karan and Mallik, 2007; Pérez-Donoso et al. 2012) 
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which showed that smaller QDs showed a blue shift in the electromagnetic spectrum and 

larger QDs showed a red shift. 

 

4.2.3 Nucleation growth mechanisms 

 The intensities of the QDs’ max emission also displayed an interesting pattern. The 

fluorescence intensities increased for QDs fluorescing greenish yellow (at 6 h 

hydrothermal incubation time) and then dropped for yellow QDs at 24 h and red at 48 h. 

In 2010, Zheng et al. (among others) proposed two kinds of growth mechanisms in liquid 

phase nanocrystal synthesis: Ostwald Ripening (OR) and Oriented Attachment (OA). 

 Ostwald Ripening (OR) is a QD growth mechanism that is independent of the 

initial concentration of the nanoparticles. Dissolved cations and anions diffusing through 

the solution bind to the surface of previously nucleated particles to form larger particles 

resulting in nanoparticle diameter increase. Because of their greater surface activity 

smaller particles tend to grow more rapidly than larger ones (Taylor, 1998). Thus the 

formation of larger QDs from smaller particles is relatively fast. This process continues 

up to a critical concentration of particles. 

 Conversely, the rate of nucleation in the Oriented Attachment mechanism shows a 

relationship between the size and concentration of the QDs present. For the initiation of 

the OA growth mechanism, there must be two primary particles that combine together 

and make a larger size QD. When the OA growth mechanism is initiated by the required 

critical concentration of initial QD particles, the OR mechanism becomes inhibited or 

less significant. In contrast to the high rate of particle formation in the OR mechanism, 

the OA growth mechanism shows a relatively slow particle growth rate. The switch from 

the OR to OA mechanism for CdS QD formation (Zheng et al., 2010) occurs for particle 
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size that ranges on average from 3.1 nm to 4.0 nm and then the particle formation tends 

to give a constant value for the particle size. 

 By applying the above hypotheses to this study, QD fluorescence intensity 

increased as QD synthesis proceeded, up to the particle size of ~3 nm (greenish 

yellow)—at which point QDs were similar in particle diameters—then fluorescence 

intensity dropped as particle diameters increased up to 4.7 nm, the largest particle that 

could be produced from this method (Figure 16). Thus, it is reasonable to propose that up 

to the greenish yellow color, QD size increase occurred via the Ostwald ripening 

mechanism (Figure 15), rapidly increasing the number of QDs in those solutions which 

produced higher luminescence intensity in the total luminescence spectra (Table 1). 

Between blue QDs (2.4 nm) to greenish yellow QDs (3.09 nm) the particle diameters 

were similar due to the OR mechanism. At particle sizes larger than yellow QDs, two 

previously formed particles attached together and formed larger particles, following the 

OA mechanism, as described by Zheng et al. Thus the particle sizes of 3.7 nm (yellow) 

and 4.7 nm (red) were due to nucleation via the OA mechanism, yielding fewer 

fluorescing QD particles in the solution. This could be a reasonable explanation for the 

reduction of fluorescence intensity. 
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Figure 15. The particle size variation with the incubation time, with the indication of 
oriented attachment mechanism and Ostwald ripening mechanism. 

 

Thus it can be concluded that the nucleation processes occurring in this 

hydrothermal synthesis were both OR and OA. When the OA mechanism occurred, it led 

to a reduction in the number of particles in the medium. This caused the fluorescence 

intensity drop for solutions of the yellow and red particles (Figure 15) because the 

fluorescence intensity is directly proportional to the number of QD particles in the 

medium.  
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Figure 16. The fluorescence intensity variation with the particle size in the hydrothermal 
synthetic method. 
 

4.3 QDs composition 

 Karan and Mallik reported that they got ~1:1 Cd:S molar ratio by the quantitative 

analysis of the energy dispersive X-ray spectrometry in CdS QDs, obviously consistent 

with the stoichiometric ratio of CdS (Karan and Mallik, 2007). Huang et al. reported the 

molar ratio of elemental Cd:S in GSH capped CdS QDs was around 1:1.37 and it was 

consistent across QD sizes; in other words, even though the particle size increased, the 

molar ratio of Cd:S didn’t changed. This group also stated that since the S composition is 

higher than the Cd composition in the Cd:S molar ratio, they conclude that their QDs 

were capped by GSH (Huang et al., 2013). Thus, comparing Huang et al.’s results to this 

study, in which nanoparticle Cd:S molar ratios ranged between 1:4 and 1:7 in either 
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hydrothermal synthesis or microwave synthesis, our CdS QD elemental compositions 

results agree with Huang et al. to some extent; however, all our Cd:S QD molar ratios 

were greater than the CdS stoichiometric amount (Table 2 and 4) suggesting that sulfur 

was incorporated in these nanoparticles either on the surface or inside the crystals to an 

extent greater than Huang et al. 

 The amount of H2S release (from the highly acidic solution prepared for ICP 

analysis) could have affected the Cd:S ratio determined by ICP. However, since the 

molar ratio for the samples acidified and then analyzed after 24 hours did not give a 

significant loss of sulfur, we concluded that the Cd/S ratio was not significantly affected 

by S loss via H2S.  

 Finally by considering the standard deviations of the Cd/S molar ratios—taking 

into account the statistical variation in both the determined S and Cd amounts via ICP—it 

can be concluded that the average QD elemental ratios were approximately the same 

(ranges between 1:5-1:6) in QDs synthesized via either the hydrothermal or microwave 

synthetic methods (Figure 10). 

 

4.4 Calculations of QD diameters 

 Hu et al. reported that their CdS QD particle diameters ranged from 1.6 to 6 nm as 

calculated by the use of ―e absorption‖ (Hu et al., 2010). Mo et al. (2012) reported that 

their small CdS QD particles (blue to yellow) ranged from 1–3 nm, and Karan and Mallik 

(2007) stated that their CdS QD diameters ranged between 2.5–3.9 nm using the 

absorption edge calculation technique described above. According to similar QD 

diameter calculations, our CdS QDs synthesized by either the hydrothermal (2.4-4.7 nm) 
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or microwave method (2.36-3.98 nm) are within the range reported by both Hu et al. and 

Mo et al. (Tables 3 and 5). 

 

4.5 FTIR Analysis 

 FTIR studies further established that our CdS QDs are capped by GSH as 

signified by the disappearance of the S-H stretch at 2526 cm-1 of QD IR spectra for 

particles synthesized by either hydrothermal or microwave methods. And the possibility 

of S-H bond disappearance due to oxidation (instead of the capping process) was 

discounted by the analysis of the GSH samples which were exposed to atmospheric O2 

for 5 days (Tables 6 and 7). According to the IR spectra of samples of either GSH powder 

or GSH paste, no significant disappearance of the S-H stretching vibration (or pattern of 

change) was detected when compared to pure (completely reduced) samples of fresh 

GSH. Further, the ratio of the intensity of S-H stretch at 2526 cm-1 to the intensity of 

C=O stretch at 1597 cm-1 was examined daily for 5 days in GSH in a Petri dish under the 

hood in the lab at room temperature (Tables 6 and 7). The maximum change from the 

average C=O/S–H ratio over 5 days was 1.24 % in the GSH powder form and 4.80% in 

GSH paste form showing that the disappearance of S-H peak by the atmospheric O2 is 

very low. Therefore we can assume that the disappearance of S-H stretching peak in the 

QDs’ FTIR spectra is mainly due to the QD capping process. Pérez-Donoso et al. (2012) 

and Karan and Mallik (2007) reached a similar conclusion about GSH capped CdTe QDs 

in earlier work.  
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CHAPTER V 

CONCLUSIONS 

 

5.1 Hydrothermal Synthesis and Nucleation time Studies 

 Tunable CdS QDs with fluorescence ranging from blue to red could be 

synthesized using a single set of conditions and only by varying the incubation time 

period. The optimum temperature of hydrothermal synthesis was 70°C and a molar ratio 

of Cd:GSH:Na2S:buffer of 4:10:1:15. The incubation time varied from 1 hour to 48 hours 

and produced blue to red color CdS QDs with maximum emission from 485 nm (blue QDs) 

to 670 nm (red QDs). 

 

5.2 Fluorescence Spectroscopic Study 

The fluorescence excitation results confirmed that the required excitation energy 

decreased with QD particle size, from blue to red, and also suggested that the electrons in 

the ground state, upon excitation, needed to pass a lower energy barrier (band gap) as the 

QD size increased. Emission wavelength data indicated that the blue shift was produced 

by the smaller size QDs and red shift by the larger size QDs. 

Examination of relative fluorescence intensity results suggested that during CdS 

QD synthesis as QD particle diameters increased from 2.4 nm to ~3 nm (blue to greenish 

yellow) these QD obeyed the Ostwald ripening mechanism described by Zheng et al. 

(2010) and from 3.6–4.7 nm the fluorescence intensity dropped as particle numbers in 

solution decreased, obeying the oriented attachment mechanism. 
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5.3 Microwave Irradiation Method Development 

 The purpose for developing a microwave irradiation method was to synthesize 

CdS tunable QDs in a shorter time period. This effort was successful using an 850 watt 

commercial microwave oven: this method could produce blue to red fluorescing QDs 

within 30 seconds. The QD diameter and molar ratio averages close to that of 

hydrothermal synthesized QDs. 

 

5.4 QD Compositions 

 In hydrothermal synthesis, Cd:S molar ratio ranges between 1:5 to 1:7 and in 

microwave synthesis method 1:5 to 1:6. But when considering the summed standard 

deviations of CdS molar ratios determined from replicate sample of QDs synthesized by 

both methods, the molar ratio ranged between 1:5-1:6, produced via either hydrothermal 

synthesis or microwave synthesis. 

 

5.5 QD Diameters 

 In the hydrothermal synthesis QD diameters ranged between 2.4 nm and 4.7 nm, 

and in microwave synthesis it varied between 2.36 nm and 4.98 nm, indicating that—for 

either method—the particle sizes were similar. This result agreed with previous results in 

the literature. 

 

5.6 FTIR Analysis 

 FTIR studies established that CdS QDs produced via either the hydrothermal or 

microwave synthetic methods were capped by GSH, and the main reason for the 
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disappearance of the S-H stretching vibrations in QD FTIR spectra was due to the 

capping process, not because of the thiol oxidation of GSH. 
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