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ABSTRACT
We present a green route for the colloidal synthesis of undoped and silver 
(Ag) doped cadmium sulfide (CdS) quantum dots (QDs). We have used 
olive oil as the reaction medium, which acted as a source of oleic acid 
(OA) ligand in the green synthesis of CdS QDs. With the increase in 
OA concentration, the dispersibility of CdS QDs improved. The water-
dispersible CdS QDs were prepared via exchanging OA’s associated ligand 
with 3-mercaptopropionic acid (MPA). The MPA-capped CdS QDs showed 
the disappearance of the S-H peak as characterized via FTIR. The crystal 
and optical properties of Ag-doped CdS QDs were investigated, and the 
spectral red shift in the absorption spectra was observed. The CdS QDs 
with low Ag doping concentration increased the lifetime of excitons, but 
the average lifetime was suppressed at a higher concentration. We also 
discussed the variation in the properties of the CdS QDs through the ligand 
engineering and Ag doping. These doped and undoped QDs have the 
potential for applications in photocatalysis, water splitting, solar cells, etc. 
In addition, water dispersible QDs can be helpful for bioimaging, and drug 
delivery applications. 
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1 Introduction

Materials properties (e.g. metal nanoparticles, 
QDs, graphene, etc.) can be tuned with the 
variation in shape and structure, which can be very 
useful in biosensing, energy, and drug delivery 
[1-3]. So QDs have attracted significant interest 
because of their tunable optical and electrical 
properties with size from the quantization 
effect. These have potential applications in the 

various fields of solar cell, laser, drug delivery, 
photocatalysis, photodetectors, light emitters, 
and bioimaging [2-6]. Generally, the QDs have 
been prepared by solution methods. These include 
long-chain capping agents/solvents, including 
tri-n-octyl phosphine oxide, polyethyleneimine 
trioctylphosphine, and tributylphosphine, which 
are toxic so the need for alternate environment-
friendly route [7-8]. Recently, the synthesis of QDs 
using a greener route is receiving greater attention 
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because of the reduced environmental impact, 
waste production, process safety, minimization 
of chemical hazards to health, and energy 
efficiency [5,9-10]. Furthermore, nanostructures’ 
synthesis without auxiliary solvents leads to more 
environmentally friendly nanomaterials with low 
toxicity [11-12].

QDs are tiny nanostructures in the range of a few 
nanometers, which shows the variable optical 
property with size [13-14]. These exhibit a high 
surface-to-volume ratio making them highly 
unstable. Therefore, ligands are used to stabilize 
QDs in a solution. Electrostatic forces and 
chemisorption bonding cause this stabilization 
[15]. These ligands also prevent them from 
agglomeration by steric hindrance or electrostatic 
repulsion. Depending on the ligand open side, 
nanoparticles are hydrophobic, hydrophilic, and 
useful for specific applications. CdS QDs are 
promising due to their visible absorption property 
(energy bandgap of bulk material ~2.4 eV), 
low-cost preparation, and high molar extinction 
coefficient [16]. Optical properties can be 
harmonized with the desired application by tuning 
its size [17-19].

Recently, many green synthetic routes have 
been developed to synthesize QDs to make them 
environmentally friendly. Kyobe et al. synthesized 
the variable size CdS QDs using castor and 
ricinoleic acid as a capping agent. They observed 
the shift in the absorption and PL peaks with the 
variation in length [20]. Similarly, CdSe QDs 
were also prepared using the biobased capping 
agent (castor oil and ricinoleic acid) [21]. Yang 
and co-workers used a biosynthetic procedure 
to synthesise CdS nanocrystal. They used the 
strain of Stenotrophomonas maltophilia for the 
extracellular production of CdS nanostructure 
[22]. Kandasamy and co-workers synthesized the 
CdS QDs using  fruit sap Opuntia ficus-indica, 
which was a stabilizing and capping agent. The 
QD’s size was found in the range of 3-5 nm 
[23]. The Co-doped CdS QDs were successfully 
synthesized through a chemical route using 
1-monothioglycerol as a capping agent. The 
optoelectronic properties can be tuned with the 
variation in the Co doping [24]. Ag-doped CdS 
nanostructure was synthesized through the co-
precipitation method and found the reduction in 
band gap upon Ag doping in comparison to CdS 
QDs. Ag doped CdS QDs were prepared using 

the mercaptoacetic acid as a capping agent and 
utilized for the detection of hydrogen sulfide in 
the wastewater samples [25]. Thakur and co-
workers synthesized Ag@CdS QDs in which 
Ag+ ions were added to CdS nanostructure. They 
studied the effect of dopant concentration and 
aging on the band gap of CdS nanoparticles. 
Further, they explored the CdS-Ag interaction by 
time-resolved fluorescence, and they found that 
at low Ag content, the emission was enhanced, 
whereas, at high Ag content, the emission was 
quenched [26]. In this work, we synthesized the 
CdS QDs with variable optical properties through 
ligand engineering and Ag doping. 

This work reports a green synthesis route to 
prepare Ag-doped and undoped CdS QDs. The 
synthesized CdS QDs were highly monodispersed 
in nature. We have explored the effect of OA 
concentration on the morphological and optical 
properties of QDs. Simultaneously, the ligand 
exchange reaction was performed to make the CdS 
QDs water-soluble, and a reaction mechanism was 
proposed. Furthermore, the effect of Ag doping 
on absorption, emission, surface morphology, 
crystal structure, and excitons lifetime has been 
investigated.

2 Experimental section

2.1 Materials

Cadmium oxide (CdO, 99.99%, Aldrich), olive oil 
(Extra Virgin), bistrimethylsilyl sulfide (TMS), 
oleic acid (OA, 90%, Aldrich), octadecene (99%, 
Aldrich), toluene (99.8%, Merck), silver nitrate 
(AgNO3, 99%, Aldrich), 3-mercaptopropionic acid 
(MPA, 99% Sigma), oleylamine, 1-dodecanethiol 
and acetone (99.8%, Merck) were used as received 
without any further purification. Deionized (DI) 
water was used in this study.

2.2 Synthesis of CdS QDs

In the typical synthesis, 0.9375 mmol CdO,  
1 mL octadecene, and OA were added in 15 mL 
olive oil and heated at 220 oC with continuous 
stirring under vacuum until CdO gets dissolved 
completely. In another flask, 100 µL TMS  
(0.45 mmol) was mixed with 2 mL olive oil and  
0.5 mL of octadecene under the nitrogen 
atmosphere for 5-10 min. Further, the Cd solution 
flask was flushed with nitrogen gas, and the TMS 
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completely. Ag stock solution was prepared in 
another glass vial by dissolving 13.6 mg of AgNO3 
in 2 mL oleylamine to make 0.04 M AgNO3 

solution. We prepared sulfur stock solution by 
adding 100 µL TMS in 0.5 mL ODE and 2 mL 
olive oil under nitrogen atmosphere in another 
flask. After CdO dissolution, the round bottom 
flask was redirected to the nitrogen condition 
to inject precursors and the preceding reaction. 
A mixture of 0.33 mL of Ag stock solution and 
2.5 mL of 1-dodecanethiol was quickly injected 
into the flask immediately after the sulfur stock 
solution was injected. The temperature was 
maintained at 220 oC for nucleation and growth 
of QDs. Aliquots were taken at time intervals of 
30 s, 2, 5, 15, and 30 min and were precipitated 
immediately into a centrifuge tube containing 
acetone. The QDs were separated via centrifuge 
at 6500 rpm for 10 min. The QDs were then re-
dispersed in toluene, re-precipitated by adding 
acetone, and again collected via centrifuge. The 
process was repeated three times to remove the 
excess olive oil. The QDs were dried under a 
vacuum for 12 h and stored in a cold place. The 
schematic diagram for synthesis of OA-capped 
CdS, MPA capped CdS, and Ag-doped CdS QDs 
is shown in Fig. 1. 

2.5 Characterizations

The absorption spectra of the samples 
were measured with a UV-Vis absorption 
spectrophotometer (Varian Cary 5000, Germany). 
The liquid samples’ photoluminescence (PL) 
spectra were investigated using a Fluorescence 
Spectrophotometer (Cary Eclipse fluorescence 
spectrophotometer). The morphology and size 
of CdS and Ag doped CdS QDs were analyzed 
by the images taken with the Transmission 
electron microscope (TEM, Tecnai G2, FEI® 
USA). The crystal structure of the synthesized 
doped and undoped CdS QDs was determined 
using X-ray crystallography (Rigaku MiniFlex 
600, with X-ray wavelength = 0.15406 nm). 
Fourier transform infrared spectroscopy (FTIR) 
(Spectrum Two, Perkin Elmer) analysis was used 
to identify chemical bonds and functional groups 
in the materials. The surface charge of QDs was 
studied with Zeta potential (Malvern, Zetasizer 
ZS90, He-Ne red laser with 4 mW). Time-
resolved photoluminescence (TRPL, FOG-100, 
CDP Corp., Russia) study was used to understand 
excitons’ lifetime.

solution was quickly injected into the Cd solution 
to start the reaction. The Cd to S mole ratio in 
the reaction mixture was kept constant at 2:1. 
The temperature was maintained at 220 oC for 
nucleation and growth of CdS QDs. Aliquots were 
taken at 30 s, 2, 5, 15, and 30 min intervals with 
the help of a syringe and immediately injected 
into a centrifuge tube containing acetone for 
the reaction mixture’s precipitation to stop the 
reaction. The olive oil capped QDs were separated 
by centrifugation for 10 min at 6500 rpm. The 
samples were then re-dispersed in toluene, 
precipitated by adding acetone, and centrifuged 
in the mixture solution again to collect QDs.  
The step was repeated three times to complete the 
removal of the excess olive oil. The aliquots were 
dried under a vacuum oven for 12 h and stored in 
a cold place. 

To study OA concentration’s effect on the CdS 
QDs size, we used different amounts of OA  
(0, 100, 500, and 1000 μL), and samples were 
named DS, BS, CS, and AS, respectively. The 
samples collected after different time intervals 
(30 s, 2, 5, 15 and 30 min) were named DS1, DS2, 
DS3, DS4, and DS5, respectively for sample DS 
and similar nomenclature was assigned for the 
BS, CS, and AS samples aliquots. 

2.3 Synthesis MPA capped CdS QDs

To synthesize MPA-capped CdS QDs, 35 mg CdS 
QDs were dispersed in 2 mL of toluene, and then  
1 mL MPA was added into the QDs solution. 
Further, the solution was ultrasonicated for 30 min. 
Then the solution was kept at room temperature for 
overnight, followed by centrifugation at 5000 rpm 
for 5 min to collect MPA-capped CdS QDs. Then 
MPA capped CdS QDs were washed with ethanol 
two times to remove the excess compounds. The 
resultant mixture was then vacuum dried at room 
temperature and stored in a cold dark place. MPA 
capped CdS QDs was characterized by dispersing 
in DI water.

2.4 Synthesis of Ag-doped CdS QDs

Ag-doped CdS QDs were prepared using a 
similar hot injection method for the synthesis 
of CdS QDs. In brief, 0.937 mmol CdO, 15 mL 
olive oil, 1 mL OA, and 1 mL ODE were added 
to a three-neck round bottom flask and heated at 
220 oC under vacuum for 2 h to dissolve CdO 
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3 Results and discussion

3.1 Effect of OA on optical properties of  
CdS QDs

OA is commonly used to prepare hydrophobic 
nanoparticles and as a surfactant. OA provides the 
nanoparticles’ steric stabilization against the Van 
der Waals and attractive magnetic interactions, 
preventing agglomeration. Thus, it prevents 
the Ostwald ripening and hence NPs growth. 
Furthermore, the mass transfer of sulfur ions 
is restricted because of the barrier effect of the 
surface layer. The present study systematically 
examined the effect of OA concentration (used 
during reaction) on the optical properties of CdS 
QDs. Fig.  2(a) shows the absorption spectra 
of CdS QDs without OA’s addition during the 
reaction. The absorption peaks were observed at 
399, 403, 407, 416, and 417 nm corresponding 
to the different aliquots samples DS1, DS2, DS3, 
DS4, and DS5, respectively. The sharp absorption 
edges of CdS QDs of different aliquots confirm the 
narrow size distribution. The diameters (D, nm) 
of CdS QDs were calculated using the absorption 
data from equation 1 as given below.

D (nm) = (−6.6521 × 10−8)λ3 +  
(1.9557 × 10−4) λ2 − (9.2352 × 10−2) λ + 13.29	[1]

where λ (nm) is the wavelength of the 
corresponding sample’s first excitonic absorption 
peak [27]. The calculated nanoparticle sizes 
were 3.35, 3.48, 3.61, 3.92, and 3.96 nm (using 
equation 1) for the samples DS1, DS2, DS3, DS4, 
and DS5, respectively. It has been observed that 
with increasing synthesis time, QDs gradually 
grow to reach the maximum average size of 3.96 
nm after 30 min of synthesis.

Fig.  2(b) shows UV-Vis absorption spectra of  
CdS QDs prepared under the same reaction 
conditions with 1000 µL OA. The samples 
AS1, AS2, AS3, AS4, and AS5 showed the 
corresponding absorption peaks at 404, 406, 410, 
418, and 424 nm, respectively. The calculated size 
of QDs was found to be 3.51, 3.58, 3.72, 4.0, and 
4.22 nm, respectively, using equation 1.

Fig. 2(c) shows the absorption spectra of CdS QDs 
with 500 µL of OA used, and other conditions 
remain the same. The samples BS1, BS2, BS3, 
BS4, and BS5 showed absorption peaks at 401, 
406, 412, 417, and 424 nm with approximate 
sizes of QDs 3.4, 3.58, 3.78, 3.96, and 4.22 nm 
(as calculated from equation 1), respectively. 
A shift in absorption spectra was observed with 
increasing growth time, indicating increased CdS 
QDs size for earlier samples [27].

Figure 1.  Schematic of synthesis of OA capped CdS, MPA capped CdS and Ag-doped CdS QDs.
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Figure 2.  UV-Vis Absorption spectra of OA caped CdS with different OA concentration during reaction  
(a) 0 ml, (b) 1000 µl, (c) 500 µL and (d) 100 µL.

Similarly, Fig. 2(d) shows the absorption spectra 
of CdS QDs prepared under the same other 
condition with 100 µL OA. The absorption peaks 
at 400, 405, 410, 416, and 421 nm correspond 
to samples CS1, CS2, CS3, CS4, and CS5, 
respectively. The approximate sizes of QDs were 
3.35, 3.5, 3.7, 3.9, and 4.1 nm as calculated using 
equation 1, respectively. Redshift occurred in 
the absorption spectra as growth time increased, 
indicating the increase in particle size and 
decrease in band gap from bulk CdS, thereby 
confirming the quantum confinement effect in the 
CdS QDs [27-28].

It has been observed that the average growth of 
QDs slowed after about 30 s because the initial 
nucleation of CdS QDs decreased considerably 

with decreasing initial OA concentration. When 
we increased the OA concentration in the reaction 
solution during the synthesis process, the initial 
Cd–oleate monomer concentration in the reaction 
mixture was increased. Further, these monomers 
acted as nuclei for nanocrystal growth of CdS 
QDs, leading to the faster growth rate of QDs. 
Therefore, by controlling the OA concentration, 
we can tune the size and absorption of CdS QDs.

The PL study is susceptible to the electronic 
structure of the QDs and very helpful in studying 
the effects of growth time on the emission 
properties of QDs. The present study obtained the 
PL spectra at room temperature at the excitation 
wavelength of 310 nm. Fig.  S1(a) shows the 
emission spectra of DS1, DS2, DS3, DS4, and 
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DS5. Each of the colloidal solutions showed two 
emission peaks in the visible region.  The first 
emission peaks were observed at 433, 438, 442, 
451, and 453 nm for samples DS1, DS2, DS3, 
DS4, and DS5, respectively, indicating a redshift 
in the emission peak with reaction time (growth 
time), which is an indication of an increase in the 
size of QDs. Second broad emission peaks at a 
higher wavelength (> 500 nm) could be electron 
transitions from conduction band edge to surface 
states of the QD. The ligands and reaction times 
affect the size and PL properties, resulting in small 
peaks in the range of 375-400 nm [29].

The PL study was carried out to study the effect 
of OA concentration on emission properties of 
CdS QDs. Fig.  S1(b-d) shows emission spectra 
of CdS QD prepared with 1000, 500, and 100 µL  
of OA. For example, the emission peaks were 
observed at 431, 433, 437, 445, and 452 nm 
corresponding to AS1, AS2, AS3, AS4, and AS5, 
respectively. Emission peaks were red-shifted in 
the emission spectra with growth time, indicating 
the increase in particle size with time. A broad 
peak was observed between 500 to 600 nm due to 
the presence of surface defects. These defects are 
trap states on which electrons were localized upon 
excitation and then showed a low energy emission 
via deep trap states or surface localized states 
recombination [30]. Defects present in QDs arise 
due to the presence of sulfur vacancies [31-32].

Fig.  3(a) shows the typical TEM image of the 
prepared sample DS3. The average size of QDs 
was between 3.5 to 4.0 nm, corresponding to the 
nanocrystal size obtained from the first excitonic 
peak of absorption spectra, as shown in Fig. 3(b). 
This also resembles the size of CdS QDs observed 
with the help of UV-Vis spectra and equation 1. 
The QDs tend to aggregate, as shown in Fig. 3(a). 

It might happen due to less OA present in olive 
oil, which decreased viscosity and increased the 
chances of agglomeration. OA acts as a capping 
agent with steric hindrance around CdS QDs and 
suppresses the agglomeration of QDs. Fig.  3(c) 
shows the TEM image of sample BS3, which 
indicated that the size of QDs was ~3.7 nm. 
The size distribution of nanocrystal is shown in 
Fig. 3(d). Fig. 3(e) shows the TEM image of sample 
AS3, and the size distribution of the nanocrystal 
is shown in Fig.  3(f), indicating the size of the 
nanocrystal is also ~3.7 nm. It has been observed 

that with increasing the OA concentration, the 
dispersibility of  QDs in toluene was increased 
due to steric hindrance. Furthermore, the OA is 
an efficient capping agent for synthesizing CdS 
QDs and tuning the optical properties with high 
dispersibility.

3.2 Ligand exchange reaction  
(Water dispersible QDs)

OA capped CdS QDs were dispersed in the 
non-polar solvent because of the long-chain 
hydrocarbon on the surface of QDs. At the same 
time, some applications require it as water-
dispersible. We performed the ligand exchange 
reaction with sample BS3 to make the CdS QDs 
water-soluble. The OA was replaced by strong 
binding agent MPA, which has a thiol group (-SH) 
at one end and a carboxylic group (-COOH) at 
other end. According to the hard and soft acids and 
bases theory, the hard-hard or soft-soft molecules 
or ions can form a strong binding. The Cd2+ is 
classified as a soft ion and has a more robust 
interaction with the soft -SH group (from MPA) 
and low with –COOH (from OA). As a result, 
the -SH group can form a strong bond with CdS, 
and the other end has free carboxylic acid groups, 

Figure 3.  TEM image and size distribution of 
sample DS3 (a, b), BS3 (c, d) and AS3 (e, f).
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which cause nanoparticles to be dispersible in 
polar solvents like DI water. Schematics of ligand 
exchange from OA capped CdS to MPA capped 
CdS is shown in Fig. 1. The effect of MPA capping 
on light absorption of CdS QDS has been studied 
by UV-Vis absorption (Fig. S2), showing a very 
little red shift.

3.3 FTIR study of MPA capped CdS

Fig. 4(a) shows a broad peak in the range of 3100–
3000 cm-1, which is owing to the C-H stretching 
vibration of alkyl group and –OH stretching 
vibration of –COOH group, while C-O stretching 
vibration occurred in the range of 1300 to 1000 
cm-1 [15,33].The peak at 1704 cm-1 was occurred 
due to the stretching vibration of C=O for the 
MPA sample, while this peak is also present 
in the MPA capped CdS, owing to excess MPA 
present in the sample [34]. The peak at 1542 cm-1 
occurred due to the COO- band indicating the free 
carboxylic group in MPA capped CdS QDs [34]. 
The peaks observed at 2663 cm-1 and 2570 cm-1  
in pure MPA were due to the S-H bond of the thiol 
group, which disappeared in MPA capped CdS 
sample, indicating the binding of the thiol group 
with CdS QDs [35]. The C-S vibration mode was 
assigned to the appearance of a peak at a lower 
wavenumber (662 cm-1). The absorption band at 
1396 cm-1 was due to the MPA’s C–C single bond 
[36]. The FTIR spectra of pure OA and OA capped 
CdS QDs have been discussed in Supporting 
Information (Fig. S3).

3.4 TEM Image of MPA capped CdS

Fig.  4(b) shows TEM image of MPA-capped 
CdS QDs (BS3). The size distribution of QDs is 

shown in Fig. 4(c), indicating the average size of 
QDs was ~4 nm, which corresponds to the size 
obtained with the first excitonic peak of UV-Vis 
spectra of MPA capped CdS QDs. 

The MPA-capped QDs are well distributed as 
compared with the OA-capped QDs. This might 
be because a long chain of OA has less steric 
repulsion than electro-repulsion by negatively 
charged carboxylic ions in MPA-capped CdS. The 
surface charges of MPA-capped CdS have been 
determined by Zeta potential (Fig. S4), showing a 
-12.86 mV charge on the surface of MPA-capped 
CdS QDs.

3.5 Effect of Ag-doping on CdS QDs

We studied the optical absorption, emission, 
crystal structure, lifetime of the created exciton, 
and surface morphology of Ag-doped CdS QDs 
with changes in the doping concentration. The 
UV-Vis absorption spectra were collected for the 
colloidal solutions of the different Ag-doped QDs, 
as shown in Fig. 5(a). 

Fig. 5 (a) shows the absorption spectra of undoped 
CdS and Ag-doped CdS (Ag to Cd mole ratio 
equal to  0.6, 1.2, and 1.8%). The undoped CdS 
shows a characteristic absorption peak at 407 nm. 
Ag doped CdS QDs show absorption peaks at 408, 
410, and 412 nm for samples with 0.6, 1.2 and 
1.8% Ag doping, respectively. The result shows a 
significant redshift in the absorption spectra after 
Ag doping, which indicates the increased size of 
the Ag-doped CdS QDs upon Ag doping.

Fig. 5(b) shows emission spectra of Ag-doped CdS 
QDs with Ag to Cd molar ratios of 0.6, 1.2, and 

Figure 4.  (a) FTIR spectra of pure MPA and CdS capped MPA, (b) TEM image of MPA-capped CdS QDs 
ligand exchange with sample BS3 (a) and (c) the nanoparticle size distribution of QDs.
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1.8%. The emission peak at 390 nm corresponds 
to the band edge emission of the QDs. The 
emission peak at 434 nm was due to electron-hole 
recombination in the CdS QD. The Green emission 
at 567 nm was associated with the emission due to 
electronic transition from the conduction band to 
an acceptor level due to interstitial sulfur shallow 
trap emission. With the increase in the Ag doping 
concentration, the emission intensity of CdS was 
decreased. At higher Ag doping concentration, the 
emission intensity reduced drastically, suggesting 
a higher lifetime of excitons. 

The electron and hole pairs were generated upon 
excitation under UV light. As the conduction band 
of CdS QDs was at a higher energy state than the 
work function of Ag, it facilitated the electron 
transfer between the CdS and the Ag metal. The 
higher Ag doping concentration results in higher 
interaction between CdS and Ag, and electron 
transfer was much faster than a lower Ag content 
which was observed with a decrease in the 
emission intensity.

3.6 XRD spectra of doped and undoped CdS 
QDs

Fig.  5(c) shows XRD spectra of undoped and 
Ag-doped CdS QDs with 1.2% [Ag]/[Cd] molar 
ratio. XRD spectra of undoped CdS QDs shows 
characteristics peaks at 26.52, 43.58 and 51.26o 

corresponding to planes at [111], [200], and [311], 
with d-values of 3.36, 2.07 and 1.78 Å, respectively 
(JCPDS: 89-0440).  The doping with Ag resulted 
in overlapping peaks at 43.58 and 51.26°, which 
indicated that the hexagonal phase also existed [37]. 
Also, no extra peaks were observed in the spectra 
of 1.2% Ag doped CdS QDs, which belong to Ag 
alone, and Ag2S did not form within the crystal 
structure. A small shift in angle was also observed 
in the sample of 1.2% Ag doped CdS QDs. The Ag 
doped CdS QDs showed peaks at 26.72, 43.77, and 
51.46o, corresponding d-spacing values of 3.33, 
2.06, and 1.77 Å, respectively. The decrease in the 
lattice constant with the doping is observed due to 
the replacement of Cd by Ag in the crystal structure 
[38-39]. Table 1 shows the comparison of d spacing 
and lattice constants of CdS QDs before and after 
doping.

3.7 TEM and TRPL analysis

We performed the TEM analysis to examine 
the effect of Ag doping on nanostructure 
morphology. Fig.  6(a) shows TEM images of 
collected aliquots of Ag-doped CdS QDs ([Ag]/
[Cd]=1.2%) at the time interval of 5 min. The 
nanoparticles’ sizes are 4-6 nm, with an average 
size of 5 nm (Fig.  6(b)). Fig.  6 (c) shows the 
absorption spectra of collected Ag-doped CdS 
QDs at 5 min intervals, showing peaks at 390 
and 452 nm. 

Figure 5.  (a) UV-Vis absorption and (b) emission spectra of undoped CdS and Ag doped CdS QDs with 
[Ag]: [Cd] molar ratio 0.6. 1.2 and 1.8%, and (c) XRD spectra of undoped CdS QDs and Ag doped CdS QDs 
with 1.2% molar ratio of [Ag]/[Cd].

Sample d002 (Å) Lattice constant from d002 (Å)

CdS undoped 3.36 6.72

Ag doped CdS, Ag/Cd=1.2% 3.33 6.66

Table 1.  Comparision of d value and lattice constants of CdS QDs before and after doping
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The lifetime of excitons in doped and undoped CdS 
was investigated by measuring the time-resolved 
PL decay (TRPL). We monitored the emission 
decay at 410 nm and fitted in three exponential 
kinetic programs. It consisted of 10-1000 ns time 
domains. The total average lifetime  is obtained 
using equation 2.

	 τavg = a1τ1+a2τ2+a3τ3

            a1+a2+a3 	 [2]

where  a1, a2 and a3 denote the amplitude 
shallow, deeper, and deepest trap emissions, 
respectively. The decay components τ1, τ2, and τ3 
were considered due to the shallow, deeper, and 
deepest traps, respectively. The electrons present 
in the conduction band or shallow trap states of 
nanostructure are delocalized in nature [35]. As a 
result, there would be a significant electron and 
hole wave functions overlap. It also increases 

the electronic potential, causing the valence 
band position to shift, which is responsible for 
faster decay due to higher exciton recombination 
probability.

We know that the electrons and holes 
recombination on the QDs surface leads to surface-
related emission [40]. For Ag-doped CdS QDs, 
Ag facilitates the trap formation for photoexcited 
electrons and holes. It results in the delay of the 
recombination process and significantly enhances 
the lifetime of excitons. Fig. 6(d) shows the TRPL 
decay comparison between undoped and Ag 

doped (0.6, 1.2, and 1.8%) CdS QDs. 

At low doping concentration (0.6%), the increase 
in a lifetime was attributed to CdS/Ag complex 
formation compared to undoped CdS (Table 2). 
The exciton’s average lifetime(s) was increased 
from 12 to 88.28 ns with the increase in the Ag 

Figure 6.  CdS QDs with [Ag]/[Cd] molar ratio 1.2% taken at 5 min (a) TEM image, (b) particle size dis-
tribution, (c) absorption spectra of 5 min sample, and (d) time resolve PL decay of undoped and Ag doped 
CdS QDs.
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molar ratio from 0 to 0.6%. Further rise in Ag 
doping concentration decreases the average 
lifetime to 29.79 and 2.87 ns for 1.2 and 1.8% Ag 
doping in CdS QDs, respectively. 

CdS has the bottom conduction band (BCB) and the 
top valance band (TVB) energy levels of ~-4.0 and 
~-6.5 eV, respectively concerning vacuum.[41-42] 
Whereas Agn atomic cluster’s energy level changes 
from -1.32 eV (n=1) to - 4.64 eV (n=∞, bulk phase) 
[43-44]. At a deficient concentration of Ag doping, 
the photogenerated electrons cannot transfer from 
BCB of CdS to Agn. It is because of the much higher 
energy level of Agn than BCB. As the concentration 
increases, the Agn energy level decreases and starts 
accepting photogenerated electrons. It results in 
efficient electron transfer from BCB of CdS to Ag. 
However, with the increase in the Ag concentration 
during the synthesis process, the formation of Ag 
clusters was increased. These clusters provided 
traps for photoexcited electrons and holes, which 
enhanced the recombination process; as a result, 
the lifetime of excitons was reduced at higher 
concentrations of Ag doping.

The more Ag incorporation causes more overlap 
of the hole wave function with the electron wave 
function. It thereby generates more trapping states 
within the energy gap. In the nanostructures, the 
region between the conduction band minimum and 
the highest level of the trapping band is always 
associated with optical transition routes. When we 
achieve a critical value of Ag dopant, the trapping 
energy band and valance band maximum (VBM) 
merges. Thus, the energy gap possesses more 
trapping states. Therefore, we make efficient 
electron-hole recombination along with a shorter 
lifetime. The bandgap decreases because a more 
substantial hole wave function overlap with the 
increase in Ag dopant. The synthesized materials 
can be for photocatalytic water splitting, solar 
cells, sensors, etc. [45-48].

Lifetime value CdS undoped 
(ns)

0.6% Ag doped CdS 
(ns)

1.2% Ag doped CdS 
(ns)

1.8% Ag doped CdS 
(ns)

τ1   28.13   77.39     63.314   13.119
τ2 184.26 435.25 438.49 316.275
τ3     3.36   3.1     1.87   1.56
τ (average)           12   88.29   29.79   2.87

Table 2.  Lifetime analysis of undoped and Ag-doped CdS QDs.

4 Conclusions

We have successfully synthesized colloidal undoped 
and Ag-doped CdS QDs via a low-cost, green, 
and environment-friendly approach. Synthesized 
CdS QDs showed different optical properties with 
variations in size. The OA played a very significant 
role in controlling the size of QDs by steric hindrance. 
After ligand exchange, water dispersible CdS QDs 
were successfully synthesized. Also, CdS QDs were 
successfully doped with Ag to improve their optical 
properties. XRD and absorption/emission spectra 
confirmed Ag doping. The prepared QDs could find 
potential applications such as photocatalytic water 
splitting, dye sensitized solar cells, sensors, etc. 
Water dispersible CdS QDs can also be helpful for 
drug delivery, biosensing, and targeting cancer cell 
applications.
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Supplementary

Figure S1.  Emission spectra of OA capped CdS with different OA amount in reaction (a) 0 ml, (b) 1000 µl, 
(c) 500 µL and (d) 100 µL.

Figure S2.  Absorption spectra of OA capped 
and MPA capped CdS QDs.

Figure S3.  FTIR spectra of pure OA and OA 
capped CdS QDs.
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Figure S4.  Zeta potential of MPA capped CdS 
QDs.
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