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Enhanced photocatalytic applications of 
chitosan-encapsulated silver sulfide quantum dots

Ambalika Sharmaa, Rahul Sharmab, Asha Kumaric

Abstract: This study explores the synthesis, properties, and 
applications of chitosan-encapsulated silver sulfide (Ag2S) quan-
tum dots (QDs) for biological applications. The investigation fo-
cuses on the fluctuations in the physico-chemical characteris-
tics of chitosan Ag2S QDs, which can be carefully studied due 
to their environmental activity. X-ray diffraction (XRD) mea-
surements reveal that chitosan-coated Ag2S QDs exhibit high-
er-intensity peaks. The XRD analysis reports a range of crys-
tallite sizes, with a minimum size of 8 nm and a maximum size 
of 12 nm. Fourier-transform infrared spectroscopy confirms 
the presence of chitosan through the detection of functional 
group peaks. High-resolution transmission electron microscopy 
studies indicate that the size of the artificial QDs is 6 nm. En-
ergy-dispersive X-ray spectroscopy verifies the composition of 
chitosan-encapsulated Ag2S QDs. Moreover, the chitosan Ag2S 
QDs demonstrate exceptional photocatalytic activity, as evi-
denced by the degradation of 92% of methylene blue dye within 
1 h. This research provides valuable insights into the synthesis, 
properties, and potential applications of chitosan-encapsulated 
Ag2S QDs in diverse fields.
Keywords: Encapsulation; Silver sulfide (Ag2S); Quantum dots; 
HRTEM; XRD; FTIR; EDX.

1. INTRODUCTION

The main strategies to reduce the unfavorable environmental effects 
of hazardous waste, toxic pollutants, and infection-causing microor-
ganisms are photo-oxidation and microbiological inhibitory capabil-
ities (Abdi-Ali et al., 2014; Andrade et al., 2012;Anitha et al., 2011). 
Artificial compounds including colors, phenols, and pesticides pol-
lute the effluents from the material, paper, and agricultural industries. 
These pose a major risk to human health and have a negative impact on 
the biological system because they are poisonous and cancer-causing 
in nature.The general public and administrative experts throughout 
the world are quite concerned about the regularly rising levels of these 
synthetic compounds in the climate, specifically in water bodies, as 
they are steadily disintegrating (Anpo et al., 1987). Metallic nanopar-
ticles, in particular silver-based nanoparticles, stand out enough to be 
observed to increase the interest in their cleansed qualities against 
various microbes and pollutants. Silver-based chemicals are safe 
for healthy cells but very toxic for bacteria (Colmenares & Luque, 
2014; Sharma et al., 2021). The development of biofilm is triggered 
by bacterial colonization on hard surfaces, which is a major cause of 
nosocomial infections. Photocatalysis is a type of complex oxidative 
process. It relies on the electron-hole pairs that photon absorption 
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forms in semiconductor materials, which can sub-
sequently cause the system to release free radicals 
like hydroxyl to redox the chemicals absorbed on 
the surface of a photocatalyst (Duran et al., 2005; 
Gemmell et al., 2006; Habiba et al., 2015).The life-
time of these photo-generated charges is being in-
creased by scientists. It has been noted that when 
using electrons, sacrificial reagents are typically 
needed to consume holes, and vice versa. Recently, 
the importance of using both electrons for reduction 
and holes for carrying out important processes has 
increased (Kumar et al., 2021). The advantages of 
polymeric materials, such as their beneficial action 
over a wide range, their clarity in visible light, and 
their solubility, make them a good choice. A few 
specific polymers may form stable suspensions in 
water and are dispersible. In the literature, there is 
a simple procedure to create Ag2S QDs-chitosan 
nanospheres with S nitrosothiol functional groups. 
The produced nanospheres, when exposed to UV 
or visible light, could release NO under physiolog-
ical settings, and if a NIR light source activated 
them, they would generate NIR fluorescence (Tan 
et al., 2013). A straight-forward chemical process 
to create chitosan, silver nanoparticles, and chi-
tosan-silver nanocomposite. Good antibacterial 
and anticancer characteristics can be found in the 
CS-Ag nanocomposite (Govindan et al., 2012). 
Chemical precipitation was used to create Mn2+ 
and Fe3+- doped ZnS colloidal quantum dots (QDs) 
that were encapsulated in chitosan. Dopants were 
used to create chitosan-capped ZnS QDs at various 
doping doses (Raghuram et al., 2016). A straight-
forward and repeatable method to generate chitosan 
(CS)-encapsulated gold-silver nanoflowers by pro-
gressively adding chitosan, chloroauric acid, silver 
nitrate, and ascorbic acid to water at room tempera-
ture This is a straightforward and reliable one-pot, 
seed-free, and surfactant-free synthetic technique 
(Zhang et al., 2015).

By allowing the photo-catalyst nanoparticles 
to spread in water and link with color atoms, the 
polymer shells in this way enable this (Iijima & Ka-
miya, 2009; Huh & Kwon, 2011). Additionally, it 
has been found that the movement of the photo-gen-
erated electrons is significantly influenced by the 
nanoparticles’ surface-level contact with the poly-
mer (Jose et al., 2018). One of the crucial steps in 
heterogeneous photocatalysis processes is adsorp-
tion. A significant factor impacting photodegrada-
tion effectiveness is the adsorption of pollutants on 
the material’s surface. The rate of photocatalytic 

breakdown may be accelerated by the high adsorp-
tion capacity of the photocatalyst (Kusiak-Nejman 
et al., 2021). Numerous studies have examined the 
claim that too-broad band gaps in a single semicon-
ductor photocatalytic material result in lower photo-
catalytic performance. They, therefore, have limited 
light absorption and poor redox capabilities, which 
cause photogenerated electron-hole pairs to recom-
bine quickly and reduce their photocatalytic effica-
cy (Dutta et al., 2023). The polymer’s sustainabili-
ty, bio-restorability, and environmental friendliness 
not only support the need for a good photocatalyst 
but also increase the nanocomposite’s capacity for 
adsorption and degradation (Sudhaik et al., 2023). 
Photo-catalysis is an adventitious technique over 
other techniques. Biological processes such as pre-
cipitation, coagulation, flocculation, ion exchange, 
membrane filtration, and reverse osmosis are a few 
examples of water remediation techniques that have 
been developed for the removal of contaminants, 
including organic pollutants. Acids, phosphates, 
hazardous heavy metals, nitrates, colors, etc. There 
are certain drawbacks to these procedures, such as 
their low removal effectiveness, cost inefficiency, 
length of time required, significant creation of sew-
age sludge, small-scale applicability, and generation 
of harmful by-products that accumulate in the en-
vironment (Hasija et al., 2019). The up-conversion 
is also impacted by various heteroatoms, doping, 
and other surface conditions (Sudhaik et al., 2022). 
The two reaction sites must be kept apart to prevent 
reverse reactions. Co-catalysts, both metal- and 
non-metal-based, can be used to boost the number 
of active sites for photocatalytic reactions as well 
as trap-free carriers. Although several studies have 
reported pyro-metallurgical to hydrometallurgical 
processes to recover metal values from e-waste, 
the hydrometallurgical route has been noted as the 
most advantageous because it is more predictable, 
uses low temperatures, and requires less invest-
ment to be implemented. One of the most crucial 
and difficult tasks is to create a highly efficient and 
selective metallic leaching method that may result 
in less complex leaching solutions prepared for 
post-leaching metal ion recovery. It should be high-
lighted that even though the leaching processes are 
an essential part of the metal recovery procedures, 
the approaches used are largely empirical, and only 
a small number of papers have examined the pro-
cesses from a thermodynamic point of view prior to 
their use. The development of successful process-
es can be based on the design of these procedures 
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based on a thermodynamic analysis, which also 
decreases the amount of resources needed for re-
search —a crucial topic for real-world applications 
(Barragan et al., 2021).

The novelty of this work is that it successful-
ly encapsulates silver sulfide QDs using chitosan 
and uses the synthesized samples for environmen-
tal applications. By degrading 92% of the harmful 
methylene blue (ME) dye, which is also harmful 
to humans and the environment, we have succeed-
ed in achieving our goal. Chitosan is a non-toxic, 
biodegradable, and biocompatible material that can 
be used to encapsulate a range of active substances 
with potential applications. We have also made an 
effort to look into how the polymer chitosan affects 
applications like color deterioration by photo-catal-
ysis as well as structural, morphological, and other 
aspects. The synthesized silver sulfide QDs were 
characterized using XRD, UV, Fourier-transform 
infrared (FTIR), High-resolution transmission elec-
tron microscopy (HRTEM), and Energy-dispersive 
X-ray spectroscopy(EDX). Results from the photo-
degradation of the ME dye in this experiment were 
quite encouraging (Li et al., 2008).

2. METHOD

2.1. Synthesis of chitosan encapsulated 
silver sulfide QDs

The creation of chitosan-encapsulated silver sulfide 
QDs requires two steps. We initially created silver 
sulfide QDs, and then, in a subsequent phase, chi-
tosan was used to encapsulate the created silver sul-
fide QDs. Then the collected samples undergo char-
acterization like XRD, HR-TEM, EDX, and FTIR. 
For crystallite size, XRD is used. HR-TEM is used 
to calculate the average particle size of synthesized 
silver sulfide QDs. EDX and FTIR are used for con-
firmation of composition and functional groups.

2.2. Synthesis of silver sulfide QDs

First, wet chemistry was used to create silver sul-
fide QDs (Sharma et al., 2023). 1 ml of ethylene 
glycol was added after 1 g of AgNO3 had been 
dissolved in distilled water. The mixture is then 
heated to 65°C while being constantly stirred. Af-
ter that, ammonia was gradually added while being 
heated and stirred continuously to achieve a pH of 
10. The solution was then gradually supplemented 
with various volumes of 1% 3-MPA (1, 3, 5, 7, and 

9 ml) while being continuously stirred. The solu-
tions were then stirred and heated for 2.5 h under 
ideal circumstances. The samples were given time 
to cool after 2.5 h for 4-5 h. The samples that were 
obtained were dark brown. The samples were then 
cleaned with distilled water and centrifuged five 
times at a speed of 2000 rpm. After being collected 
in a petri dish, the samples were dried for 3days at 
50°C until they were no longer dry.

2.3. Formulation of silver sulfide QDs 
encapsulated chitosan

Then, for the next 5-7 min, at a temperature of 
20‑30°C, 100 ml of chitosan solution (0.02 g of 
granules dissolved in 100 ml of 1% (w/v) acetic 
acid solution) was added to synthesized silver sul-
fide QDs (El-Khawaga et al., 2020). Samples were 
placed on a shaker, left to shake for 24 h, and then 
collected. A sample reduced with 1 ml of 3-MPA 
is labelled as Chit AG (1). A sample reduced with 
3 ml of 3-MPA is labelled as Chit AG (2). A sample 
reduced with 5 ml of 3-MPA is labelled as Chit AG 
(3). A sample reduced with 7 ml of 3-MPA is la-
belled as Chit AG (4). A sample reduced with 9 ml 
of 3-MPA is labelled as Chit AG (5).

2.4. Instrumentation

In the lab at I.I.T. Ropar, data from an X-ray dif-
fractometer (XRD) were recorded. The vertical the-
ta-theta range was employed to record XRD data 
in the 2 = 20°-80° range. The rapid solid-state de-
tector-equipped CuK radiation, with K = 1.5418, 
was employed. In P.U. Chandigarh, researchers em-
ployed HR-TEM (model: JEM2100 PLUS Electron 
Microscope by JEOL Company) to examine the re-
alistic images of the manufactured samples. 200 kV 
was the HR-scanning TEM’s voltage range. To 
identify the functional groups contained in the syn-
thesized sample at I.I.T. Ropar, Fourier transform 
infrared (FTIR; model: Perkin Elmer) spectroscopy 
was performed. To determine the true composition 
of the synthesized sample at I.I.T. Ropar, EDX was 
performed.

2.5. Photocatalytic activity

The synthesized samples’ photocatalytic activity 
was assessed. To determine whether manufactured 
materials had any photocatalytic activity, the deg-
radation of the ME dye was investigated at pH 8-10. 
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On the synthesized samples exposed to sunlight, a 
small modification to the previously outlined tech-
nique was applied (Orooji et al., 2020). Initially, 
10  mg/L dye solutions were made. 100 ml of the 
dye solution was then added to the beaker. First, dye 
solutions containing 10 mg/L were created. Follow-
ing this, 100 ml of dye solution was poured into a 
beaker, and 5 ml of each sample of Chit AG (1), Chit 
AG (2), Chit AG (3), Chit AG (4), and Chit AG (5) 
were added individually and continuously stirred 
while exposed to sunlight. 5 mL of suspension were 
collected at regular 15-min intervals throughout the 
irradiation. Afterwards, to separate the photocata-
lyst from the solution, the solution was centrifuged 
at 10,000 rpm for 5 min. Using a UV-visible spec-
trophotometer, the absorption spectra were then 
measured to determine if the encapsulated silver 
sulfide QDs were degrading the dye or not. Equa-
tion 1, in which Co represents the starting dye con-
centration and Ct represents the dye concentration 
at various irradiation durations, was used to calcu-
late the percentage of dye degradation.

Photocatalytic degradation (%) = C0 – Ct  . . . . . . .        (1)
	 C0

3. RESULTS AND DISCUSSIONS

3.1. XRD analysis

The average crystallite size of Chit AG (1), Chit AG 
(2), Chit AG (3), Chit AG (4), and Chit AG (5) lies 
in the range of 8-12 nm. The average crystallite size 
of the synthesized samples decreased with the in-
creased amount of 3-MPA. The obtained crystallite 
size, d-spacing, strain, and dislocation density of 
QDs are illustrated in Table 1, given below12 nm is 
the highest reported crystallite size of the synthe-
sized samples, and 8 nm is the minimum crystallite 
size of the synthesised samples, as shown in Table 
1. Figure 1 represents the XRD peaks of the syn-
thesized samples. Crystallite size is calculated by 
the Scherrer formula, which is given in equation 2 
(Muniz et al., 2016):

D = Kλ / (β cos θ) . . . . . . . . . . . . . . . . . . . . . . . .                         (2)

The obtained results are in good correlation 
with the literature (Magesh et al., 2018). Values of 
h, k, l (miller indices) are according to the literature 
(Alshehri et al., 2020). 

Quantum dots Crystallitesize 
(D) nm d-Spacing(d) nm Strain Dislocation density 

(d) (nm^2)

Chit AG (1) 8 1.549 0.00575 95.26

Chit AG (2) 9 1.895 0.00470 112.73

Chit AG (3) 10 2.255 0.00379 135.99

Chit AG (4) 11 2.498 0.00275 161.20

Chit AG (5) 12 2.698 0.00201 190.12

Table 1. Representing the calculated crystallite size, d-spacing, 
strain and dislocation density of synthesized samples.

3.2. FTIR spectroscopy analysis

The interaction of silver sulfide QDs encapsulated in 
chitosan was confirmed by the FTIR spectra. Figure 
2 represents the FTIR graphs of Chit AG (1), Chit 
AG (2), Chit AG (3), Chit AG (4), and Chit AG (5). 
The FTIR spectra of non-encapsulated silver sulfide 
QDs vary from those of encapsulated silver sulfide 
QDs (Sharma et al., 2023) because of the absence 
of polymer. The obtained results are in good agree-
ment with the literature. The N-H vibration of the 
chitosan is related to the peak at 1634 cm−1. Addi-
tionally, the C-O in the ether group is at 1071 cm−1, 

while the C-N vibration of the amino group is at 
1416 cm−1 (Khawaga et al., 2020).

Sulphur and silver are showing peaks at 649 
cm−1 and 548 cm−1, respectively.

3.3. EDX analysis

The elemental composition of encapsulated silver sul-
fide QDs encapsulated in chitosan was investigated us-
ing EDX characterization. In the spectrum, the peaks of 
silver (Ag), sulphur (S), carbon (C), nitrogen (N), and 
oxygen (O). Figure 3 represents the EDX of Chit AG (1), 
Chit AG (2), Chit AG (3), Chit AG (4), and Chit AG (5).
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Figure 3a. Representing the EDX of Chit AG (2), Chit AG (3), Chit AG (4), Chit AG (5).

Figure 1. Representing XRD patterns of Chit AG (1), 
Chit AG (2), Chit AG (3), Chit AG (4), Chit AG (5).

Figure 2. Representing the FTIR graphs of Chit AG (1), 
Chit AG (2), Chit AG (3), Chit AG (4), Chit AG (5).
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3.4. HR-TEM analysis

Utilising HR-TEM, particle size and shape were 
studied. The HR-TEM results of the studied 
particles are depicted in the image, and Image J 
software is used to determine particle size. The 
HR-TEM clearly shows that the shape of the par-
ticles is spherical, which corresponds to the lit-
erature (Manikandan & Sathiyabama, 2015). The 
average calculated particle size of Chit AG (1) is 
6 nm. Figure 4 shows the particles of synthesized 
samples.

Figure 4. Representing the HRTEM of Chit AG (1).

4. APPLICATION

4.1. Photocatalytic activity

The action was carried out by the sunlight’s rays. 
The degradation of the dye was evaluated using a 
UV-visible spectrophotometer. ME dye aqueous 
solution was used as a target pollutant to evaluate 
the photocatalytic performance of generated chi-
tosan Ag2S QDs. The ME dye absorbs most fully at 
a wavelength of 664 nm. To calculate the percent-
age of dye degradation, the absorbance spectrum’s 

strength of absorption was employed. After 1 h of 
exposure to sunlight, the degradation efficiencies of 
Chit AG (1), Chit AG (2), Chit AG (3), Chit AG (4), 
and Chit AG (5) are 92%, 67.9%, 48%, 29.8%, and 
11%, respectively. The obtained results are much 
better than the literature (Khawaga et al., 2020). 
10 mg of photocatalyst from each sample was used 
separately to degrade the dye sequentially. The 
highest results of degradation were achieved by 
Chit AG (1). Photocatalytic degradation is direct-
ly proportional to the photocatalyst dose. The in-
formation obtained demonstrated that as particle 
size decreased, degrading efficacy increased (Dodd 
et al., 2006). With decreasing particle size, QD’s 
recombination of the electron-hole pair is signifi-
cantly lowered because of its increased surface 
area-to-volume ratio. The smallest QDs are conse-
quently expected to have stronger photocatalytic 
activity than their bulk constituents. Electrons and 
holes are able to participate in the chemical reac-
tion more quickly by hastening their migration to 
the surface of QDs. Another possibility is that chi-
tosan increases the strength of light absorption and 
dye degradation (Ma et al., 2020). Figure 5 (A, C) 
represents the degradation of dye, and (B,D) rep-
resents the time-dependent graph of photocatalytic 
degradation of samples Chit AG (1) and Chit AG 
(5). Photocatalytic degradation and time-dependent 
graph of sample Chit AG (2) are in supplementary 
file S1, photocatalytic degradation and time-depen-
dent graph of sample Chit AG (3) are in supplemen-
tary file S2, and photocatalytic degradation and 
time-dependent graph of sample Chit AG (4) are in 
supplementary file S3.

4.2. Effect of pH on degradation of ME dye

Due to the effect on the surface charge of the pho-
tocatalyst that affects dye degradation, the pH is 
thought to be the primary parameter in the photo-
catalytic process. Therefore, an effort was made to 
research how pH affects the breakdown of ME at 
pH levels between 8 and 10 (Figure 6), and it was 
changed before adsorption. We also looked into 
photocatalytic degradation in a pH 3 acidic envi-
ronment, where the impact was minimal. We also 
looked into photocatalytic degradation in a pH 3 
acidic environment, where the impact was mini-
mal, so we have not mentioned that in the figure. 
~90% of degradation is achieved at pH 10. The rea-
son might be the increase in hydroxyl ions which is 
boosting adsorption (Vasiljevic et al., 2020).

Figure 3b. Representing the EDX of Chit AG (1),
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Figure 6. Representing the degradation percentage 
of methylene blue by Chit AG (1).

4.3. Mechanism of photocatalytic action 
of degradation of dye

According to certain accounts, radical species cre-
ated during semiconductor photo-excitation are 
the cause of dye degradation. The essential steps 
involved are generally broken out into the sections 
that follow (Mills et al., 1993):

Semiconductor + photons (hv) → e– (CB) + h+ (VB)  .  (1)
h+ + OH – → OH . . . . . . . . . . . . . . . . . . . . . . . . .                          (3)
e– + O2 → O2 . . . . . . . . . . . . . . . . . . . . . . . . . . . .                             (4)
2e– + O2 + H2O → H2O2 . . . . . . . . . . . . . . . . . . .                    (5)
e– + H2O2 → OH + OH–  . . . . . . . . . . . . . . . . . . .                    (6)

Due to an excited electron and hole in the 
semiconductor, the dye is deteriorating. Many 
different semiconductors have been used, and the 

Figure 5. (A,C) representing the degradation of dye and (B,D) representing the time-dependent graph 
of Photocatalytic degradation of samples Chit AG (1) and Chit AG (5).
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bulk of them are used in the nano-state because 
of their improved surface area and positive im-
pact on quantum size (Liu, 2012; Colmenares & 
Luque, 2014; Anpo et al., 1987). As particle size 
decreases, QDs’ increased surface area-to-volume 
ratio leads to a decrease in the recombination of 
the electron-hole pair. The photocatalytic activity 

of the smallest QDs is therefore expected to be 
higher than that of their bulk counterparts. This 
process facilitates the migration of holes and elec-
trons to the QD’s surface, where they can partic-
ipate in the reaction. Figure 7 is representing the 
mechanism of photocatalytic action of degrada-
tion of dye.

Figure 7. Representing the mechanism of photocatalytic action of degradation of dye. 
Modified form of Pant et al., 2019.

5. CONCLUSION

In conclusion, this study successfully produced 
chitosan-encapsulated Ag2S QDs with demon-
strated effectiveness. The synthesis of these QDs 
was confirmed through XRD, HRTEM, FTIR, and 
EDX analyses. Notably, our photocatalytic results 
surpass those reported in the literature. XRD cal-
culations revealed a crystallite size ranging from 8 
to 12 nm for the synthesized samples. FTIR anal-
ysis identified several functional groups present 
in the QDs. Additionally, HRTEM determined the 
particle size to be 6 nm. Our experiment achieved 

remarkable degradation of 92% of ME dye within 
1h, outperforming existing literature results. Nota-
bly, a pH of 9 enabled ~90% breakdown of ME, fur-
ther highlighting the excellent performance of the 
synthesized samples in eliminating toxic dyes from 
the environment. Consequently, the chitosan-coat-
ed QDs hold significant promise as future photocat-
alytic agents.
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