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ABSTRACT: Cadmium sulfide (CdS) quantum dots (QDs) were
homogeneously embedded into chitosan (CTS), denoted as CdS@
CTS, via an in situ hydrothermal method. The intact structure of
the synthesized materials was preserved using freeze-drying. The
materials were characterized using X-ray diffraction (XRD), X-ray
photoelectron spectroscopy, transmission electron microscopy,
high-resolution TEM, scanning TEM, dispersive energy X-ray
(EDX) for elemental analysis and mapping, Fourier transform
infrared spectroscopy, nitrogen adsorption−desorption isotherms,
thermogravimetric analysis, UV−vis spectroscopy, and diffuse
reflectance spectroscopy (DRS). The synthesis procedure offered
CdS QDs of 1−7 nm (average particle size of 3.2 nm). The
functional groups of CTS modulate the in situ growth of CdS QDs
and prevent the agglomeration of CdS QDs, offering homogenous distribution inside CTS. CdS@CTS QDs can also be used for
naked-eye detection of heavy metals with high selectivity toward copper (Cu2+) ions. The mechanism of interactions between Cu2+

ions and CdS@CTS QDs were further studied.

■ INTRODUCTION

Bipolymers such as cellulose and chitin are promising for
several applications.1−5 Chitosan (CTS, with a chemical name
of (1,4)-2-amino-2-deoxy-β-D-glucan) is a natural and
abundant biopolymer.6−10 It is the deacetylated form of chitin
that can be isolated from crustacean shells. It exhibits several
properties such as high biocompatibility, biodegradability, and
mucoadhesive properties. Chitosan biopolymers can be used as
effective templates, supports, or substrates to synthesize several
nanomaterials, including photocatalysts,11 magnetic nano-
particles,12−14 molybdenum vanadate,15 metal−organic frame-
works (MOFs),16−18 and graphene oxide (CTS).19 Chitosan-
based materials enable several applications, e.g., separation,
photocatalysis, biotechnology, and biosensing applica-
tions.10,20−23

Quantum dots (QDs) or semiconductor nanocrystals
(SNCs) exhibited unique optical and electronic properties,
making them distinct from other nanomaterials.24−36 QDs
show good luminescence properties compared to organic and
inorganic nanoparticles.15,37−41 The emission wavelength of
QDs can be modified via the changing in QDs’ particle size or
by selecting a suitable light source for excitation.42−46 QDs
exhibit a narrow, tunable, and symmetric emission spectrum
compared to organic fluorophores.47,48 However, QDs with
small capping agents tend to aggregate or agglomerate. Thus,
large molecules such as biopolymers can be used as stabilizers

and capping agents for QDs. The functional groups in the
biopolymers can interact with target species such as heavy
metal ions offering adsorption and biosensing applications.
Several biomolecules were reported to synthesize QD
bioconjugates.49−52 However, some of these biomolecules
exhibit weak interaction with QDs causing agglomeration or
aggregation during the material’s separation or under storage
as an aqueous solution. Furthermore, preparing these QD
bioconjugates requires complicated procedures and sometimes
lacks high reproducibility. The ability to conjugate QDs into
biopolymer assemblies such as CTS could create several
opportunities for scientific discovery.53−57 The surface
modification of QDs using biopolymers such as CTS improves
the biocompatibility of QDs.58

Herein, cadmium sulfide (CdS) QDs was obtained via the
reaction of sodium sulfide (Na2S) with a Cd-coordinated
chitosan (Cd2+@CTS) solution under stirring at a mild
temperature (90 °C). The prepared material, i.e., CdS@CTS
QDs, was dried via the freeze-drying method. CdS@CTS QDs

Received: March 24, 2022
Accepted: May 17, 2022
Published: June 7, 2022

Articlehttp://pubs.acs.org/journal/acsodf

© 2022 The Authors. Published by
American Chemical Society

21014
https://doi.org/10.1021/acsomega.2c01793

ACS Omega 2022, 7, 21014−21024

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Faisal+K.+Algethami"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ilyes+Saidi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hichem+Ben+Jannet"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="M.+Khairy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Babiker+Y.+Abdulkhair"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Youssef+O.+Al-Ghamdi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Youssef+O.+Al-Ghamdi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hani+Nasser+Abdelhamid"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c01793&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01793?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01793?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01793?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01793?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01793?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/24?ref=pdf
https://pubs.acs.org/toc/acsodf/7/24?ref=pdf
https://pubs.acs.org/toc/acsodf/7/24?ref=pdf
https://pubs.acs.org/toc/acsodf/7/24?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c01793?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


were analyzed using X-ray diffraction (XRD), transmission
electron microscopy (TEM), high-resolution TEM image
(HR-TEM), scanning TEM (STEM), energy-dispersive X-ray
(EDX) analysis/mapping, Fourier transforms infrared (FT-IR)
spectroscopy, X-ray photoelectron spectroscopy (XPS), nitro-
gen adsorption/desorption isotherm, diffuse reflectance spec-
troscopy (DRS), and thermogravimetric analysis (TGA). It
was applied for the chemosensing of heavy metal ions. It
showed higher selectivity toward copper (Cu2+) ions than
other metal ions. The interaction mechanism between CdS@
CTS QDs and Cu2+ ions was supported with experimental data
such as TEM, HR-TEM, STEM, EDX analysis/mapping, DRS,
FT-IR, and XPS.

■ EXPERIMENTAL SECTION

Materials and Methods. Chitosan (CTS, high molecular
weight, N-deacetylation 75%) was purchased from Sigma-
Aldrich (Germany). Cadmium nitrate (Cd(NO3)2), copper
sulfate (CuSO4), zinc nitrate (Zn(NO3)2), calcium nitrate
(Ca(NO3)2), nickel nitrate (Ni(NO3)2), cobalt chloride
(CoCl2), magnesium nitrate (Mg(NO3)2), ferrous sulfate
(FeSO4), sodium chloride (NaCl), potassium chloride (KCl),
sodium sulfide (Na2S·9H2O), and acetic acid (HAc) were
purchased with the highest quality via commercially available
chemicals in the department.
Synthesis of CdS@CTS. CdS@CTS QDs were synthesized

via mild hydrothermal conditions followed by a freeze-drying
procedure. The chitosan solution was prepared via dissolving
chitosan (0.1 g) in H2O (20 mL) containing acetic acid (1 wt
%). Cd(NO3)2 (11 mg) was added to the chitosan solution.
The solution was subjected to continuous stirring for 24 h to
ensure the coordination between Cd2+ ions and the functional
groups of CTS. A fresh solution of Na2S (12 mg, 10 mL H2O)
was added dropwise. A solution of NH4OH (40 wt %) was
added to obtain the solution’s pH of 10. The solution was
stirred at 90 °C until all excess ammonia was evaporated from
the solution before freeze-drying.
Characterization. The X-ray diffraction (XRD) patterns

were performed on a Philips PW1700 diffractometer (Philips,
Netherlands, Cu Kα, operating voltage 40 kV, and current of 40
mA). The size of quantum dots (D) of the nanocrystal was
calculated via Scherrer’s formula, 1:

λ
β θ

=D
0.9
cos (1)

where β, λ, and θ are the diffraction angular width, the
wavelength (λ) = 1.5406 Å, and the diffraction angle,
respectively.
The crystallinity index (CrI) of CTS before and after

coordination with Cd2+ ions are determined using eq 2 as
follows:

=
−

×
I I

I
CrI110 100am

am

110

(2)

I110 is the maximum intensity of the crystalline peak from the
(110) lattice diffraction, and Iam is the intensity of amorphous
diffraction at 2θ = 10.4°.
The transmission electron microscope (TEM) images, HR-

TEM images, STEM images, and energy-dispersive X-ray
(EDX) analysis/mapping were captured using JSM-2100
(JEOL, Japan). FT-IR spectra were taken using a Nicolet
model 6700 spectrophotometer (Thermo Fisher, USA). X-ray
photoelectron spectroscopy (XPS) spectra of CdS@CTS and
Cu-CdS@CTS were recorded using a Thermo Fisher (K-
alpha, Al Kα radiation). The thermogravimetric analysis curves
(TGA, PerkinElmer TGA T60) of CTS, Cd@CTS, CdS@
CTS, and Cu-CdS@CTS were carried out under an air
atmosphere. The UV−visible absorption spectrum of the
CdS@CTS composite was recorded using a UV−vis
spectrophotometer (Cary Eclipse, Agilent). The particle size
was determined via the UV−vis spectrum using the empirical
equation (eq 3).59

λ λ

λ

= × × − × ×

+ × −

− −D (9.8127 10 ) (1.7147 10 )

(1.0064) (194.84)

7
exc

3 3
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2
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D (nm) and λexc (nm) are the particle size and wavelength of
the first excitonic absorption peak.
The optical band gap was calculated using Tauc’s plot (eq

4).

α ν ν= =E h h(eV) ( )2 (4)

The energy (E) in eV was calculated using eq 5.

Figure 1. Schematic representation for the synthesis of CdS@CTS QDs.
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λ
=E(eV)

1240
(nm) (5)

λ is the absorbance wavelength in nm.
Nitrogen adsorption−desorption for CdS@CTS was carried

out using Quantachrom (Model Nova 3200, USA) at −196 °C
using liquid nitrogen (N2). CdS@CTS powder was degassed at
110 °C. The pore size distribution analysis was evaluated using
Barrett−Joyner−Halenda (BJH), density functional theory
(DFT), and Dollimore-Heal (DH). UV−vis diffuse reflectance
spectroscopy (DRS) for CdS, metal salts (CoCl2, Ni(NO3)2,
and CuSO4), and CdS@CTS before and after interactions with
these metal salts were evaluated using the Evolution 220
spectrophotometer (Thermo Fisher Scientific, UK).
Metal Ion Interactions. A stock solution of CdS@CTS

was prepared using a 1 mg/mL concentration. The metal ions
solutions were prepared by dissolving the corresponding metal
salts in distilled water with a concentration of 1000 ppm.
The metal ions interaction for different metal ions was

measured using 1 mL of each metal solution to a solution of
CdS@CTS. The solution of Cu2+ ions (10−300 μL) was
added to 1 mL of CdS@CTS. The UV−Vis absorption was
measured for the prepared solution after 10 min.

■ RESULTS AND DISCUSSION
Materials Synthesis and Characterization. The sche-

matic representation for the synthesis of CdS@CTS is shown
in Figure 1. Cadmium (Cd2+) ions are stirred with CTS for 24
h to ensure the coordination between Cd2+ ions and the
functional groups of CTS, i.e., −OH and −NH2 (Figure 1).
The S2− ions have a molecular volume of about 25 Å3; thus,
they can penetrate easily into Cd-coordinated CTS to react
with Cd2+ forming CdS@CTS (Figure 1). The formed material
was then separated and dried via a freeze-drying method
(Figure 1). The mechanism of the material formation was
further supported using XRD (Figure 2a,b), FT-IR (Figure
2c), and TGA (Figure S1). The material CdS@CTS QDs were
characterized using XRD (Figure 2a,b), XPS (Figure 3), TEM
and HR-TEM images (Figure 4, Figures S2 and S3), STEM
and EDX analysis/mapping (Figure 5), nitrogen adsorption−
desorption isotherm (Figure 6, Figures S4 and S5), TGA
(Figure S1), UV−vis spectroscopy (Figure 7a,b), and DRS
(Figure 7c,d).
The XRD pattern of CTS showed peaks for Bragg’s

diffraction angle (2θ) at 10.4 and 20.1° corresponding to the
Miller index of (020), and (110), respectively, representing
their crystal lattice constant of 8.470 Å and 4.075 Å,
respectively.60,61 The diffraction peaks indicate the high degree
of crystallinity of chitosan. The CrI110 is 62.8% for pure CTS.
The Cd-coordinated CTS shows an insignificant change in the
diffraction pattern of CTS, except for low crystallinity (Figure
2a). After the coordination of Cd2+ ions to the functional
groups of CTS, the crystallinity is dropped significantly,
making it difficult to determine CrI110 precisely. However, the
crystallinity of CdS@CTS after the addition of S2− is
recovered. The CrI110 is 56.8% for Cd@CTS (Figure 2a).
The XRD pattern of CdS@CTS shows peaks at Bragg’s angles
(2θ) = 26.5°, 30.6°, 43.9°, 51.9°, and 52.1°, which can be
indexed as (111), (102), (110), (220), and (311) planes,
respectively, for the hexagonal phase CdS (JCPDS 42-1411,
Figure 2a). The major diffraction peaks correspond to the CdS
phase that matched the simulated XRD pattern for CdS
revealing the successful formation of a hexagonal phase of CdS

on CTS via the in situ biomimetic synthesis method (Figure
1). According to Scherrer’s equation, the average size of the
crystallite CdS@CTS is approximately 3.7 nm (eq 1). The
diffraction peaks’ broadening is due to the small particle size of
CdS QDs. The diffraction peaks of CTS are still present in the
final product of CdS@CTS compared to CdS@CTS
synthesized without freeze-drying (Figure 2b). No extra
peaks except for CdS are observed in Figure 2b. This
observation indicates that drying CdS@CTS via freeze-drying
maintains the crystallinity of CTS in the final product, i.e.,
CdS@CTS compared to the same materials without the freeze-
drying process (Figure 2b).54

Before and after coordination with Cd2+ ions, CTS was
characterized using FT-IR spectra (Figure 2c). The vibrational
peaks in the wavenumber range of 3300−3450 cm−1

corresponding to the stretching vibrations for the functional
groups of hydroxyl, amino, and amide groups showed shifts in
the wavenumber’s values (Table S1). The change in the
wavenumber indicates the strong interaction between the
functional groups of CTS and Cd2+ ions. The peaks at 1256
and 1056 cm−1 are assigned to C−H and C3−O stretching,
respectively (Table S1). The shift in N−H and O−H indicates
that Cd2+ interacted via those functional groups of CTS
(Figure 1). There is no dramatic change in the peak at 1030
cm−1 attributed to C6−O stretching (Table S1). These
changes indicate that N2 and O3 groups interact strongly
with Cd2+ ions, while hydroxyl groups at C6 exhibit little
contribution in these interactions. Based on these observations,
we may infer that the possible spatial sites of Cd2+ and CdS

Figure 2. (a,b) XRD patterns for (a) CTS before and after
coordinating with Cd2+ ions and formation of CdS@CTS and (b)
CdS@CTS with and without freeze-drying and after interaction with
Cu2+ ions for CdS@CTS_Freeze drying, and (c) FT-IR spectra of
CTS, Cd2+@CTS, CdS@CTS, and Cu_CdS@CTS.
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QDs are located near the C2 and C3 of the CTS units. FT-IR
spectra revealed the formation of strong hydrogen bonding
between the CdS QDs and CTS via N2 and O3 groups.62

The interactions within CdS@CTS were further charac-
terized using XPS (Figure 3). XPS elemental survey shows
elements of Cd 3d5, Na 1s, O 1s, S 2p, and C 1s binding
energy (BE) of 409.1 eV, 1077.1 eV, 540.1 eV, 166.1 eV, and
288.1 eV, respectively (Figure 3a). N 1s is overlapped with Cd
3d5/2. However, the overlap between the N 1s and Cd 3d5/2
regions can be resolved with peak fitting. Cl 2p at a binding
energy of 202.1 eV indicates that Na 1s is due to ubiquitous
salt, i.e., NaCl. The C 1s spectrum shows peaks at BEs of 284.8
eV, 286.4 eV, and 289.2 eV, referring to C−C, C−O−C, and
C(N)CO, respectively (Figure 3b). N 1s spectrum shows
peaks at BEs of 404.7 eV and 404.0 eV (Figure 3c). The
analysis of O 1s shows peaks at BEs of 531.6 eV, 535.8 eV, and

536.6 eV corresponding to C−O, CO, and Na KLL Auger,
respectively (Figure 3d). The XPS spectrum for Cd 3d5/2
shows peaks at 404.8 eV and 411.5 eV corresponding to Cd
3d5/2 and Cd 3d3/2, respectively (Figure 3e). The analysis of
Cd 3d confirms the presence of CdS. The small peak at a
binding energy of 410.7 eV is due to the interaction of CdS
and the functional groups of CTS (Figure 3e). The S 2p shows
peaks at 161.1 eV and 162.4 eV assigned to S 2p3/2 and S 2p1/2,
respectively (Figure 3f). The peak at the BE of 168.5 eV is due
to the oxidized S, i.e., SO3

2− or SO4
2− on the external surface of

CdS (Figure 3f). XPS analysis confirms the successful
formation of CdS@CTS with the interaction between the
CdS core and the functional groups of CTS (Figure 3).
TEM and HR-TEM images confirm the presence of

nanocrystals with a particle size of 1−7 nm with clear lattice
fringes due to high crystallinity (Figure 4). TEM images show
a uniform distribution of CdS inside chitosan. The particle size
distribution is shown in Figures S2 and S3, indicating a particle
size of 1−7 nm with an average particle size of 2.6 nm. The
HR-TEM image of CdS@CTS shows lattice fringes with an
interplanar distance of 0.33 nm corresponding to the Miller
index plane (111) (Figure 2a).
STEM image indicates the homogenous distribution of CdS

QDs inside CTS (Figure 5a). The distribution of CdS inside
CTS was further confirmed using EDX analysis and mapping
(Figure 5). The elemental analysis using EDX analysis
confirms the presence of elements C, N, O, Cd, and S (Figure
5b). The elemental distribution of observed elements indicates
that Cd is mainly present near CTS functional groups such as
NH and OH (Figure 5c−h). This observation confirms the

Figure 3. XPS analysis of CdS@CTS before and after interactions with Cu2+ ions, (a) survey, (b) C 1s, (c) N 1s, (d) O 1s, (e) Cd3d5/2, and (f) S
2p.

Figure 4. (a, c) TEM and (b, d) HR-TEM for (a, b) CdS@CTS and
(c, d) Cu_CdS@CTS.
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results of the XRD, XPS, and HR-TEM images. It also
approves that CdS and CTS are a composite, i.e., no mixture.
The surface area and pore size distribution of CdS@CTS

were characterized using a nitrogen adsorption−desorption
isotherm (Figure 6, Figures S4 and S5). The specific surface
area and external surface area are evaluated using Brunauer−
Emmett−Teller (BET, Figure S3) and the t-plot method
(BET, Figure S4). Data show BET and an external specific
surface area of 50 m2/g. The pore size distribution in CdS@
CTS is evaluated using the BJH method (Figure 6b), DH
(Figure 6c), and DFT (Figure 6d). Data analysis indicates the
presence of a pore size of 1.8−11 nm (Figure 6b,d). The
porosity of CdS@CTS is created due to the interparticle
between CdS and CTS. The material’s porosity is improved
using freeze-drying.
Thermal analysis of CTS, Cd@CTS, and CdS@CTS is

evaluated using TGA (Figure S1). TGA thermograms of CTS

show gradual weight loss due to their organic nature, reaching
complete decomposition at 545 °C (Figure S1). Cd-
coordinated CTS offers higher thermal stability with a metal
residual of 5 wt %. The presence of Cd2+ ions in the CTS
improved the thermal stability of CTS. CdS QDs exhibit
further improvement in the thermal stability of CTS. The
thermal decomposition of CTS was shifted toward a higher
temperature by about 60 °C after conjugation with CdS
QDs.62 The TGA thermogram of CdS@CTS shows three
stages of weight loss: (1) about 13% weight loss from room
temperature to 234 °C; (2) 44% weight loss from 250 °C to
464 °C; and (3) 38% weight loss from 464 °C to 526 °C. The
first weight-loss stage referred to the evaporation of physically
adsorbed molecules such as water. The other weight loss steps
are due to the chemisorbed water and residual organics in
CdS@CTS. TGA analysis indicates that Cd-coordinated CTS

Figure 5. (a) STEM image, (b) EDX analysis, and (c−h) EDX mapping of elements (c) merged colored, (d) C, (e) Cd, (f) S, (g) N, and (h) O.

Figure 6. (a) Nitrogen adsorption−desorption isotherm, (b−d) pore
size distribution using (b) BJH, (c) HK, and (d) DFT.

Figure 7. (a−c) UV−vis spectroscopy and (b−d) Tauc’s plot for (a,
b) solution and (c, d) solid samples.
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and CdS@CTS composite exhibited higher thermal stability
than the pure CTS (Figure S1).
Optical Properties of CdS@CTS. The optical properties

of CdS@CTS were evaluated using UV−vis spectroscopy

(Figure 7a,b) and DRS (Figure 7c,d). The UV−vis spectrum
of CdS@CTS was recorded, as shown in Figure 7. The UV−
vis spectrum of the CdS@CTS QDs shows a shoulder
absorption onset at 550 nm (Figure 7a). Based on the

Figure 8. (a, b) color change of CdS@CTS QDs upon interaction with (a) heavy metal ions, and (b) different concentration of Cu2+ ions. (c, d)
UV−vis spectra of CdS@CTS QDs upon interaction with (c) different heavy metals; inset camera image show the solution of CdS@CTS and some
solution of the tested metal salts, different concentrations of Cu2+ ions, and (d) different concentrations of Cu2+ ions.

Figure 9. (a, c, e) DRS spectra and (b, d, f) Tauc’s plots of CdS@CTS before and after interactions with (a, b) Cu2+, (c, d) Ni2+, and (e, f) Co2+

ions and their corresponding salts.
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empirical equation (eq 2), the CdS@CTS nanocrystals have an
average particle size of 3.1 nm, which agrees with the particle
size range obtained from TEM and HR-TEM (Figure 4). The
Kubelka−Munk plot for CdS@CTS using Tauc’s equation is
plotted as (αhν)2 versus hν (Figure 7b). The band gap energy
(Eg) value for CdS@CTS is 2.25 eV (Figure 7b). The optical
properties of CdS with and without CTS were evaluated using
DRS (Figure 7c,d). DRS spectra of CdS and CdS@CTS show
absorbance in the range of 200−570 nm (Figure 7c,d). There
are apparent differences in the case of CdS@CTS compared to
bare CdS. The difference in the DRS is due to the interaction
between CdS and CTS’s functional groups. Tauc’s plot of CdS
and CdS@CTS indicates an optical band gap of 2.47 and 2.30
eV, respectively (Figure 7c,d). CTS decreases the optical band
gap for the core of CdS.
Mechanism of Interactions. CdS@CTS QDs exhibit

good photophysical properties. Thus, they can be used to
detect heavy metal ions. The dispersed solution of CdS@CTS
QDs shows a yellow color (Figure 8a). The color of CdS@
CTS QDs after adding metal ions such as Cu2+, Ca2+, Zn2+,
Mg2+, Ni2+, Fe2+, Co2+, Na+, and K+ was evaluated in Figure 8a.
Except for Cu2+, there are insignificant changes in the
solution’s color of CdS@CTS QDs (Figure 8a). The change
in the yellow color of CdS@CTS QDs upon interaction with
Cu2+ ions indicates the potential of our probe to detect Cu2+

ions using naked eyes (Figure 8b). These observations suggest
the high selectivity of CdS@CTS QDs toward Cu2+ ions
compared to other metal ions (Figure 8c). The absorption
peak of the colored metal salts is also observed (Figure 8c).
The change in the optical properties of CdS@CTS upon
interaction with different can be recorded using UV−vis
spectroscopy (Figure 8d). The color change upon interaction
with Cu2+ ions is speedy and can occur after the complete
addition of the solution of Cu2+ ion (see Movie S1).
The optical properties of CdS@CTS before and after

interaction with color metal salts, i.e., Ni2+, Co2+, and Cu2+, are
evaluated using DRS (Figure 9) of CdS@CTS that was shifted
to 3.2 eV, indicating the strong interaction of the CdS and
Cu2+ ions (Figure 9). This observation can be confirmed by
the color change in the solution of CdS@CTS. Other metal
ions such as Co2+ and Ni2+ show minimal change indicating

that they can only interact with the functional groups of CTS.
Thus, we can claim that CdS@CTS shows selective interaction
with Cu2+ ions.
The mechanism of interactions between CdS@CTS QDs

and Cu2+ ions has been investigated using XRD (Figure 2b),
FT-IR (Figure 2c), XPS (Figure 3, Figure 12), TEM, and HR-
TEM images (Figure 4c,d), STEM, and EDX analysis/
mapping (Figure 13). The XRD pattern of CdS@CTS QDs
after interaction with Cu2+ ions shows the prominent
diffraction peaks of pure CdS@CTS QDs (Figure 2b).
Furthermore, extra peaks at Bragg’s diffraction angles were
also observed corresponding to the diffraction peaks of CuS
(JCPDS no. 79−2321, Figure 2b). This observation indicates
that Cu2+ replaces Cd2+ in CdS@CTS QDs (i.e., formation of
Cu_CdS@CTS) or coordinates to the functional groups of
CTS. There is no dramatic change in the particle size of CdS@
CTS after interaction with Cu2+ ions. TEM and HR-TEM
images show aggregation of quantum dots with particle sizes
less than 10 nm (Figure 4c,d).
The changes in the functional groups of CTS for CdS@CTS

QDs upon interactions with Cu2+ ions (i.e., Cu_CdS@CTS)
are characterized using FT-IR spectroscopy (Figure 2c). Like
the XRD pattern, the FT-IR spectrum for Cu_CdS@CTS
displays the main functional groups of pure CdS@CTS with an
insignificant shift in the vibrational wavenumber (Table S1).
Moreover, extra peaks at wavenumbers of 1331 and 655 cm−1

can be assigned corresponding to Cu−S. Several studies
reported the high affinity of metal ions toward CTS’s
functional groups, i.e., N−H and O−H. An adsorption study
reported that the metal ions of different cations could be
adsorbed on a CTS film following the order of Cu2+ ≫ Hg2+ >
Zn2+ > Cd2+ > Ni2+ > Co2+ ions.63 This observation could
explain the high selectivity of CdS@CTS QDs toward Cu2+

ions.
The XPS analysis of Cu_CdS@CTS is shown in Figure 3.

The data analysis of CdS@CTS before and after interaction
with Cu2+ ions indicates significant changes in the peak fitting.
The analysis of the C 1s spectrum shows peaks at binding
energies of 283.8 eV, 284.9 eV, 286.3 eV, 287.6 V, and 288.6
eV (Figure 3b). The peaks at binding energies of 283.8 eV,
286.3 eV, and 288.6 eV correspond to C−C, C−O−C, and

Figure 10. (a) XPS for Cu 2p, (b) XPS for quantitative elemental analysis, and (c) mechanism of the formation of Cu_CdS@CTS.
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C(N)CO, respectively (Figure 3b). The extra peaks are
due to the interactions with Cu2+ ions that confirm the
interaction between Cu2+ ions and the functional groups of
CTS, i.e., O−H and N−H. The N 1s spectrum shows peaks at
405.2 V, 406.1 eV, and 406.8 eV. No depth conclusion can be
taken from the analysis of N 1s, even the significant change in
the data fitting, due to the overlap between N 1s and Cd 3d.
The analysis of the O 1s spectrum shows a peak at 531.0 eV,
531.9 eV, and 533.2 eV corresponding to C−O → Cd, C−O
→ Cu, and CO, respectively (Figure 3d). Cd 3d5/2 shows
peaks at 405.3 eV, 406.2 eV, 411.8 eV, and 412.8 eV. Cd3d5/2
shows peaks at 405.3 eV and 412.8 eV corresponding to Cd
3d5/2 and Cd 3d3/2 (Figure 3e). The analysis of S 2p shows a
peak at binding energies of 161.9 eV and 163.3 eV
corresponding to S 2p3/2 and S 2p1/2, respectively (Figure
3f). The new peak at 164.6 eV is due to Cu−S. The peak at
168.8 eV is due to SO3

2− or SO4
2− coming from the oxidation

of S2− on the external surface of CdS. This peak is low in the
presence of Cu, indicating that Cu2+ prevents further oxidation
of sulfide on the external surface of CdS. There are significant

peak shifts in XPS spectra indicating the replacement of Cd2+

with Cu2+ and the formation of CuS@CTS.
The presence of Cu in the final product, i.e., Cu_CdS@

CTS, can be confirmed from the XPS spectrum (Figure 10a).64

XPS analysis shows a peak at a binding energy of 933.2 eV
corresponding to Cu 2p (Figure 10a). The XPS spectrum of
Cu 2p shows peaks at binding energies of 932.2 eV and 952.1
eV corresponding to Cu 2p3/2 and Cu 2p1/2, respectively. We
could not observe satellite peaks reported for CuO, indicating
that the present form of Cu is pure CuS.65 The peaks fitting Cu
2p3/2 show three peaks at 932.2 eV, 933.8 eV, and 935.1 eV
corresponding to Cu−S, Cu−O, and Cu−N, respectively. The
chemical analysis of the elements in CdS@CTS and
Cu_CdS@CTS is shown in Figure 10b. The presence of
Na+ ions in CdS@CTS is due to the ion mineralization of
CTS. This makes direct quantitative analysis a tedious task.
Furthermore, there is an overlap between N 1s and Cd 3d.

However, the quantitative analysis ensures the presence of a
high concentration of Cu in Cu_CdS@CTS due to the
replacement with Cd in CdS and the coordination with the

Figure 11. (a) EDX analysis, (b) STEM image, and (c−h) EDX mapping of elements; (c) merged colored, (d) C, (e) N, (f) Cd, (g) S, (h) Cu, and
(i) O.
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functional groups of CTS (Figure 10c). The mechanism can be
explained due to the strong binding of Cu2+ onto the surface of
CdS and the functional groups of CTS, resulting in the
formation of CuS on the external surface of the CdS QDs.66

The elemental analysis and mapping for Cu_CdS@CTS are
characterized further using EDX analysis and mapping (Figure
11). EDX analysis (Figure 11a) confirms the presence of Cu,
Cd, and S in Cu_CdS@CTS, which agrees with XPS analysis
data (Figure 10a). The elemental mapping of C, N, S, Cd, and
Cu ensures the well dispersion of Cu_CdS inside CTS (Figure
11c−i). STEM images indicate the homogenous distribution of
Cu_CdS inside CTS frameworks (Figure 11b).
Chitosan offers several advantages of being a suitable

biopolymer to synthesize CdS-based QDs. It formed
complexes with Cd2+ ions via coordination during the in situ
growth of CdS QDs. Chitosan’s functional groups, such as
amino and hydroxyl, serve as influential capping functional
groups for CdS QDs. The viscosity of CTS solution during the
in situ growth of CdS prevents the aggregation and
agglomeration of QDs offering high dispersion of QDs into
the CTS matrix. The functional groups of CTS can be
selectively bound to Cu2+ ions offering selective sensing
compared to other heavy metal ions. CTS plays several roles;
(1) modulator during the in situ growth of CdS QDs; (2)
stabilizer for CdS; and chelator for heavy metal ions with high
selectivity toward Cu2+ ions. The prepared materials, i.e.,
CdS@CTS or Cu_CdS@CTS, seem promising for further
biosensing, photocatalysis, and energy-based applications.

■ CONCLUSIONS
A facile synthesis procedure was reported to synthesize
homogenous dispersed CdS QDs inside CTS. It requires
mild synthesis conditions and is a one-pot synthesis procedure.
The functional groups of biopolymer chitosan CTS were
potential matrices to grow CdS QDs via an in situ approach
with a narrow size distribution (1−7 nm). The synthesized
CdS@CTS exhibits good photophysical properties. Heavy
metal ions (Cd after coordination, formation of CdS, and Cu
after adsorption into CdS@CTS) improved the thermal
properties of pure CTS. CdS@CTS can selectively interact
with Cu2+ ions offering naked-eye detection. The data analysis
provides a comprehensive, in-depth discussion of the
interaction between heavy metal ions and CdS@CTS QDs.
Our results may open new avenues for the material chemistry
of quantum dots and advance the biosensing and analytical
chemistry toward metal ion detection/sensing.
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