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Octadecyl amine capped cadmium sulfide quantum dots: morphological studies,
electrochemical properties, and its use as photocatalyst for the degradation of methylene
blue dyes
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Scottsville, Pietermaritzburg 3209, South Africa

We present the structural, optical, electrochemical, and photocatalytic studies of octadecyl
amine capped CdS quantum dots (ODA-CdS). TEM micrographs showed CdS quantum
dots with particle sizes of 1.9-5.2 nm. The optical bandgaps of the quantum dots are 2.03,
2.06 and 2.01 eV for ODA-CdS1, ODA-CdS2 and ODA-CdS3 respectively, which was
less than the bandgap of the bulk CdS (2.42 eV). Photo-electrochemical band gaps of 2.60
V for ODA-CdSI1, 2.24 V for ODA-CdS2 and 2.46 V for ODA-CdS3 were obtained from
cyclic voltammetry. The photocatalytic degradation efficiency of methylene blue was 62%
for ODA-CdS1, 80% for ODA-CdS2, 69% for ODA-CdS3.
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1. Introduction

The problem of environmental pollution from industrial waste affects both developing and
developed countries [1]. Most textile dyes waste emanate from processing plants and cause
contamination and eutrophication in water bodies biological system [2] [3]. In recent years, more
environmental standards and regulations have led to the development of several strategies to
remove dyes waste [4, 5]. These include chemical (chlorination, ozonation), physical (adsorption)
and biological (biodegradation) techniques [6-8]. The use of photocatalysis as decontamination
techniques in wastewater treatment has shown excellent results for most dyes [9-11]. The use of
nanocrystals as photocatalysts to remove pollutants such as dyes are being explored [12, 13].
There are two distinct types of photocatalysts for water treatment: Sun oriented photocatalyst and
photocatalytic instruments equipped with ultraviolet (UV) light [14, 15]. Most group II-IV
compound semiconductors such as CdS, CdSe, ZnS, ZnO are studied under UV irradiation with
high-pressure lamps at different wavelengths. CdS semiconductors are the most studied among II-
IV compound semiconductors due to its bandgap (2.42 eV) and size-dependent properties in
relation to their corresponding bulk material [16-18]. The band theory suggests that the valence
and conduction band divide the bandgap with energetic range for semiconductors between 0.7-3.5
eV [19, 20]. Most quantum dots have electronic properties which include electrical conductivity
which depend on the bandgap size [21]. For quantum dots to absorb light, the energy of the light
source must be equal or greater than the bandgap energy (Eg) [22]. Such light absorption is used
for photo degradation of organic pollutants such as dyes [23]. In this study, we report the
structural, optical, and electrochemistry of CdS quantum dots prepared from three dithiocarbamate
single-source precursors. The as-prepared CdS were used as photocatalysts for the degradation of
methylene blue (MB) dye. The optical band gaps and the electrochemical band gaps of the
quantum dots were compared.
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2. Experimental

2.1. Chemicals and solvents

All reagents were purchased from Merck and used as obtained without further purification.
Phenylpiperazine, imidazole, n-hexylanaline, cadmium nitrate tetrahydrate, tetrabutylammonium
hexafluorophosphate, octadecylamine (ODA), oleic acid, methanol, ethanol, acetone, chloroform,
dichloromethane, tetrahydrofuran, dimethyl sulfoxide, diethyl ether, sodium hydroxide,
acetonitrile. The ligands were prepared following literature procedures: Sodium salt of
phenylpiperazine dithiocarbamate ligand (L") [24, 25], sodium salt of imidazole dithiocarbamate
ligand (L) [26], sodium salt of n-hexylaniline dithiocarbamate ligand (L*) [27].

2.2. Synthesis of cadmium(Il) complexes

2.2.1. Synthesis of cadmium(Il) phenylpiperazine dithiocarbamate complex (CI).

Aqueous solution of cadmium nitrate tetrahydrate (3.085 g, 0.01 mol) in 20 mL of water
was added with constant stirring to an aqueous solution of (5.210 g, 0.02 mol) of sodium salt 1-
phenylpiperazine dithiocarbamate ligand dissolved in water. The resulting mixture was stirred at
room temperature for 5 h. The product was filtered and washed with water and then with diethyl
ether and dried under vacuum [24]. Yield: 0.211 g (48 %), Fourier-transform infrared FTIR
(em™): 1505 (vC-N), 999 (vC-S).

2.2.2. Synthesis of cadmium(Il) imidazolyl dithiocarbamate complex (C2).

Imidazole dithiocarbamate ligand (3.324 g, 0.02 mol) was dissolved in 10 mL of distilled
water. Cadmium nitrate (2.3642 g, 0.01 mol) was dissolved in an equivalent amount of water. The
two solutions were mixed and stirred immediately. The reaction occurred at room temperature for
5 h. The resulting product was filtered, washed with deionized water followed by diethyl ether and
dried [25]. Yield: 3.325 g (83 %), FTIR (cm'): 1470 (vC-N), 993 (vC-S).

2.2.3. Synthesis of cadmium(Il) n-hexylaniline dithiocarbamate complex (C3)

Cadmium(Il) n-hexylaniline dithiocarbamate complex was prepared by adding an aqueous
solution of sodium salt of n-hexylaniline dithiocarbamate (0.0583 g, 0.0002 mol) to an aqueous
solution of Cd(NOj3),-4H,0 (0.0308 g, 0.001 mol), the resulting mixture was stirred for 5 h. The
precipitate formed was filtered, washed several times with distilled water and dried under vacuum
[26]. Yield: 0.021 g (37 %), FTIR (KBr, cm™'): 1410 (vC-N), 958 (vC-S). 'H NMR (400 MHZ,
D,0-d°): & (ppm) = CH- protons -0.811 (t, 6H), CH- protons -1.227-1.249 (M, 12H), C-H-protons-
1.634 (3, 4H), C-H- proton- 4.267 (t, 4H), C-H- proton- 7.437-7.446 (t, 4H), C-H- proton- 7.351-
7.377 (t, 4H), C-H- proton- 7.2126 (t, 2 H). 13C NMR (400 MHz, D,0-d6) 6 (ppm): Ca- 1174.27
(C-H), Cb- 173.50 (C-H), Cc- 109.51 (C-H), Cd- 77.51 (C-H), Ce- 72.31 (C-H), Cf- 72.31-73.30
(C-H), Cg- 60.53 (C-H), Ch- 192.92 (C-N), Ci- 175.63 (C-C).2.3.

2.3. Synthesis of CdS quantum dots from Cd(II) dithiocarbamate single source
precursors

Cadmium sulfide quantum dots were thermolysed at three different temperatures, (C1) at
120 °C, (C2) at 180 °C, and (C3) at 220 °C. 250 mg of each complex was dispersed in 6 mL of oleic
acid, the mixture was then added to 3.00 g of hot octadecylamine (ODA). The system was plugged
with nitrogen stirred at 400rp for an hour. The product was cooled to 70 °C, and methanol was
added to remove extra capping agent. The resulting precipitate was separated by centrifugation at
2000 rpm for 30 mins [27].

2.4. Physical measurements

FTIR spectra were recorded on a Carry 630 FTIR spectrometer. Bruker ultra-shield 400
NMR spectrometer using 400.1 MHz for 'H and 100.6 MHz for °C nuclei for proton and carbon
confirmation. Mass spectra were obtained from Shimadzu LCMS-2020. Ultraviolet-visible (UV-
Vis) spectra and photocatalysis of the compounds were confirmed from Perkin Elmer Lambda 35
UV-Vis spectrometer. Powder X-ray diffraction (pXRD) was obtained on Philips PW1830 X-ray
diffractometer. Transmission electron microscope (TEM) micrographs were obtained using the
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Joel 1400 TEM and the high-resolution transmission electron microscope (HRTEM) micrographs
were obtained using the JEOL HRTEM 2100. Scanning electron microscope (SEM) and energy
dispersive spectroscopy (EDS) images were obtained from ZEISS EVO LS 15 SEM. Perkin Elmer
LS 45 fluorescence spectrometer was used for photoluminescence studies while
Potentiostat/Galvanostat was used for electrochemistry.

2.5. Optical and Electrochemical analysis of CdS quantum dots

The optical band gap was obtained from a mixture of 5 mg of nanocrystals in 20 mL of
chloroform and was analysed using a UV-Vis spectrophotometer at room temperature. The cyclic
voltammetry was carried out at room temperature under nitrogen using Auto-Lab
Potentiostat/Galvanostat (with Nova 1.3 software) with 3 electrodes. Ag wire and Pt wire were
used as working, quasi-reference, and counter electrodes. 2 mM solution of the CdS and 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPF6) supporting electrolyte was prepared in N,N-
Dimethylformamide (DMF) [28, 29].

2.6. Photocatalytic study of methylene blue dye

Photocatalytic degradation of methylene blue by the CdS quantum dots on was carried out
using OSRAM VIALOX (65600 Iumens) high-pressure sodium lamp. The quantum dots nano-
photocatalyst was first dispersed in an aliquot of methylene blue solution. The solution with the
catalyst was sonicated for 20 min and further stirred in the dark for 15 min for the solution to be
well dispersed so that the loss of compound due to adsorption can be measured. The mixture was
illuminated for three hours and the photodegradation of the dye was studied by a UV-Vis
spectrophotometer at 660 nm [30, 31].

3. Results and discussion

3.1. Spectroscopic studies of both dithiocarbamate ligands and complexes

Upon careful analysis, the infrared spectra of the ligands and cadmium complexes are
compared. The stretching frequency at 1428 cm™ for C1, 1442 cm™ for C2, and 1550 cm™ for C3
are assigned to the v(C—N) stretching mode in the ligands FTIR spectra, which shifted in the
spectra of the complexes to 1505 cm™ for C1, 1470 cm™ for C2, and 1410 cm ' for C3. This
suggests a single bond order for the C-N attributed to the formation of cadmium(II) complexes and
the delocalization of the dithiocarbamate electrons from the ligands. The N-CSS mode shifted to
higher wave number upon coordination, indicating an increase in the double bond character of the
carbon-nitrogen bond due to electron delocalization to the cadmium core. Two peaks within the
range of 998-1214 cm™ for L', 973-1150 cm™ for L?, and 950-1100 cm™ for L* are assigned
respectively to the symmetric and asymmetric vibrations of v(C-S). The complexes had sharp
single bands at 999 cm™ for C1, 993 cm™' for C2, and 958 cm™ for C3 [32].

'H and “C NMR spectra for l-phenylpiperazine, imidazole, and n-hexylanaline
dithiocarbamate ligand displayed all the expected signals and the chemical shifts. These peaks
confirm the formation of the ligand. These results are comparable with the literature results [33].
The corresponding complexes had poor solubility in almost all the solvent, which made it
impossible to perform any solution based analysis [34]. All the mass spectra for dithiocarbamate
ligands show parent peaks as well as peaks due to molecular ions and the molecular mass of these
ligands.

3.2. Powder X-ray diffraction studies of the CdS quantum dots

Powder XRD diffraction patterns of the octadecylamine capped cadmium sulfide (ODA-
CdS) quantum dots (Fig. 1) exhibited well-diffracted peaks at 20°, 25°, 30°, 45°, and 55°
corresponding to (100), (111), (200), (220), and (311) indices of zinc blende crystal structure of
CdS (JCPDS 75-0581) [35]. All the CdS quantum dots have the same diffraction patterns
irrespective of the precursor used which could be attributed to using the same capping agent for
the preparation. The XRD patterns indicate the as-synthesized CdS quantum dots are almost in
pure cubic zinc blende phase with small traces of hexagonal phase indexed to (#216) structure with
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space group F43m for all the CdS quantum dots [36]. The sharp peaks observed the PXRD
diffractograms confirm the CdS quantum dots have small crystallite sizes.

350 -

§
00 ] q — CDACAST 7 ¥ [—— ODA-Cds2]
A3 .
) - ~
= a 250 - = —
S a0 a a = o
L) S 200
- 2 —
E 200+ g g 1505 g, Q
T e ﬁ ¥ E T
- = 100 o
100 4
50
oly - - - - - - ] ol
20 30 40 50 80 70 80 S0 20 30 40 S0 80 70 80 90
26 20
o)
500 q —— QDA-CdS3
a

Intensity (a.u)

Fig. 1. XRD patterns of the cadmium sulphide quantum dots.

3.3. Microscopy studies of the octadecyl amine capped CdS quantum dots

TEM micrograph of the ODA-CdS quantum dots is presented in Figure 2. The TEM
micrograph of ODA-CdS1 quantum dots (Figure 2a) prepared at 120 °C from cadmium complex of
phenylpiperazine, revealed sphere-shaped monodispersed quantum dots with crystallite size of 1.9-
2.0 nm. The micrograph of the lattice fringes (Figure 2b) showed uniform particles distribution
with a standard deviation of 1.40 nm (histogram fitting Figure 3a) and interplanar distances of 0.30
and 0.32 nm. The selected area diffraction (SAED) patterns (Figure 2c) showed that quantum dots
are crystalline in nature due to bright spots that form rings patterns. TEM micrograph of ODA-
CdS2 quantum dots (Figure 2e¢) prepared from imidazole cadmium(Il) complex showed
spherically shaped particles with some agglomeration with the crystallite size in the range 2.3-4.7
nm. The histogram fitting (Figure 3b) gives mean 0.58 nm with standard deviation of 0.37 nm
which is high compared to the mean due to the wide distribution of the particles. The lattice
fringes (Fig 2e) showed nanopolycrystalline particles with a d-spacing of 0.32 nm. Figure 2(e)
shows SAED of ODA-CdS2 which displayed blurring contrast due to some amorphous layer
ascribed to deposition of capping agent that diminishes the lattice fringes contrast.

TEM micrograph of ODA-CdS3 (Fig. 2g) showed sphere-shaped particles with crystallite
size of 3.22-5.21 nm. Figure 2h shows lattice fringes with random distribution of 1.34 nm
crystalline particles with d-spacing of 2.1 nm, the distribution is evidenced by the histogram fitting
(Fig. 3c) with the standard deviation of 1.3 nm. SAED of the ODA-CdS3 quantum dots (Fig. 21)
displayed a well-differentiated diffraction pattern with tiny bright spots forming rings attributed to
the single quantum dots.
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Fig. 2. TEM micrographs (a, d, and g), lattice fringes (b, e, and g) and SAED (c, f, and i)
of ODA-CdS1, ODA-CdS2 and ODA-CdS3 quantum dots respectfully.
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Fig. 3. Size distribution of ODA-CdS1 (a), ODA-CdS?2 (b), and ODA-CdS3
(c) as-prepared quantum dots.

SEM studied the surface morphology of ODA-CdS quantum dots. The SEM images of
ODA-CdS1 (Fig. 4a) showed a lumpy particle with holes on the surface.
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Fig. 4. SEM micrograph (a, c, and e) and EDS (b, d, and f) spectra of ODA-CdS quantum dots.
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SEM image of ODA-CdS2 (Fig. 4c) shows flaky strew like surface with some lumps and
thin particles with no form or pattern, but it has a uniform distribution. Fig. 4e shows surface
morphology of ODA-CdS3, as wool-like surface morphology with large and small particles
sparsely distributed on the surface. Elemental composition of the nanoparticles obtained from the
EDS as shown in Fig. 4 (b, d, ), shows the presence of C, O, S. Which confirms the preparation of
CdS quantum dot and the C atom that is attributed to the carbon tape used upon analysis.

3.4. Optical studies of cadmium sulfide quantum dots

The absorption, Tauc plot and emission spectra of the ODA-capped CdS quantum dots are
presented in Figure 5. The absorption spectra (Figure 5(a)) showed very sharp peaks at 250 nm for
ODA-CdS1, ODA-CdS2, and ODA-CdS3. The optical absorption revealed that the nanocrystallite
are blue shifted compared to the bulk nanoparticles due to quantum size effect. The fundamental
absorption, which matches the excitation of electrons from occupied band to unoccupied band
regulates the optical band gap size. The Tauc plot (Figure 5(b)) showed the determined energy
band gap values which are deduced from the absorption data of the nanocrystallite, as calculated
using the Brus equation [37]. The known bandgap energy for bulk CdS is 2.41 eV [38], the
bandgap energies of the as-prepared CdS quantum dots are 2.03 eV for ODA-CdS1, 2.06 eV for
ODA-CdS2, and 2.01 eV for ODA-CdS3 respectively. The energy band gap of the CdS quantum
dots is narrow compared to that of the bulk CdS which indicates that the particles are nanosized as
reported previously [39]. The photoluminescence spectra recorded at different excitation
wavelengths showed broad emission maxima. ODA-CdS1 excited at 700 nm showed emission
maximum at 685 nm, ODA-CdS2 excited at 750 nm showed emission peak at 698 nm, and ODA-
CdS3 excited at 750 nm showed emission maximum at 731 nm. Comparison of the emission
maxima and the absorption band edges confirmed that the emission peaks were red shifted. The
increase in emission maxima could be ascribed to both the size and increase surface area [40].
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Fig. 5. The absorption spectra(a), tauc plot (b) and emission spectra (c)for ODA-CdS1,
ODA-CdS2 and ODA-CdS3 excited at 700, 750 and 750 nm respectively.
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3.5. Electrochemical band gap of the octadecylamine capped CdS quantum dots

Cyclic voltammetry (CV) can be used to measure the electrochemical bandgap, which is
the energy gap between the oxidation and reduction peaks. The CV of the ODA capped CdS
quantum dots showed similar features (Fig. 6 (a-c)). The oxidation signals were observed at
approximately ~1-2.5 V while the reduction signal appeared at about ~-0.1 to — 2.5 V. From these
results, the calculated electrochemical band gaps are 2.60 V for ODA-CdS1, 2.24 V for ODA-
CdS2, and 2.46 V for ODA-CdS3 respectively. The electrochemical band gaps are like the optical
band gaps but slightly higher which indicates the quantum dots might be good for charge transfer
applications. Varying the scan rate shows that ODA-CdS1 and ODA-CdS2 have similar oxidation-
reduction characteristics with the reduction potential signal shifting towards the oxidation signal.
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Fig. 6. Cyclic voltammogram of ODA-CdS quantum dots with five different scan rates.

3.6. Photocatalytic decomposition of methylene blue using different catalyst

The photocatalytic gradation of MB by the CdS quantum dots using OSRAM VIALOX
(65600 lumens) high-pressure sodium lamp, which has regular light irradiation settings for
evaluation of solar cell efficiency [34].
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During the degradation of organic dyes, parameter such as dye concentration affect the
decomposition. The absorption spectra of MB after photocatalytic degradation by the CdS
quantum dots are presented in Fig. 7(a). The percentage degradation of MB by the as-prepared
quantum dots are 62% for ODA-CdS1, 80% for ODA-CdS2, and 69% ODA-CdS3 (Fig. 7b).
ODA-CdS2 showed higher decomposition compared to the other CdS quantum dots due to its
higher bandgap. According to the results, the narrower the bandgap the lower the decomposition
activity. The size of the nano-catalyst also plays some role since the decomposition efficiency
depends on the size of the quantum dots. Since quantum dots are small, the transporting distance
of electron-hole from the edges to the surface will as well be limited, as a result it accelerates the
movement rate of charge transporters to the surface to partake in the photocatalytic process.

4. Conclusions

We report the preparation, structural, optical and electrochemical studies of ODA-capped
CdS quantum dots prepared from thermolysis of three cadmium(Il) dithiocarbamate complexes:
cadmium(Il) phenylpiperazine dithiocarbamate, cadmium(Il) imidazolyl dithiocarbamate and
cadmium(II) n-hexylaniline dithiocarbamate. The pXRD patterns of the CdS quantum dots were
indexed to the zinc blende crystalline phase. The morphological studies of the quantum dots
revealed monodispersed spherical particles with crystallite size in the range of 1.92-5.00 nm for
ODA-CdS1, 2.33-4.66 nm for ODA-CdS2, and 3.22-5.21 nm for ODA-CdS3. The optical studies
of the quantum dots showed absorption band edges are blue shifted. The calculated
electrochemical bandgaps are comparable with the optical bandgaps. Photodegradation efficiency
of methylene blue dyes was 62% for ODA-CdS1, 80% for ODA-CdS2, 69% for ODA-CdS3.
ODA-CdS2 had high photocatalytic activity and could potentially be applied in the field of dye
removal.
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