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Abstract: Green chemical approaches for the production of nanomaterials are currently attracted to
research and industry development to minimize the use of hazardous chemicals and reduce industrial
pollution. A green reagent Ocimum sanctum leaf extract was used to synthesize doped and undoped
CdS nanoparticles in this work. The as-synthesized nanoparticles were characterized by using different
characterization techniques such as UV-Vis spectroscopy, XRD, and TEM. The effect of doping on
physicochemical properties was analyzed. Photocatalytic properties of these nanoparticles were
investigated by sunlight-based photodegradation studies of methylene blue dye. The doping of these
green synthesized CdS nanoparticles with heavy metals has improved photocatalytic efficiency over a
given time.

Keywords: CdS nanoparticles; doping; photocatalysis; methylene blue.

© 2021 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative
Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).

1. Introduction

The integration of biochemistry with nanotechnology leads to an interdisciplinary
platform that enhances the probability of controlling adverse effects of toxicity pervaded in
nanomaterials and the environment [1-4]. The unique size-dependent properties of
nanoparticles made them the core components in the current century research arena. Even
though physical and chemical methods were explored for the effective synthesis of
nanomaterials, toxic materials or harmful methods are the major concern for the sustainability
of natural habitat and limiting their efficient utilization in various biomedical applications. To
overcome these issues, bio-encapsulation or bio-reduction of nanoparticles is adopted [5,6] not
just because of reduced utilization of toxic chemicals but also the toxicity of synthesized
nanoparticles. Further, the utilization of leaf extracts greatly reduces the use of potentially toxic
chemicals, cost of production, pollution, and sustainable development.

On the other hand, organic dyes are being extensively produced and used in textile,
paper, cosmetic, pharmaceutical leather, and food industries [7-9]. When released into the
environment, the carcinogenic and toxic dyes, along with industrial wastes, would cause severe
problems to aquatic life. These dyeing effluents were highly stable to light, heat, and oxidizing
agents resulting in weak biodegradability [9]. To circumvent the potential problems of dye
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pollution; nanoparticles were extensively studied as photocatalysts by employing them for the
discoloration of these pollutants [7,10-12]. Several semiconductor photocatalysts such as TiOz,
Sn02, ZnO, NaTaO, ZnS CdS, CdSe, Cdi-xZnxS have been reported, which showed promising
performance in photocatalysis. Among them, CdS NPs are very promising photocatalysts due
to their unique optical and photocatalytic properties. A wide forbidden band of 2.42 eV of CdS
NPs is very desirable for photocatalysis driven by visible light. High specific surface area, high
crystallinity, short bulk to surface diffusion, and exciton stability are some of the advantages
of CdS NPs in visible light-driven photocatalysis. CdS nanoparticles have been widely
explored over the past two decades, mainly because of their quantum size effects and
photocatalytic properties.

Prominent photocatalytic dye degradation reports on the degradation of photocatalytic
dyes have been discussed to emphasize the present study's importance. For instance, Bokare et
al. [13] have synthesized Fe-Ni bimetallic nanoparticles by chemical reduction method. They
performed dye degradation studies over Orange G using the as-synthesized nanoparticles. They
reported that with 3 g/L catalysts and 150 mg/L dye loading, the dye was decolorized within
10 min with a rate constant of 0.087 + 0.02 min™. On the other hand, Joseph et al. [14] have
prepared Ag nanoparticles using B. sensitivum leaf extract as a capping agent in a microwave
oven. The thus prepared samples were reported to exhibit excellent photocatalytic degradation
efficiency over methylene blue and methyl orange. Similarly, the Ravikumar group [15] has
synthesized CuO nanoparticles by using Carica papaya leaves extract as a capping agent.

Their photocatalytic studies over Coomassie brilliant blue under sunlight exhibit ~70%
degradation in 2h. Among the narrow bandgap semiconductors, CdS is one of the widely used
for photocatalytic and antibacterial studies [16,17]. In spite of having a bandgap in the visible
region, it suffers from early recombination of electron-hole pairs and weak stability due to
photo corrosion [18-20]. Various strategies were implemented to attain a practical solution to
improve photocatalytic activity, such as metal ion doping, metal deposition, and compositing
with other materials [7, 21-24]. Among these, metal ion doping can improve photocatalytic
efficiency as it can alter the bandgap [25-27]. For example, Pouretedal et al. [28,29],
synthesized undoped and Mn, Ni, and Cu doped ZnS and CdS nanoparticles by using controlled
precipitation co-precipitation and studied the doping effect on the photocatalytic efficiency of
ZnS and CdS nanoparticles. They have performed dye degradation studies over methylene
blue. Safranin using different doped sulfide nanoparticles with varying doping percentages.
They found that ZnS/CdS's catalytic efficiency depends not only on the dopant alone but also
on the concentration of the dopants. Thus, the photocatalytic performances of ZnS catalysts
reported were in the order ZnS < Zno.9sMno.02S < Zno.94Ni0.04S < Zno.9oCuo.10S. Pandey group
[30] has performed similar studies over ZnS nanoparticles, which shows the contrary results.
They synthesized ZnS nanoparticles by chemical precipitation method using thioglycerol as a
capping agent and doped them with Mn, Ni. Their photocatalytic studies over crystal violet
have revealed that doping ZnS with either Ni or Mn has an adverse effect. However, their
systematic study has revealed that the catalytic performance of nanomaterials is concentration-
dependent. Similar studies by Rajabi et al. [31] on chemically prepared Mn, Ni, Co-doped ZnS
quantum dots show that on doping, methylene violet's degradation time has reduced
considerably compared to undoped ZnS. Chauhan et al. [32], have studied the dye degradation
efficiencies of Fe-doped CdS nanoparticles over methylene blue dye. From their studies on
doping CdS with different amounts of Fe, the catalyst's bandgap has decreased and hence
increased the catalytic efficiency. Recently, the Salam group [33], has synthesized Pt, In203
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doped, and Co-doped CdS nanoparticles using hydrothermal and photo-assisted deposition
methods. The photo decoloration studies over malachite green have proven that doping CdS
would increase its catalytic performance due to a decrease in the bandgap. While 0.5 wt% Pt
doped CdS has decolorized malachite green only 80% in 60 min, the 0.5 wt% Pt, In203 co-
doped CdS reached 100% same time.

The past three decades have seen extensive work on doping chalcogenide NPs with
multiple d-block elements to achieve anticipated changes in electronic, optical, and structural
properties. These doped photocatalytic nanomaterials have improved the efficiency of visible-
light-driven photocatalysis. Among other dopants, noble metal dopants exhibit excellent
photocatalytic efficiencies. Therefore, Ag*, Sn?*, and Pb?* ions were selectively chosen as
dopants in CdS NPs. The ecofriendly and economical synthesis of semiconductor
photocatalytic materials is a promising route from the environment and industrial applications.
A very few reports were available in the literature on the plant extract assisted biosynthesis of
CdS NPs.

In this research paper, we have attempted the synthesis of CdS nanoparticles by a
modified co-precipitation technique using O. Sanctum leaf extract, which acts both as a green
reducer as well as capping agent. It is a safe, non-polluting, and better alternative to
conventional chemical methods. These materials were well characterized by using X-ray
diffraction, transmission electron microscopy, and UV-Vis spectroscopy techniques. These
nanoparticles showed a wide bandgap due to the quantum confinement effect. They showed
moderate photocatalytic activity on methylene blue dye under sunlight. To understand the
doping effect on photocatalytic efficiency, these nanoparticles were doped with Ag*, Sn?*, and
Pb?* ions with varying percentages (% concerning molarity of Cd). Upon doping, the resulting
CdS nanoparticles exhibit improved photocatalytic efficiency due to the narrow bandgap. This
work will help advance current efforts to improve the photocatalysis of CdS NPs by visible
light.

Tulsi (O. Sanctum), the holy herb of the Indian sub-continent, is well known for its
medical and health benefits [34]. In Ayurveda, the traditional holistic medical system of India,
it is considered as a principal herb. It is utilized in treating eye infections, malaria, diarrhea,
arthritis, lung disorders, asthma, bronchitis, etc. It can even inhibit the growth of HIV and
carcinogenic cells [35]. It possesses anticancer [36], antibacterial [37], analgesic, adaptogenic,
diaphoretic [38], hepatoprotective, cardioprotective actions [39] and boosts the immunity
power. The leaf extract of O. Sanctum consists of flavonoids, ursolic acid, eugenol, triterpenes,
polyphenols, etc. [40,41]. These natural biomolecules possess excellent reducing and capping
activities, thus enabling the O. Sanctum leaf extract to synthesize and stabilize nanomaterials
via green chemistry technologies.

2. Materials and Methods
2.1. Materials.

Fresh leaves of Ocimum sanctum were collected from the ANU herbal garden, Acharya
Nagarjuna University. The collected leaves were thoroughly cleaned with distilled water and
further used for leaf extract preparation. Cd(CHsCOO)2, AgNOs, Pb(NOs)2, SnCl> and
Na2Se9H20 (Merck Ltd., India) were used as received.
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2.2. General synthesis of CdS nanomaterials.

The preparation of O. sanctum leaf extract was adopted from the literature procedures
[42]. Initially, 25 g of cleaned leaves were boiled in 100 mL distilled water for 1 h. The cooled
reaction contents were filtered through Whatman filter paper to obtain brownish leaf extract
and stored at 4°C until further usage.

First, 1.33 g of cadmium acetate was dissolved in O. Sanctum leaf extract (35 mL). To
this homogeneous solution, sodium sulfide (0.4 g of sodium sulfide dissolved in 10 mL of O.
Sanctum leaf extract) solution was added dropwise. A color change from brown to bright
yellow was observed during this time, a visual confirmation for CdS nanoparticles' formation.
The resultant solution was stirred for 1 h and centrifuged, washed with plenty of water and
ethanol. The obtained product was dried at 100 °C to get the final CdS nanoparticles. Similar
procedures were followed for the preparation of metal ion-doped CdS nanoparticles except for
the addition of 5 and 10 % (percentage concerning the concentration of Cd*? ion) of SnClx,
Pb(NOs3)2and AgNOsin Cd(CHsCOO):2 solution. A synthetic schematic of doped and undoped
CdS nanoparticles manufactured using the previously prepared leaf extract was depicted in Fig.
1.

N Vg

"\_;._ (’1
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Cd(CH,C00),
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Ag+/Sn2+/Pbz+

Ocimum sanctum leaf Metal ion doped/undoped
extract nanoparticles

Figure 1. Schematic illustration of the synthesis of doped/undoped CdS nanoparticles using Ocimum sanctum
leaf extract.

2.3. Photocatalytic studies.

The degradation of methylene blue dye under sunlight was studied using doped and
undoped CdS nanoparticles as photocatalysts. All photocatalytic experiments were carried
with due precautions under similar conditions on sunny days from 10:30 am to 4:30 pm. Before
performing photocatalytic experiments, 100 mL of dye solution containing 0.1 mg/mL of -
synthesized nanoparticles was stirred constantly for 1 h. The stirring was done in a dark
environment until adsorption/desorption equilibrium was achieved. A 5 mL aliquots were
sampled at equal intervals. The collected aliquots were analyzed by recording absorption
spectra in the range of 500 to 800 nm. The photocatalytic efficiency was calculated by using
the formula:

Co—C; Ap —A;
Photocatalytic ef ficiency (%) = ( c ] X100= ( 3 J X100
o o

Where, Co represents the initial concentration of methylene blue and Ct is the concentration of
dye after time t. Further, Ao is the absorbance of pure methylene blue before photocatalysis
experiments, and At is the absorbance after exposure to sunlight for time t.

2.4. Instrumental methods.

Crystallographic analysis of obtained CdS nanoparticles was acquired on Bruker AXS
model D8 advanced powder X-ray diffractometer ran with Cu-Ka radiation (. = 1.54 A), and
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the diffraction intensities were measured at 20 values from 10 to 100°. The transmission
electron microscopy (TEM) images were recorded using FEI Techni G? S-twin transmission
electron microscopy. It was operated at an accelerating voltage of 200 kV. The Ultraviolet-
Visible (UV-Vis) absorption spectra were recorded on JASCO V-550 (Japan)
spectrophotometer between 200 to 800 nm wavelength range.

3. Results and Discussion

3.1. Structural analysis of doped and undoped nanopatrticles.

The UV-Vis spectral analysis of 5 % and 10 % metal ion-doped and undoped CdS
nanoparticles magnificently synthesized via O. sanctum leaf extract as a bio capping agent was
first utilized to confirm the CdS. Fig. 2(a) shows the absorbance spectra of bio capped CdS
nanoparticles with a broad peak at 453 nm. On doping with metal ions, a slight redshift of this
peak was observed, signifying the bandgap decrease. At the same time, on increasing the
dopant quantity, this shift is prominent, and also a sudden fall in the peak intensity at 230 nm
was observed, indicating the formation of trap states. The UV-Vis absorption at 262 nm can be
ascribed to the biomolecules covered on the nanoparticle’s surface. Tauc’s plots were plotted
from these UV-Vis spectra in order to estimate the bandgap of these materials. Pure CdS
nanoparticles exhibit an electronic bandgap of 2.37 eV, but on doping with metal ions, this
bandgap has reduced, whose values were presented in Table 1. The reduction in the bandgap
was further showed an increment with the percentage of doping. For instance, the bandgap of
2.37 eV of pure CdS NPs was reduced to 2.28 and 2.13 eV on doping with 5 % and 10 % Ag,
respectively. A similar trend was observed in the case of Pb and Sn doping.
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Figure 2. UV-Vis Spectra of O.Sanctum leaf extract capped a) pure, b) pure and Ag-doped, c¢) pure and Pb
doped, d) pure and Sn doped CdS nanoparticles with insets showing Tauc’s plots.

Table 1. The measured band gap values, d-spacing, and crystallite sizes of various doped and undoped CdS
nanoparticles.

Sample Band gap (eV) 20 (degrees) d-spacing (nm) Crystallite size (D in nm)
Cds 2.37 28.23 0.315 1.72
CdS - Pb (5%) 2.30 28.17 0.316 1.60
CdS - Pb (10%) 2.03 27.46 0.324 1.78
CdS - Ag (5%) 2.28 28.04 0.317 2.14
CdS - Ag (10%) 2.13 27.38 0.325 1.91
CdS - Sn (5%) 2.22 28.32 0.314 1.76
CdS - Sn (10%) 2.04 27.55 0.323 1.65
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Structural properties of green synthesized nanoparticles were then characterized using
XRD patterns, as shown in Fig. 3. The X-ray diffractograms of pure CdS nanoparticles
synthesized without leaf extract showed peaks at 26 = 27, 44, and 52° corresponding to (111),
(220) and (311) crystal planes of CdS pertaining to the cubic structure with JCPDS No.65-
2887. In the presence of leaf extract, these peaks have broadened, indicating the decreased size
of formed particles by the effective capping power of biomolecules existing in the leaf extract.
It is observed that with doping Pb?*, Ag* and Sn?*, that there was no key difference in the XRD
patterns; nonetheless, there was a slight left shift on the increment of doping amount indicating
the incorporation of metal ions in lattice planes of CdS. The crystallite sizes tabulated in table

1 were measured with Debye — Scherrer formulas as given below.
0.94

- fcos@
Where, B is the full width at half maximum of peak belonging to (111) plane, 6 is the incident
angle, and A is the wavelength of X-ray.
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Figure 3. XRD patters of a) CdS nanoparticles synthesized with and without leaf extract, b) Pb, c) Ag, d) Sn
doped CdS nanoparticles.

Transmission electron microscopy images of CdS nanoparticles along with Ag, Sn, and
Pb dopants were shown in Fig. 4. TEM images revealed that the particle sizes were ~6 nm.
HR-TEM images of these nanoparticles do not exhibit any considerable changes in the d-
spacing when doped with different metals, which was consistent with those obtained from
XRD. Further, the HR-TEM images showed CdS nanoparticles' clusters; the aggregation into
small clusters could be attributed to the strong intermolecular forces that operate between these
CdS nanoparticles.

https://biointerfaceresearch.com/ 12552


https://doi.org/10.33263/BRIAC115.1254712559
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC115.1254712559

Figure 4. High-resolution transmission electron microscope images of CdS nanoparticles doped with 10% (a, b)
Ag (c, d) Sn (e, f) Pb doped CdS nanoparticles.

3.2. Dye degradation studies.

To understand the influence of doping over photocatalytic ability, these doped and
undoped CdS nanoparticles were tested for photodegradation of methylene blue dye in the
presence of sunlight. Prior to this, the doped and undoped CdS nanoparticles were distributed
in the dye solution and constantly agitated for 1 h in the dark in order to attain the
adsorption/desorption equilibrium of dye with the surface of the catalyst. Fig. 5 depicts the
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temporal absorption spectra of methylene blue taken at regular intervals during photocatalysis
experiments.
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Figure 5. Absorption spectral data presenting photocatalytic degradation of methylene blue by catalysis of a) pure
CdS, ¢) 5% Pb, d) 10 % Pb, €) 5 % Ag, f) 10 % Ag g) 5 % Pb, h) 10 % Pb doped CdS nanoparticles. i) degradation
activity, j) the kinetic data of degradation of methylene blue overdoped and undoped CdS nanoparticles. b)
Pictographs of methylene blue solutions taken during photocatalytic experiments in the that contain undoped and
10 % Pb doped CdS nanoparticles.
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In all the cases, it was observed that the concentration of dye had reduced gradually,
and the absorption peak corresponding to methylene blue has almost disappeared after specific
timings. However, this process was not the same for all the samples. From the
photodecoloration activity of different samples shown in Fig. 5(i), it was clear that the green
synthesized CdS nanoparticles showed profound improvement in photodecoloration on doping
with different metal ions. Also, this enhancement was more on increasing the amounts of metal
ions that were doped. This infers that the insertion of metal ions in the CdS crystal lattice would
enhance the catalytic activity. Bare O. sanctum leaf extract assisted synthesized CdS
nanoparticles showed a photodegradation efficiency of only 94.04 % for 1.5 h. However, on
doping with 5 % of Ag*, Pb?*, Sn?* ions, this efficiency has increased to 95.50, 95.94, 96.49
%, respectively, in 1 h of photocatalysis process. On further increasing the amounts of doping,
there was a drastic improvement in degradation efficiency, reaching ~60 % within 10 min.
Figure 5(j) understood that the photodegradation kinetics follows a pseudo-first-order pathway,
demonstrated by the following equation.

- In (Cd/Co) = kt
where k is the Kkinetic constant, which was observed to be enhanced on doping. Kinetic
constants calculated by the above formula, regression coefficients, and photo degeneration
efficiency of given catalysts over methylene blue dye were detailed in Table 2.

Table 2. Kinetic constant (K), Regression coefficient (R?), and photocatalytic efficiency values calculated for 1
h of the photocatalytic process in the presence of various CdS nanoparticles.

Catalyst K (min%) R? Degradation Efficiency (%)
Cds 0.0306 0.929 69.78
5 % Pb - CdS 0.0518 0.993 95.94
10 % Pb - CdS 0.062 0.961 98.01
5% Ag - CdS 0.0529 0.996 95.50
10 % Ag — CdS 0.0559 0.982 96.78
5% Sn - CdS 0.0565 0.998 96.49
10 % Sn - CdS 0.0588 0.976 97.76
0,
-
ee e e 0.
A 2
>
q) .
2 After doping
1}
Ll.l‘m _________
——
H,0 h* h*h* ht

OH

Figure 6. Schematic presentation of dye degradation mechanism for pure and doped CdS photocatalyst.

Based on the above experimental results, the probable mechanism for the enhanced
photocatalytic activities of overdoped CdS nanoparticles was depicted in Fig. 6 and can be
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explained as follows. On partial entry of Pb, Sn, and/or Ag into the lattice of CdS, they create
an electron donor level in the forbidden bandgap of pure CdS. This resulted in the reduction of
bandgap, which was highly favorable not only for the harvesting of sunlight but also for the
generation of electron-hole pairs [43, 44]. At the same time, it was estimated that these dopant
metal ions could act as trapping sites/sinks of photoinduced electrons, thus reducing the
chances of electron-hole recombination, which was the major concern to be addressed in
photocatalysis. Electron present in the conduction band reaches the catalyst's surface, and this
electron can reduce molecular oxygen to superoxide anion. This will further react with water
to form H202 and finally forming OH* radicals which degrade the organic dye adsorbed on the
catalyst [7,45,46]. The holes present in the valance band can oxidize the adsorbed dye forming
a reactive intermediate and ultimately destroy the dye to simple biodegradable molecules.

Table 3. Comparison of the dye degradation efficiencies reported with our results.

S No | Catalyst preparation Method Catalyst Dye Degradation Efficiency (%) Ref
1 Sonochemical green co- | CdS MB 85.53 36
precipitation
2 Co-precipitation Zn1-xCuxS MB 65 18
3 Co-precipitation Znix MnxS MB 50 18
4 Co-precipitation, reflux Cd1xMxS MB 82 19
5 Chemical precipitation CdixFexS MB 100 % but 3-5 h 22
6 Hydrothermal Ni/Ce doped CdS RB 90 37
7 Green co-precipitation 10 % Ag-CdS MB 96.7 Present work
8 Green co-precipitation 10 % Sn-CdS MB 97.7 Present work
9 Green co-precipitation 10 % Pb-CdS MB 98 Present work

We have compared the dye degradation efficiencies with previously reported results in
Table 3. From table 3, it is clear that our catalysts showed improved dye degradation
efficiencies than the literature that reported similar chalcogenide photocatalysts.

4. Conclusions

To conclude, undoped and Ag*, Sn?*, Pb?" ions doped CdS nanoparticles were
successfully manufactured using Ocimum sanctum leaf extract as a capping and reducing agent.
The present method utilized the biomolecules present in the leaf extract as capping agents, thus
reducing hazardous and costly reagents in the synthetic process. The obtained nanoparticles
were characterized by using UV-Vis spectroscopy, XRD, and TEM techniques. UV-Vis spectra
revealed the change in bandgap on doping with various metal ions. XRD and TEM also
confirmed the change in d-spacing, which signifies the occupancy of dopants in the CdS crystal
lattice. The as-synthesized nanoparticles were employed in photocatalytic degradation of
Methylene Blue dye under sunlight. The doped CdS nanoparticles showed better photocatalytic
efficiencies than the pure CdS nanoparticles. Among them, Pb doped CdS nanoparticles
showed superior photocatalytic efficiency over Sn and Ag-doped CdS nanoparticles. The
photocatalytic efficacies of metal-doped cadmium sulfide nanoparticles were in the order (Pb
>Sn > AgQ).
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