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Abstract We report fabrication of stable ZnS nanoparticles (NPs) using a green

chemistry concept with watermelon rind extract as capping and stabilizing agent. The

cubic structure of the NPs was evidenced by X-ray powder diffraction analysis and

electron diffraction studies. Dynamic light scattering and high-resolution transmission

electron microscopy studies revealed that the average size of the ZnS NPs was\12 nm.

The bandgap of the ZnS nanocrystals was found to be 3.42 eV using ultraviolet–visible

(UV–Vis) spectroscopy studies. The energy-dispersive X-ray spectrum of the fabricated

ZnS NPs confirmed the elemental Zn and S signals without peaks from any impurities.

The biomolecular capping of the ZnS NPs was analyzed using Fourier-transform

infrared spectroscopy. An illustrative stabilization mechanism for the ZnS NPs is given

using citrulline, a major phytochemical in watermelon rind extract. The obtained ZnS

NPs showed good photocatalytic activity towards methylene blue dye degradation.
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Introduction

II–VI semiconductor NPs with wide bandgap have been studied due to their wide

use in optoelectronics and catalytic applications [1]. Among II–VI semiconductor

NPs, zinc sulfide (ZnS) is considered an important material due to its structural

stability. In recent years, many methods have been developed to prepare

semiconductor NPs using physical and chemical techniques. Physical methods

such as liquid microwave irradiation [2], reverse micelles [3], chemical vapor

deposition [4], solid–liquid chemical reactions under ultrasound [5], and hydrother-

mal techniques [6] have been used to synthesize ZnS NPs. All these methods utilize/

require toxic chemicals, two or more process steps, and rigorous conditions such as

low/high pressure, high temperature, etc. Synthesizing semiconductor NPs with

uniform size, composition, and surface passivation is very important for any

potential application. Furthermore, stabilizers prevent oxidation of semiconductor

NPs to a greater extent and provide a dielectric barrier at the surface which partially

prevents surface traps. In this regard, different passivating agents (capping ligands),

such as sodium polyphosphate [7], chain thiols [8], long-chain alkyl phosphine

[9, 10], and alkyl phosphine oxides [10], have been used to prevent uncontrollable

growth of nanocrystals and self-aggregation. However, most such capping agents

are toxic in nature. It is very important to note that organic stabilizers with

functional groups make NPs soluble in different solvents and allow further handling.

Considering environmental safety issues, current research is increasingly

focusing on green nanotechnological aspects. Simple, ecofriendly, economic

methods to prepare ZnS NPs with desired phase control and well-defined

morphology are required. The present paper focuses on green synthesis of ZnS

nanocrystals using watermelon rind extract as capping agent. The presence of

pectin, citrulline, cellulose, proteins, and carotenoids in watermelon rind was

evidenced in earlier reports [11–13]. Earlier reports also clarify that watermelon

rind aqueous extract is rich in citrulline, an a-amino acid which resembles a short-

chain ligand with –COOH group at one end and –NH2 group at the other. The same

was used previously for size-controlled synthesis of silver NPs [14]. Similarly,

recent reports revealed successful synthesis of nitrogen-rich activated carbon [15]

and gold NPs [16] using watermelon rind (WR) biomass. This work demonstrates

synthesis of ZnS NPs of controlled size using phytochemicals of watermelon rind

extract for capping, and their application for methylene blue dye degradation.

Experimental

Materials and reagents

The chemicals used for the synthesis of ZnS NPs were zinc acetate [Zn(OAc)2] and

sodium sulfide (Na2S). Methylene blue (C16H18N3SCl) was selected to study the

degradation efficiency of the ZnS NPs. All chemicals used were of analytical grade

and obtained from Sigma-Aldrich.
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Preparation of WR extract

Watermelon rind (WR) was obtained from a local fruit market and washed under tap

water several times followed by double-distilled water. After thorough washing,

WR was cut into small pieces and dried under sunlight for 7 days to remove all

moisture content. Later, the dried WR pieces were washed with hot (70 �C) water to

remove any soluble matter present and dried in an oven at 85 �C for 48 h. The oven-

dried WR was powdered using a conventional mixer, then 1 g of this powder was

added to 100 ml water and heated at 70 �C for 15 min and filtered with Whatman

filter paper. The supernatant solution was used for fabrication of ZnS NPs.

Preparation of ZnS NPs

By mixing 1:1 molar ratio of zinc acetate and sodium sulfide (Na2S) at room

temperature, white precipitate of ZnS was observed. To this ZnS colloid, WR

extract was added, followed by vigorous stirring using a magnetic stirrer for 90 min

at room temperature then centrifugation at 10,000 rpm for 10 min. The product

obtained after discarding the supernatant was dried in an oven at 100 �C for 1 h,

then characterized to understand its optical and surface properties.

Characterization

Absorption spectrum

The absorption spectrum of the WR-capped ZnS was recorded using a JASCO

V-670 double-beam spectrophotometer in the wavelength range of 200–800 nm.

X-ray powder diffraction (XRPD)

Powder XRD analysis of the synthesized ZnS NPs was carried out using a Bruker

D8 Advance diffractometer (with Cu Ka radiation, k = 1.54 Å) equipped with a

Lynx eye detector and b-Ni filter, scanning in the 2h range from 10� to 80� at 0.02�/
min. The instrument was calibrated using lanthanum hexaboride (LaB6) prior to

analysis.

Fourier-transform infrared (FTIR) spectroscopy

FTIR measurements were carried out using a JASCO FT-IR 4100 instrument in

diffuse reflectance mode with resolution of 4 cm-1 in KBr pellet. The FTIR

spectrum of the ZnS NPs was recorded over the range from 4000 to 400 cm-1.

Photoluminescence (PL) spectrum

The photoluminescence emission spectrum of the ZnS NPs was obtained using a

Hitachi F7000 fluorescence spectrophotometer at excitation wavelength of 300 nm.
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Dynamic light scattering

To determine the size distribution profile, the ZnS NPs were subjected to dynamic

light scattering studies using a Beckman Coulter DelsaNano particle size analyzer.

Electron microscopy

To understand the size and morphology of the ZnS nanocrystals, a JEOL JEM

2100F high-resolution transmission electron microscope was used at operating

voltage of 200 kV. The particles were well dispersed using an ultrasonicator and

deposited on Cu grid with ultrathin holey-C film.

Photodegradation of methylene blue

Methylene blue (MB), a water-soluble dye, was tested for photodegradation by ZnS

NPs. Dye degradation studies were carried out in the presence of UV light at

365 nm for a solution containing 30 mg ZnS nanopowder in 30 mL 50 ppm MB

solution. From the reaction mixture, 2 mL of solution was withdrawn every 20 min

to record UV–Vis absorption spectra. The absorbance of the MB samples at

kmax = 665 nm was noted from the spectra. The decrease in absorbance at kmax for

the dye after irradiation for definite time intervals gives the rate of decolorization

and therefore the photodegradation efficiency of the NPs, calculated as

%D ¼ 100 � A0 � Atð Þ=A0½ �;

where t is the irradiation time of the sample, and A0 and At are the initial absorbance

and the absorbance at time t, respectively.

Results and discussion

To understand the performance of semiconductor nanocrystals, study of their optical

absorption is important. UV–Vis absorption spectroscopy is an effective method to

determine the bandgap of NPs. The UV–Vis spectrum of the synthesized ZnS

nanoparticles is shown in Fig. 1; the calculated optical bandgap of the NPs was

around 3.42 eV (Fig. 1b). This bandgap value is lower than the usual value of

3.68 eV for zincblende [17]. The optical bandgap energy and absorption edge

greatly depend on the degree of structural disorder in the lattice [18]. This bandgap

decrease can be ascribed to formation of localized electronic bandgaps within the

forbidden gap due to local bond distortions and defects. A similar energy bandgap

value was reported for zincblende by La Porta et al. [19].

One of the most important optical properties of the ZnS NPs is their

photoluminescence (PL) emission, which depends on the size, shape, and surface

energetic states, which are further influenced by surface passivation [20]. The PL

spectrum of aqueous extract of watermelon rind showed no emission at the
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excitation wavelength. The PL spectrum of the ZnS nanocrystals prepared in

presence of citrulline-rich watermelon rind extract is presented in Fig. S1 (in the

Supporting Information), showing two distinct bands around 340 and 400 nm. From

literature, it can be noticed that the PL of uncapped ZnS NPs shows only a broad

peak between 350 and 550 nm [21]. The strong emission peak at around 340 nm

indicates the presence of dangling bonds of phytochemicals, especially citrulline,

which resembles a short-chain anionic surfactant, with Zn2? in the surface of the

ZnS NPs [20]. This weak interaction between the dangling bonds of citrulline and

point defects on the ZnS NP surface results in a reduced bandgap. The broad, low-

intensity emission peak observed at 400 nm is due to S2- vacancies on the surface

[20].

XRPD analysis was carried out to determine the crystalline nature of the ZnS NPs

mediated by WR extract. The diffraction peaks at 28.65�, 33.15�, 47.56�, 56.44�,
60.67�, and 76.99� correspond to (111), (200), (220), (311), (400), and (331) planes

of cubic ZnS (Fig. 2). The typical broadening of the diffraction peaks is also

observed, implying that the size of the ZnS NPs is very small. The lattice parameters

are in good agreement with Joint Committee on Powder Diffraction Standards

(JCPDS) card no. 03-065-0309, and no characteristic peaks of impurity phases are

observed.

High-resolution transmission electron microscopy studies revealed that the size

of the NPs was \12 nm. HRTEM images at various magnifications are shown in

Fig. 3. Furthermore, their size was confirmed by the particle size analyzer, which

found an average size of around 11.3 nm (see Fig. S2 of Supporting Information).

The selected-area electron diffraction (SAED) pattern of the ZnS NPs showed

concentric rings, indicating polycrystalline nature of the material. These fringes

were indexed to (111), (220), and (311) planes of cubic ZnS phase with

d(111) = 3.11 Å, d(220) = 1.90 Å, and d(311) = 1.62 Å, respectively, confirming

the presence of cubic ZnS. These results are corroborated by the XRD pattern of the

synthesized ZnS NPs.

The energy-dispersive X-ray spectrum of the ZnS NPs is shown in Fig. S3

(Supporting Information). The synthesized product showed clear signals of Zn and

Fig. 1 UV–Vis spectrum of cubic ZnS nanostructure
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S. Other elemental signals including C are possibly due to biomolecules present

within the WR.

The binding of biomolecules onto the ZnS surface was studied using FTIR

spectroscopy, as shown in Fig. 4. The FTIR spectrum of WR-mediated ZnS NPs

showed absorption peaks at 3441 cm-1 corresponding to O–H stretching, dual

bands at 3419 cm-1 corresponding to N–H stretching, and a shoulder peak at

3200 cm-1 corresponding to an overtone of N–H bending vibration of primary

amines. The peaks at 2926 and 2854 cm-1 are attributed to C–H stretching. The

strong absorption peaks at 1631 cm-1 correspond to C–O stretching, and the band at

1568 cm-1 corresponds to N–H bending. C–C stretching was observed at

1402 cm-1, whereas the absorption peaks at around 563 cm-1 correspond to Zn–

S metal bond stretching. In earlier reports, for pure ZnS NPs without any capping,

only peaks for Zn–S and a few moisture peaks could be observed [22, 23]. It is clear

that biomolecular capping of ZnS NPs occurred, possibly due to binding of major

phytochemical components of WR extract. For comparison, the FTIR spectrum of

WR extract is shown in Fig. S4 (Supplementary Information).

From the FTIR and HRTEM analyses, it is clear that WR extract can bind to ZnS

NPs and help to control their size. From the HPLC analysis of WR extract (see

Fig. S5 of Supporting Information), citrulline was the major compound found, being

expected to control the size of the ZnS nanocrystals as shown in Fig. 5. The major

phytochemical citrulline contains carboxylic group at one end and primary amine at

the other. This particular molecule has the ability to bind nanocrystals from both

ends, i.e., carboxylic and amine group, through electrostatic interactions with the

surface of ZnS nanoclusters. FTIR analysis supports these two types of binding onto

the ZnS NPs. Colloids of ZnS nanocrystals obtained by this method were

stable even after 6 months.

Prior to irradiation with UV light, ZnS NPs were submerged in MB dye solution

for 30 min to ensure that adsorption had reached equilibrium, as the dye
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Fig. 2 XRPD pattern of synthesized ZnS nanoparticles
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concentration remained almost constant between 30 and 120 min (see Fig. S6 of

Supplementary Information). Degradation of MB dye by ZnS NPs under UV light

exposure for different time intervals is shown in Fig. 6. The results clearly show that

the absorption maximum of MB dye at 665 nm gradually decreased with increasing

irradiation time. No new absorption peaks appeared in the UV–Vis spectrum during

the whole process. The percentage degradation of MB dye is plotted against

irradiation time in the inset of Fig. 6. It can be seen from the recorded spectra that

MB dye was degraded nearly 86 % in the presence of ZnS NPs within 180 min.

These observations reveal that the synthesized ZnS NPs act as a good photocatalyst.

This degradation is due to rapid formation of electron–hole pairs during

photoexcitation of the ZnS NPs and the negative reduction potential associated

with the excited electrons. This degradation capability is very high when compared

with undoped pure ZnS reported in literature [24, 25]. From literature values, it is

clear that pure ZnS NPs with size\10 nm showed only 63 % degradation of MB

dye under UV irradiation for 300 min [24]. Similarly, Pourahmad [25] reported only

Fig.. 3 HRTEM images of ZnS nanoparticles at various magnifications; inset shows SAED pattern of
ZnS nanoparticles
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Fig. 4 FTIR spectrum of ZnS nanoparticles

O

O

NH

NH2
O

NH2

ZnS
O

O

H
N

H2N

O

NH2

O
O

HN

H2N

O

H2N

O

O

HN

H2N
O

H2N

O O

NH

NH2

O

NH2

O

O

N
H NH2

O

H2N

Fig. 5 Binding of citrulline on the surface of ZnS nanostructures

1336 R. Lakshmipathy et al.

123



45 % degradation after 20 min of irradiation with ZnS, with no further degradation

being observed with increase in time. In the present study with WR-capped ZnS

NPs, 86 % degradation of MB dye was achieved within 180 min. This enhanced

degradation can be attributed to the biomolecular capping of the ZnS NPs. The

reusability of the photocatalyst was tested by repeating the same experiment four

times with the same catalyst. In each cycle, the catalyst was submerged in dye

solution and subjected to UV irradiation. After 3 h, the absorbance of the dye

solution was measured at 665 nm and the degradation percentage calculated. This

recycling test for the ZnS photocatalyst showed 77 % degradation even after the

fifth cycle (see Fig. S7 of Supplementary Information).

The complete mechanism for degradation of MB dye by the ZnS NPs is as

follows: when irradiated with UV light, electrons from the valence band are excited

to the conduction band, thus forming electron–hole pairs at the nanoparticle surface:

ZnS þ ht ! ZnS hþ
VB þ e�CB

� �
: ð1Þ

The formed hole has high oxidative potential and can directly oxidize the dye

molecule into reactive intermediates. However, it is believed that hydroxyl radical

formation is favored during decomposition of water by the hole, as shown in

Eqs. (2) and (3).

ZnS hþ
VB

� �
þ H2O ! Hþ þ OH� ð2Þ

OH� þ dye ! Oxidized products ð3Þ

On the other hand, the negative reduction potential associated with the conduction

band converts molecular oxygen into superoxide radical, which in turns helps to

degrade the organic dye compounds as shown in Eqs. (4) and (5).

Fig. 6 MB dye degradation using ZnS nanoparticles; inset shows percentage degradation against time
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ZnS e�CB

� �
þ O�

2 ! O��
2 ð4Þ

O��
2 þ dye ! Oxidized products ð5Þ

The thus-formed superoxide radical and hydroxyl radical react drastically with dye

molecules to oxidize them to water and carbon dioxide.

Moreover, the effective degradation of MB dye by the phytochemical-capped

ZnS NPs is due to the fact that phytochemicals may serve as an effective host for

dye adsorption, making electron transfer to dye molecules more feasible. Recent

studies with capped NPs for dye degradation revealed that surface passivation of

semiconducting NPs with amino acids and other aromatics resulted in formation of

hydrophobic sites which could enhance the binding efficiency of MB dye onto the

ZnS surface [26–28]. A similar phenomenon is possible in the present case, because

the FTIR and HPLC analyses showed binding of citrulline and other molecules onto

the ZnS NPs, in turn facilitating dye adsorption with simultaneous electron transfer,

resulting in enhanced photocatalytic activity [29].

Conclusions

We report a simple, green method to fabricate and stabilize ZnS NPs. HRTEM

analysis showed that the synthesized NPs were less than 12 nm in size. The NPs

were stable for over 6 months, and the stabilization mechanism is illustrated using

the major phytochemical in watermelon rind, i.e., citrulline. The obtained ZnS

showed a bandgap of 3.42 eV, which is in agreement with other published literature

for cubic zincblende. Thus, the synthesized ZnS NPs showed enhanced photocat-

alytic activity for degrading methylene blue dye.
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