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Abstract: In recent years, biosynthesized zinc oxide nanoparticles (ZnO NPs) have been gaining im-
portance due to their unique properties and tremendous applications. This study aimed to fabricate
ZnO NPs by using extracts from various parts of the traditional medicinal plant Heliotropium indicum
(H. indicum) and evaluate their photocatalytic activity. Further, their potential in photoluminescence
and fluorescence resonance energy transfer (FRET) was assessed. The Ultraviolet-Visible spectrum
exhibited a hypsochromic shifted absorption band between 350–380 nm. Transmission electron
microscopy (TEM) analysis revealed spherical NPs, while X-ray diffraction (XRD) data revealed
wurtzite, hexagonal and crystalline nature. The TEM and XRD consistently determined an average
particle size range from 19 to 53 nm. The photocatalytic degradation reaches a maximum of 95% for
biogenic ZnO NPs by monitoring spectrophotometrically the degradation of methylene blue dye
(λmax = 662.8 nm) under solar irradiation. Photoluminescence analysis revealed differentiated spectra
with high-intensity emission peaks for biogenic ZnO NPs compared with chemically synthesized
ZnO NPs. Eventually, the highest efficiency of FRET (80%) was found in ZnO NPs synthesized
from the leaves. This remains the first report highlighting the multifunctional ZnO NPs capabil-
ities mediated by using H. indicum, which could lead to important potential environmental and
biomedical applications.

Keywords: biosynthesis; zinc oxide nanoparticles; Heliotropium indicum; photocatalysis; photolumi-
nescence; fluorescence resonance energy transfer; methylene blue; biomedical applications

1. Introduction

The synthesis of nanoparticles (NPs) has been considered as the preferred field in
nanotechnology due to their high surface-area-to-volume ratio, size, morphology, catalytic
activity, thermal and electrical conductivity, biological properties, and optical character-
istics compared to bulk materials [1–5]. Metal and metal oxide NPs (MONPs) (e.g., gold,
silver, nickel, copper, magnesium oxide, titanium dioxide (TiO2), copper oxide, and zinc
oxide (ZnO)) play a crucial role in many areas of chemistry, biomedical, and material
science due to their unique physical properties, chemical reactivity, and potential appli-
cations [6–11]. Among MONPs, ZnO NPs are prominent in almost all their applicable
fields, being commonly used in ceramics, electronics, cosmetics, piezoelectric transducers,
chemical sensors, anti-UV additives, and photocatalysts due to their unique optical and
chemical behaviors which can be simply tuned by changing their morphology [3,12–16].
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Moreover, ZnO NPs have tremendous potential in biological applications including biolog-
ical sensing, biological labeling, gene delivery, drug delivery, environmental safety, and
nanomedicines [17–26].

ZnO NPs are becoming increasingly important as optoelectronic material, and the
defects and impurities of these NPs are playing an important role in the semiconductor
industry to develop optoelectronic devices [2,16,18,24,27]. Luminescence is one of the
fastest-growing, and most sensitive, nondestructive techniques that help to understand
point defects including extrinsic and intrinsic defects of semiconductor materials like ZnO,
and TiO2 [13,16,27,28]. ZnO with a wurtzite structure is one of the most promising n-type
semiconductors for short-wavelength optoelectronic applications, displaying excellent
chemical and thermal properties with a wide bandgap of 3.37 eV and high excitation
binding energy of 60 meV at room temperature (RT) [12,14–16]. It has attractive and novel
optoelectronic properties such as high physical and chemical stability, luminescence, and
superior UV emission characteristics at RT than TiO2 [9,15,29,30].

Hence, nanosized semiconductors can act as effective photocatalysts for the degrada-
tion of various environmental pollutants (e.g., pesticides, detergents, dyes, and volatile
organic compounds) in the presence of UV light and Sunlight irradiation [2,14,23,31]. To
date, several methods, such as bio-treatment, incineration, ozonation, and adsorption
processes based on solid adsorbents, have been utilized to treat wastewater containing
pigments or dyes [15,24,32]. However, these methods are quite expensive and produce
toxic non-biodegradable side products. To overcome these drawbacks, ZnO photocatalyst
is used because it is non-toxic, contains a large number of active sites, and also can be used
as a valuable alternative to TiO2 [16,29,32].

Moreover, ZnO NPs are being applied as bright fluorescent markers with enhanced
photostability in fluorescence microscopy, sensor technology, and microarrays due to
the interaction of fluorophores with MONPs, displaying various spectral changes such
as enhancement in luminescence intensity, photostability, and quantum yield [33–35].
Fluorescence resonance energy transfer (FRET), a non-radiative quantum mechanical
process that relies on the distance and energy transfer from an excited state donor to
a ground state acceptor through dipole–dipole interactions [33,35–37], is being widely
used in polymer science, biochemistry, and structural biology [15,35]. The energy transfer
between quantum dots has been investigated broadly to design FRET sensors [38–40].

To the best of our experience, the present study remains the first endeavor that used
biogenic ZnO NPs synthesized from Heliotropium indicum (H. indicum) to investigate the
efficacy of FRET. In FRET, when NPs are in close proximity to fluorophores, quenching
of the luminescence occurs because the non-radiative decay of the excited molecules will
increase due to energy transfer from the dyes to the NPs; conversely, when NPs are located
at a greater distance, enhancement of the luminescence is observed due to a decrease in
non-radiative decay [15,33,35–37]. These effects have been explained by interactions with
surface plasmon resonance in the NPs and fluorophore [15,41].

There are different physical and chemical approaches to synthesize ZnO NPs, which
include hydrothermal, sonochemical, sol–gel, solvothermal, microemulsion methods, direct
precipitation, laser ablation, homogeneous precipitation, reverse micelles, thermal decom-
position, and microwave irradiation [1,3,12,13,31,42,43]. Although these physical/chemical
methods enable the synthesis of large quantities of NPs with different sizes and morpholo-
gies, they require a long reflux time of reaction, as well as eco-toxic and expensive chemicals
(e.g., capping agents, hazardous organic solvents, and byproducts) [12,19,20,25,42]. There-
fore, green synthesis of NPs has gained great demand in recent years due to the synthesis
of NPs with superior morphological, photochemical, photocatalytical and electrochem-
ical properties compared to physio-chemical methods and has become one of the most
preferred methods for synthesizing ZnO NPs [14,26,31,44,45].

Nowadays, various biological resources (e.g., plants, bacteria, algae, fungi) provide
an ideal platform for the eco-friendly biosynthesis of MONPs [12,46,47]. Among the
various approaches to synthesis NPs, plants seem to be the best candidates due to their
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easy availability, low cost, low toxicity, and capacity for large-scale synthesis of stable,
controlled sized and shaped NPs. Moreover, plant extracts naturally act as a reducing,
stabilizing, and capping agent for the synthesis of NPs [7,21,32,48].

To the best of our knowledge, this is the first study reporting the green synthesis and
structural characterizations of ZnO NPs using aqueous extracts of the stems, leaves, and
inflorescences of H. indicum. H. indicum is a common indigenous medicinal plant native
to Sri Lanka. It is widely distributed in tropical and temperate regions, is adding a high
value in folklore medicine due to its significant number of activities, including wound
healing, antimicrobial, antioxidant, cytotoxic, thrombolytic, antitumor, antifertility, anti-
inflammatory, antinociceptive, and diuretic [49–51]. The main constituents of H. indicum
were found to be pyrrolizidine alkaloids (i.e., echinatine, heleurine, lasiocarpine, indicine,
indicine N-oxide, retronicine, cynoglossine, and supinine), and phenolic compounds (i.e.,
terpenoids, tannins, saponins, heliotrine, and quinones) [52–54].

Although H. indicum elicits superior medicinal properties, its pharmacological and
environmental actions are not fully explored. Hence, this study is an attempt for promoting
the use of this plant for biomedical and environmental applications. For this purpose, the
photocatalytic, photoluminescence (PL), and FRET activities of synthesized ZnO NPs were
assessed for sustainable bioremediation.

2. Results and Discussion
2.1. Synthesis, Optimization of Synthesis Parameters, and Characterization of ZnO NPs

With the aid of two major zinc precursor salts; zinc acetate [Zn(CH3COO)2].2H2O and zinc ni-
trate, ZnO NPs can be obtained using physical, chemical, or biological methods [1,12,14,31,43,55].
Among them, physical synthesis techniques such as vapor deposition, ultrasonic, and
plasma irradiation are not cost-effective due to the usage of high-energy and robust
equipment [12,13,42,56]. Therefore, chemical methods such as sol–gel synthesis and co-
precipitation have gained popularity with the use of a metal substrate, a solvent medium
(ethanol, toluene, methanol (MeOH), etc.), a chemical reagent to regulate the pH of the
solution (sodium hydroxide (NaOH)/potassium hydroxide), chemical stabilizers (citrates,
polyvinylpyrrolidone, polyethylene glycols, etc.), and high calcinated temperatures up to
1000 ◦C, used to avoid agglomeration and to control the size of the ZnO NPs [1,14,20,31,42].
Lately, in agreement with the twelve principles of the green chemistry, biological syn-
thesis of NPs introduced to overcome the disadvantages associated with conventional
methods [3,12,19,43]. However, the actual mechanism associated with the formation of
ZnO NPs in the presence of plant phytochemicals is yet to be discovered, and it is consid-
ered that these secondary metabolites behave as the capping material as well as surface
stabilizing agents [3,15,21,25,57]. It has been found that varying different volume ratios
(plant extract to [Zn(CH3COO)2].2H2O with or without NaOH were used to optimize
the synthesis qualities of NPs [14,58,59]. According to literature, biosynthesis of ZnO
NPs with adjusted pH medium gives superior qualities compared to NPs synthesized
through conventional chemical synthesis and without NaOH [14,58,59]. This is because the
synthesis medium and its pH play an important role in morphology, size (decrease NPs ag-
glomeration), and they increase surface area and affect zero-point charge value [2,14,31,45].
Therefore, this study aimed to produce ZnO NPs with enhanced properties using a low-cost
greener method using the H. indicum plant.

Despite the advantages of the green synthesis approach for ZnO NPs, the polydisper-
sity of these NPs remains a challenge [4]. The nature of the plant extract, its concentration,
the concentration of the metal salt, pH, temperature, and reaction time (incubation pe-
riod) have been identified as crucial factors for the biosynthesis of stable monodispersed
NPs [3,12,15,17]. Optimization of these critical parameters could affect the rate of produc-
tion and morphological characteristics of the NPs [14,17,22]. In previous studies, it was
stated that pH 12, temperature of 60 ◦C, reaction time of 2 h, with altered metal concentra-
tion ([Zn(CH3COO)2].2H2O), and amount of plant extract, were used for biosynthesis of
ZnO NPs [3,15,32,46,60]. Thus, the present study aimed to consider a full-scale approach
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for examining the individual influence of these factors in H. indicum extracts-mediated
ZnO NPs synthesis.

UV-Vis (UV-Vis) absorbance spectroscopy was used as the preliminary identification
method to monitor the formation of ZnO NPs in an aqueous solution. To characterize the
optical absorption properties of NPs dispersed in deionized water (DI H2O), pale white
nanopowder obtained from each part of the plant (i.e., stems (HIS), leaves (HIL), and
inflorescences (HIF)) was suspended in an equal amount of DI H2O, and spectrum scans
were performed.

Various concentrations of [Zn(CH3COO)2].2H2O (from 0.01 M to 0.05 M) were used
to optimize the green synthesis of NPs (Figure S1). The dispersion of ZnO NPs was af-
fected by the concentration of [Zn(CH3COO)2].2H2O, which operated as a controller of
nucleation [43]. It was observed that concentrations below 0.01 M [Zn(CH3COO)2].2H2O
led to insufficient yield, and the production of NPs increased with increased metal ion
concentration [4,17]. As per the results obtained, it was noted that when increasing
metal ion concentration from 0.01 M to 0.05 M, the intensity of the peak characteristic
of synthesized NPs, which appeared in the range of 350–400 nm, decreased gradually
resulting in a substantial broadening of peaks. The spectral pattern obtained with ZnO
NPs/HIS (Figure S1a), ZnO NPs/HIL (Figure S1b), and ZnO NPs/HIF (Figure S1c) re-
vealed that the optimum concentration of [Zn(CH3COO)2].2H2O are 0.01 M, 0.02 M, and
0.01 M respectively.

On the same grounds, various concentrations of HIS, HIL, and HIF extracts were
explored for optimum metal ion concentrations (Figure S2). A steady improvement in the
absorption and peak prominence was observed when increasing the extract volume from
0.50 mL to 3.00 mL, and maximum absorption was observed with 1.00 mL of plant extract.
Hence, 1.00 mL was identified as the optimal volume for the synthesis of ZnO NPs from
HIS (Figure S2a), HIL (Figure S2b), and HIF (Figure S2c) extracts.

Other major governing factors in the green synthesis of NPs are the pH, tempera-
ture, and stirring time/incubation period of the reaction mixture. The optimization of
these parameters was determined for HIS-derived NPs synthesis, maintaining 0.01 M
[Zn(CH3COO)2].2H2O and 1 mL plant extract as constant parameters. The experiment was
repeated with HIL and HIF to synthesize NPs by applying pre-determined optimum metal
ion concentration.

Interestingly, it was noted that an increase in pH from 9 to 12 led to an increase in
the absorbance for NPs (Figure S3a). The best spectral absorbance and sharpness were
recorded at pH 12 which was identified as optimum pH for NPs synthesis, confirming liter-
ature data [3,15,32,46,60]. Additionally, it was noted that particle size (PS) increased with
increasing temperature from 50 to 100 ◦C (Figure S3b). PS and wavelength of NPs showed
a direct relationship, and PS increased with increasing temperatures [1,43]. It was stated
that as temperature increases, the peak absorbance wavelength becomes a bathochromic
shift due to decreasing quantum confinement with increasing particle size [61]. Therefore,
a moderate temperature of 60 ◦C was selected as the drying temperature for all green
synthesized NPs.

Eventually, the optimum reaction time for NPs was analyzed by varying the stirring
time (Figure S3c). The increase in absorption did not occur in a time-dependent manner and
the best sharpening of the peak corresponding to the optimal synthesis of ZnO NPs was
observed at 2 h. Additionally, a further 1 hr increase resulted in a substantial broadening
of the peak with scattering, which could be explained by the growth of NPs with different
PS in the reaction mixture [43]. The overall results are in perfect agreement with previous
studies [3,32] related to pH, temperature, and stirring time used for the optimal fabrication
of ZnO NPs.

Once all the crucial parameters for optimal green synthesis of ZnO NPs were deter-
mined (e.g., 0.01 M [Zn(CH3COO)2].2H2O, pH 12, 60 ◦C, 2 h stirring), the experiments were
carried out with 1 mL of each plant part extracts. As shown in Figure 1, the optimum λmax
values corresponding to the absorption peaks of synthetized ZnO NPs/HIS, ZnO NPs/HIL,
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and ZnO NPs/HIF were observed at 364 nm, 368 nm, and 370 nm, respectively. Thereby, the
peak observed at the given wavelength, according to the plant part extract, is characteristic
of the ZnO formation while the confinement in the nanoscale is proved by hypsochromic
shift [3,44,62]. This is in accordance with previous studies reporting that ZnO NPs show a
maximum absorbance wavelength within the range of 300–400 nm [3,15,24,32,63].
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Figure 1. UV-Vis spectra analysis at optimized conditions.

2.2. FTIR Spectroscopic Analysis of Green Synthesized ZnO NPs

To identify functional groups involved in the stabilization of ZnO NPs, Fourier trans-
form infrared (FTIR) spectroscopy was performed ZnO NPs/HIS, ZnO NPs/HIL, and
ZnO NPs/HIF and their respective plant part extracts. The resulting spectra are depicted
in Figure S4. The phytochemicals present in these extracts are considered to provide the
action of capping, and stabilizing agents that aid the formation of ZnO NPs [7,21,32,48].
Substance-specific vibrations of the molecules lead to the specific signals obtained by IR
spectroscopy in the range of 400–4000 cm−1.

Consistently, prominent peaks in all spectra were observed in the wavelength ranges of
3200–3350 cm−1, 1670–1820 cm−1, 1500–1680 cm−1, and 500–600 cm−1 which are attributed
to –OH, C=O, C=C, and C–Br stretching respectively.

The peak at 2100–2260 cm−1 occurred in HIS, and HIL plant extracts are assigned
to the stretching of C≡C. A low-intensity peak correlated with the –OH stretching was
observed in ZnO NPs. In addition to these prominent absorption peaks, characteristic
new peaks in all NPs appeared within the ranges of 2850–3000 cm−1, 2300–2380 cm−1,
1350–1400 cm−1, and 800–1000 cm−1, demonstrating the presence of C–H alkene stretch,
C–N stretch, C–H bending, =C–H bending respectively. The peak in the region between
500–600 cm−1 is allotted to Zn–O stretching vibration of hexagonal ZnO NPs [15,44,64].
ZnO NPs/HIL and ZnO NPs/HIF show miniature peaks in the ranges of 3300–3750 cm−1

and 1500–1650 cm−1 corresponding to the N–H stretch of the amine group and symmetric
stretching of the carbonyl side groups in the amino acid residues of the protein molecules,
respectively [21,23]. The discrete peak obtained in the range of 547–555 cm−1 strongly
depicted the presence of the C–N stretch amine group and C-Br stretch alkyl halide,
respectively [65].

Additional characteristic peaks found in ZnO NPs/HIF could reveal information
about the surface adherence of molecules. The peaks at around 1396 cm−1, 1095 cm−1, and
1041 cm−1 resulted from aromatic amines, and C–N stretch of aliphatic amines respectively.
The peak at 725 cm−1 corresponds to alkanes and supposedly, C-H bend in alkynes [63].
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2.3. Surface Morphology, Particle Size, and Nature of Biosynthesized NPs

To ensure the reliability of the data, scanning electron microscope (SEM), Transmission
electron microscopy (TEM), and X-ray diffraction (XRD) were used to characterize one or
more of key features (e.g., NPs surface morphology, nature, PS). The surface morphology of
the ZnO NPs is commonly studied using SEM, and the topographical analysis is performed
based upon the surface study [15,21,32,56,66]. Synthesized NPs were imaged at different
magnitudes of 25,000× and 50,000×. The SEM micrographs of HI-mediated ZnO NPs are
displayed in Figure 2.
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Closer looks at the images showed some individual crystals and, at the same time,
some of the NPs with agglomeration. Synthesized NPs mostly appeared as quasi-spherical
shaped (Figure 2a,c), and in one case, flower-shaped NPs were also observed (Figure 2b).
Flower-like NP clusters were more likely formed by linking the bases of the crystals with a
roughly spherical shape. The flower shape was highly visible in ZnO NPs/HIL, whereas
spherical NPs were prominent in ZnO NPs/HIS and ZnO NPs/HIF. The cross-sectional
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diameter of biogenic NPs was 89.04 ± 7.54 nm, 93.00 ± 39.47 nm, and 84.05 ± 9.60 nm in
ZnO NPs/HIS, ZnO NPs/HIL, and ZnO NPs/HIF respectively.

Previous studies showed that hexagonal, rod, spherical, spongy, triangle, radial, and
rectangle-shaped ZnO NPs have been commonly obtained through [Zn(CH3COO)2].2H2O
in green synthesis [3,4,15,17,20,67]. However, few reports have indicated the formation of
flower-shaped ZnO NPs [15,32]. Further, some reports suggest that annealing temperature
could affect the morphology of the NPs [1,32].

The XRD analysis was used to examine the crystal phases and the crystallinity of the
synthesized ZnO NPs. XRD spectra of the biosynthesized ZnO NPs from each part of
plant extracts are shown in Figure 3. ZnO NPs exist in two crystallographic forms called
zinc blend and wurtzite. However, at ambient conditions, wurtzite crystal structure is
common [56].
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Figure 3. X-ray diffractograms of biosynthesized ZnO NPs. (a) ZnO NPs/HIS; (b) ZnO NPs/HIL; (c) ZnO NPs/HIF.

According to ICDD data [15,26,68], the main peaks found correspond to Bragg reflec-
tions with 2θ values of 31.75, 34.39, 36.19, 47.57, 56.58, 62.83, 66.28, 67.88, 69.01, 72.47, and
76.81. These Bragg reflections were indexed to (100), (002), (101), (102), (110), (103), (200),
(112), (201), (004), and (202) crystal planes of ZnO hexagonal wurtzite phase structures,
respectively. The location of the peaks was compared to literature values and the presence
of ZnO NPs was confirmed [15,46,62,63]. In the present study, ZnO NPs obtained at 60 ◦C
depict wurtzite structures prominently, but interestingly, peaks responsible for zinc blend
structure are also shown in all the biosynthesized NPs [56].

The ZnO diffraction peaks were well-defined with high intensity and narrow width
which indicates that the resulting biosynthesized ZnO NPs are highly crystalline. The
average crystallite size (D) of ZnO NPs was found to be 31.29 nm, 52.55 nm, and 20.26 nm
in ZnO NPs/HIS, ZnO NPs/HIL, and ZnO NPs/HIF respectively, after being calculated
using Debye–Scherrer’s equation [3,46,67]:

D =
Kλ

β Cosθ

where D represents the crystal size; λ denotes the wavelength of the X-ray radiation, for
CuKα; K is the Scherrer constant, θ defines the Bragg diffraction angle, and β stands for
the Full-Width Half Maximum (FWHM).

As a complementary technique, the morphology, nature, and size of the biosynthesized
ZnO NPs were further assessed by TEM. Analyses of TEM micrographs (Figure 4) revealed
well-distributed spherical-shaped NPs of crystalline nature, and this characteristic can be
explained by the presence of strong surface protecting ligands [14,21]. ZnO NPs exhibited a
size range of 19–53 nm. The average PS was found to be 28.23 ± 14.02 nm, 53.12 ± 16.82 nm
and 19.00 ± 5.36 nm in ZnO NPs/HIS, ZnO NPs/HIL, and ZnO NPs/HIF, respectively.
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The crystallinity and the PS determined by TEM are in good agreement with XRD
data. In TEM analysis, NPs were distributed without aggregation which explained the
smaller and more accurate average PS compared to that of SEM (besides TEM measure the
NPs core radius in diameter).

The specific surface areas (SSA) of NPs were calculated by the Sauter formula [69]:

SSA =
6000

ρ × D

where SSA is the specific surface area, ρ is the density of the synthesised ZnO NPs, and
D is the PS. Thus, SSA of 0.42 m2/g, 0.05 m2/g, and 0.62 m2/g were obtained for ZnO
NPs/HIS, ZnO NPs/HIL, and ZnO NPs/HIF respectively. SSA is prime material property
of NPs and the surfaces of the synthesized NPs are found to be large and hence can facilitate
reactions on surfaces effectively.

2.4. Photocatalytic Activity of the Biosynthesized ZnO NPs

The quick pace of industrial development (e.g., paper, textile, tannery, pharmaceutical,
plastic, and dye), leading to high production of organic pollutants, negatively contributes
to the contamination of groundwater and/or surfaces [2,15,70–73]. Therefore, considerable
attention has been focused on the photocatalytic purification of wastewater using semi-
conductor nanomaterials and the latest advancements of biogenic MONPs are listed in
Table 1. Biogenic MONPs are considered as good photocatalysts due to their high photo-
catalytic efficiency, high physical and chemical stabilities, economic viability, nontoxicity,
and cost-effectiveness [14,15,23,24,74,75].

During the photocatalytic degradation process, when a photocatalyst is exposed to
light which contains stronger energy than its bandgap energy, the electron-hole pair gener-
ated on the surface of the semiconductor diffuses out to the surface and partakes in the
chemical reaction with the electron acceptor, and donor. These free holes and electrons
convert O2 and H2O, adsorbed on the surface of the ZnO nanostructures, into hydroxyl
radicals (•OH), and superoxide radicals (O2

•−). These radicals subsequently act as strong
oxidizing agents for the degradation of dyes [2,15,22,32,71,73,74]. The schematic represen-
tation of methylene blue (MB)photocatalytic degradation in the presence of biosynthesized
ZnO NPs is shown in Figure 5.
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Table 1. Photocatalytic activity of biosynthesized metal oxide nanoparticles (MONPs).

Plant Name Photo-Nanocatalyst Dye Source of Irradiation
Degradation

Efficiency (%) and
Time

Reference

Tephrosia purpurea ZnO NPs Methylene blue (MB) Sunlight 98.86 in 240 min [15]

Phoenix dactylifera ZnO NPs MB UV light 90.5 in 180 min [23]

Carissa edulis ZnO NPs Congo red Photoreactor 97 in 135 min [70]

Lagerstroemia speciosa ZnO NPs Methyl orange (MO) Sunlight 93.5 in 120 min [73]

Eucalyptus globulus ZnO NPs MB and MO UV light 98.3, 50 min and 97 in
60 min [72]

Corriandrum sativum ZnO NPs Anthracene UV light 96 in 240 min [71]

Syzygium cumini ZnO NPs Rhodamine B UV light 98 in 110 min [74]

Rhizoma Coptidis TiO2 NPs MB and Malachite green UV light 71 and 78 in 60 min [11]

Parthenium hysterophorus TiO2 NPs MB, MO, Crystal violet
and Alizarin red Visible light 92.5, 81.5, 79.7 and

77.3 in 360 min [30]

Sugar cane juice CeO2 NPs MB UV light Sunlight 94 and 86 in 180 min [10]

Sugar cane juice SnO2 NPs MB and Rose Bengal sunlight 99.3 and 96.8 in
300 min [76]

Cynometra ramiflora FeO NPs MB Sunlight 98 in 240 min [77]

Banana peel CuO NPs Congo red Sunlight 88 in [8]

Rauvolfia serpentina CuO NPs Trypan blue Sunlight and UV light >90 in 180 min [78]

Cauliflower waste,
Potatoe peel and Pea peel CuO NPs MB Irradiation 96.28 87.37 79.11 in

120 min [75]

Aspalathus linearis NiO NPs MB Sunlight and UV light >50 in 120 min [6]
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Figure 5. Photocatalytic mechanism of biosynthesized ZnO NPs.

In this study, ZnO NP-mediated MB photodegradation was investigated in an aqueous
solution under Sunlight irradiation. The UV-Vis absorbance plots were gathered to monitor
the degradation of the MB dye over time (4 h) at RT by NPs in different physico-chemical
conditions (i.e., by varying catalytic load, MB concentration, and pH) (Figure 6). Further,
it was observed that the MB dye undergoes self-degradation (without the presence of a
catalyst) in a course-time mode under sunlight (Figures 6 and 7a).
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Thereby, the effect of the catalyst load on the photodegradation efficiency of MB was
studied by considering different amounts (i.e., 5, 10, 15, 20, 25, and 40 mg) of ZnO NPs into
50.00 mL of 5 ppm dye solution at pH 6 and RT (Figure 6a). These results demonstrated
that the photodegradation efficiency of ZnO NPs/ HIS increases with an increased amount
of NPs up to 20 mg (0.4 mg/mL). The enhancement of catalytic load led to an increased
number of active sites available on the catalyst surface [15,22,24,71,74]. However, the
photodegradation efficiency decreased when the catalyst load was above 20 mg, due to the
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accumulation and sedimentation of the NPs. Indeed, at the higher catalytic load of NPs,
the NP sedimentation-induced turbidity and opacity of the suspension caused a decrease
in light scattering through the reaction mixture resulting in poor degradation [15,24,74].
Interestingly, any amount of ZnO NPs/HIS was able to increase the degradation of MB
dye compared with the test control (which was kept under Sunlight at pH 6 without the
involvement of ZnO NPs) (Figure 6a).

Moreover, the effect of a fixed amount (20 mg) of ZnO NPs on photocatalytic degrada-
tion of MB was assessed against increased concentrations of the dye (i.e., 5, 10, 15 ppm)
at pH 6, at RT, and under direct sunlight (Figure 6b). Interestingly, HIS-mediated NPs
exhibited higher efficiency of photodegradation at the lowest concentration of the dye (i.e.,
5 ppm). Increasing the initial dye concentration from 5 to 15 ppm caused a decrease in the
efficiency of NP-mediated photocatalytic degradation, demonstrating that such an effect
was dependent on the MB dye concentration. Still, at 15 ppm MB, it is worth mentioning
that the catalyst is more efficient than the control (reaction mixture without ZnO NPs) due
to the production of •OH and O2

•− which accelerate MB photodegradation [2,15,22,24,32].
Since there is a paucity of reports related to the evaluation of the acidity/alkalinity

effect in the reaction mixture, the effect of pH on ZnO NP-mediated photocatalytic degra-
dation of MB was studied at fixed levels of dye (5 ppm) and catalyst (20 mg) by varying
the pH from 2 to 10 at RT (Figure 6c). ZnO NPs tend to dissolve at acidic conditions
(pH 2 and 4) leading to a poor photocatalytic degradation of MB, whereas the highest rate
of MB degradation was obtained in alkaline conditions (pH 8 and 10). According to the
literature, this can be explained based on zero potential charge [14,24,31,74]. Due to the
difficulty in monitoring the reaction at pH 8 and 10, pH 6 was then selected as the medium
of pH to conduct the degradation assay of MB dye.

At the optimized conditions (20 mg catalyst except for control, 5 ppm MB, pH 6, at
RT), the catalytic effect was eventually monitored up to 240 min (Figure 7a–d). As evoked
earlier, compared to the control (Figure 7a), all the biogenic ZnO NPs were able to increase
the photodegradation of the MB dye in a time-dependent manner (Figure 7b–d).

Studies suggest that semiconductor NPs with a radius below 50 nm are most ef-
fective, and this is a critical parameter that affects the lifetime and regeneration of a
nanocatalyst [32]. The different phytochemicals present in HIS, HIL, and HIF produce
semiconducting NPs with different morphologies and sizes, which contributed, to some
extent, in the varying effect of the photodegradation.

The degradation efficiency (%) was calculated using the below-mentioned equa-
tion [14,15,24,32,74]:

Degradation efficiency (%) =
C0 − C

C0
× 100

where C0 is the initial concentration of MB dye solution (mg.L−1) and C, the concentration
of the MB dye solution (mg.L−1) after a certain time of irradiation.

The half-life of the MB dye degradation by biosynthesized NPs was calculated accord-
ing to the previously published literature [15,32]. The plots were generated for the change
of C/C0 and [1 − C/C0]× 100% during the time course (from 0 to 240 min) and the half-life
of the ZnO NP-mediated MB degradation was taken at the crossover point of each plot
(Figure 8).

Importantly, when the MB dye solution was exposed to the sunlight for 240 min
in the presence of the biosynthesized ZnO NPs, the degradation efficiency of MB dye
reached more than 93%. Indeed, the highest degradation (95.1%) was obtained for ZnO
NPs/HIF with a half-lifetime of 100 min, negligibly followed by ZnO NPs/HIS (95.0%)
with a half-lifetime of 97.30 min, and ZnO NPs/HIL (93.1%) with a longer half-lifetime
(135 min).
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Further, obtained degradation efficiencies show a direct relationship with shape,
PS, SSA, and photoluminescence data of ZnO NPs. SSA has particular importance in
adsorption, nano-catalysis and reactions on NPs surfaces [69]. From the obtained results,
HIF-mediated ZnO NPs that show lower PS and higher SSA (0.62 m2/g) and surface
defects (reduce the recombination of electron–hole) indicate that the highest catalytic
degradation facilitates radicals to interact with MB efficiently. Moreover, spherical-shape
NPs (ZnO NPs/HIS and ZnO NPs/HIF) show higher catalytic efficiency than flower-shape
ZnO NPs/HIL. Altogether, these data clearly suggest a strong photostability of ZnO NPs
synthesized from different part extracts of the same plant (Table 2).

Table 2. Green synthesized zinc oxide nanoparticles (ZnO NPs) on methylene blue (MB) photocat-
alytic efficiency and half-lifetime.

ZnO NPs Half-Lifetime (min) Degradation Efficiency (%)

HIS 97.30 95.0
HIL 135.00 93.1
HIF 100.00 95.1

2.5. PL Activity of Synthesized ZnO NPs

The understanding of the incorporation and behavior of naturally occurring intrinsic
defects in ZnO NPs is essential to develop optoelectronic devices [28]. PL spectroscopy
is a sensitive and non-destructive technique, useful to evaluate the quality and physical
parameters of semiconductor materials (i.e., identification of extrinsic and intrinsic point
defects) [13]. The PL study is therefore identified as a useful method for determining the
efficiency of charge carrier separation in semiconductors [15,16,28].

Thereby, PL emission spectra were determined for the biosynthesized ZnO NPs, using
HIL, HIS, and HIF, as capping material and compared to chemically synthesized ZnO
NPs, used as control (Figure 9). Interestingly, the data revealed higher PL intensity for
all biogenic ZnO NPs compared to that of the chemically synthesized ZnO NP-induced
PL (Figure 9). However, the PL emission intensity observed for H. indicum-mediated
ZnO NPs was found to be significantly lower compared with ZnO NPs synthesized from
T. purpurea [15].
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All ZnO NP-induced PL showed three emission peaks centered at 392, 453, and
597 nm when the material was excited at 295 nm (Figure 9). The emission peak at 392
nm is believed to originate from the electron transition from the localized level slightly
below the conduction band to the valence band [1,15]. Additionally, some authors have
reported an emission around 392 nm as near band edge emission [1,55]. Moreover, the
emission peak at 453 nm was attributed to deep level defect states originating from the zinc
interstitials and/or oxygen vacancies [15,23,55]. Indeed, previous studies have reported
that the green emission corresponding to 495–530 nm was due to oxygen deficiencies, zinc
interstices, and structural defects [1,31]. The oxygen required to compensate the singly
ionized oxygen vacancies, responsible for the green emission, could be supplied by the
phytochemical constituents adsorbed by ZnO NPs. Therefore, it cannot be observed in the
PL spectra related to the biogenic NPs. Eventually, the green fluorescence at 597 nm may
have resulted from the quantum confinement effect [15,16].

2.6. FRET Ability of Biosynthesized ZnO NPs

Interaction of NPs with dyes has gained much attention since the optical properties
of a fluorescent molecule can both affect the local electric field surrounding them and
manipulate the radiative and non-radiative decay of fluorescent dyes [35,36,41].

In FRET, two different dyes are used; one (the “donor”) must be fluorescent while the
other (the “acceptor”) could be fluorescent/non-fluorescent. By choosing dyes with the
appropriate spectral characteristics, the donor excited by light can transfer energy to the ac-
ceptor. The efficiency of energy transfer strongly depends on the distance between two dyes
which is approximately 10–75 Å for reasonable energy transfer [33,34,37]. This mechanism
is operated through non-radioactive induced dipole-induced dipole interactions [33,34].
If the amount of energy transfer is known, it is then possible to determine the distance
between donor and acceptor. FRET has wide applications in biochemistry, polymer science,
and structural biology [15,33,35,37]. Among the numerous classes of highly fluorescent
dyes, Fluorescein (Flu) and Rhodamine B (RhB) are attractive due to their excellent pho-
tophysical properties such as high absorption coefficient, high quantum yield, high pho-
tostability, and relatively long emission wavelength [35]. Flu and RhB show maximum
absorbance at around 475 nm and 525 nm with the prominent monomer fluorescence band
around 510 nm and 552 nm, respectively [15,33,41].
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Therefore, the FRET process was conducted using a mixture of two dyes, Flu (donor)
and RhB (acceptor), which both were prepared in MeOH solution in the presence and
absence of the green synthesized ZnO NPs. Then, the fluorescence emission was recorded
and compared with the non-treated dye mixture used as control. The analysis was carried
out at a fixed excitation wavelength of 430 nm which was chosen to excite Flu and avoid
the direct excitation of RhB and ZnO NPs. Therefore, the fluorescence from ZnO NPs could
not affect the FRET process significantly.

As shown in Figure 10, Flu-RhB showed prominent fluorescence enhancement with
an increase in the concentration of ZnO NPs. The FRET efficiency was calculated by using
the following formula (at 1000 µg/mL of NPs) [15,37]:

E = 1 −
(

FAD
FD

)
× 100%

where FAD is the relative fluorescence intensity of the donor in the presence of the acceptor
and FD is the fluorescence intensity of the donor in the absence of the acceptor. ZnO
NPs/HIL showed the best energy transfer efficiency (80%), followed by ZnO NPs/HIF
(70%) and ZnO NPs/HIS (37%) (Figure 10). Compared to that of T. purpurea-mediated ZnO
NPs, the FRET efficiency observed for 1000 mg of ZnO NPs biosynthesized from H. indicum
extracts is significantly low [15].
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To have a solid understanding of FRET, sufficient spectral overlap of the fluores-
cence of Flu and/or RhB with/without HIL-incorporated NPs at the highest concentration
(1000 µg/mL) is depicted in Figure 11. Interestingly, it was noted that the fluorescence
intensities of Flu and RhB increase in the presence of ZnO NPs compared to pure counter-
parts. Further, it can be concluded that RhB fluorescence enhancement was insignificant
compared to donor fluorescence in the presence of ZnO NPs. These data demonstrated
that the fluorescence spectrum of Flu-RhB mixed solution, the fluorescence intensity of
Flu decreases, and RhB fluorescence increases due to the light absorption by Flu molecule
which did transfer the energy to RhB via FRET. Importantly, the biogenic ZnO NPs were
found to display fluorescence enhanced capability and strongly contributed to the energy
transfer process between Flu and RhB most likely by reducing the distance between the
two dyes.
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3. Materials and Methodology
3.1. Chemicals and Reagents

Zinc acetate dihydrate (Anala R grade), and fluorescein were purchased from Sigma-
Aldrich, Mumbai, India. Sodium hydroxide pellet (Anala R grade), hydrochloric acid
(Anala R grade), and methylene blue were purchased from Sisco research laboratories
(Pvt) Ltd., New Mumbai, India. Nylosan rhodamin E-BP300 was purchased from Prym
Intimates Lanka (Pvt) Ltd., Biyagama, Sri Lanka. Methanol (Anala R grade) was obtained
from BDH Industries Ltd., Mumbai, India.

3.2. Instruments

UV-Vis spectrophotometer (U-2910, Hitachi, Tokyo, Japan), FTIR spectrometer (Hori-
zon ABB-MB 3000 ATR FT-IR, Ottawa, ON, Canada), Advance vortex mixture (VELP
Scientifica ZX3, Usmate Velate, Italy), Spectrofluorometer (F-2700 FL Hitachi, Tokyo, Japan),
SEM (Carl Zeiss, Evo, CA, USA), TEM (Hitachi H-600, Tokyo, Japan), XRD (Bruker D8
Advance, Tokyo, Japan), Centrifuge (GEMMYCO, PLC-036H, Shandong, China), Analytical
balance (RADWAG Wagi Electroniczne, AS-220. R2, Radom, Poland), Oven (universal
oven-UN 55, Zwickau, Germany), and pH meter (Jenway, 3510, Mainz, Germany).

3.3. Collection of H. indicum and Preparation of Extracts

The whole plant of H. indicum was collected from different areas of Anuradhapura
district, Kurundankulama, Sri Lanka. A sample of plant material was taxonomically
identified by National Herbarium, Peradeniya, Sri Lanka.

The collected plant materials were cleaned by washing several times with running
water and subsequently with DI H2O. After dividing the plant into parts of interest, i.e.,
HIS, HIL, and HIF, they were dried at RT in shade for 14 days until all moisture was
lost. Then, the parts of the plant were pulverized by a mechanical grinder. The powder
was then stored in an airtight container at RT. For use, 5 g of the finely grounded stems
and inflorescences of H. indicum and 2.5 g of H. indicum leaves were separately added
to 100 mL of DI H2O. The solution was then heated to 40 ◦C with constant stirring for
30 min. The resulting extracts were cooled to RT, filtered using Whatman® Grade 1 filter
(Ansell Lanka (Pvt) Ltd, Biyagama, Sri Lanka) paper to separate the plant material from
the aqueous extract.
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3.4. Optimization of Parameters for ZnO NPs Synthesis

The synthesis conditions were optimized for HIS, HIL, and HIF extracts of the plant
by varying parameters involved in the synthesis (i.e., concentration of metal, volume
of plant extract). Other critical factors (i.e., pH, temperature, and reaction time) were
optimized only for HIS and were considered for other plant part extracts because further
spectrophotometrically obtained data indicated similar detection of pure synthesized NPs.
Thereby, a range of concentrations of [Zn(CH3COO)2].2H2O, varying from 0.01 M to
0.05 M, was used as substrate. Different volumes of plant extract, varying from 0.50 mL
to 3.00 mL, were added to 50.00 mL of [Zn(CH3COO)2].2H2O solution. The mixture was
stirred continuously using a magnetic stirrer, and optimum stirring time was identified by
varying the time from 0.5 to 3 h. The pH of the mixture was optimized by increasing pH
values gradually from 9 to 13 using a 2 M NaOH solution. The temperatures were set up
either at 50, 60, 80, or 100 ◦C.

3.5. Biosynthesis of ZnO NPs

For the green synthesis of ZnO NPs, [Zn(CH3COO)2].2H2O (0.01 M) was first prepared
in 50.00 mL of DI H2O under constant stirring for 10 min, followed by the addition of
1.00 mL of plant extract. The pH was then adjusted to 12 using 2 M NaOH, which resulted
in a pale white solution. The solution was kept under vigorous stirring for 2 h, after which
the synthesized NPs were collected by centrifugation at 4500× g rpm for 15 min. The
supernatant was discarded, and the pellet was washed with DI H2O followed by MeOH to
remove the impurities. The pale white powder was dried at 60 ◦C in an oven overnight,
and preserved in airtight vials for further studies. ZnO NPs synthesized via H. indicum
stems, leaves and inflorescences were denoted as ZnO NPs/HIS, ZnO NPs/HIL, and ZnO
NPs/HIF respectively.

3.6. Physical Characterization of ZnO NPs

UV-Vis spectroscopy was used to observe the optical properties of ZnO NPs at RT in
the range of 200–800 nm. FTIR was used to analyze the functional groups present both in
the plant extracts and the synthesized ZnO NPs using the technique of Attenuated Total
Reflectance in the range of 400–4000 cm−1. The size, shape, and morphology of synthesized
NPs were analyzed using SEM, and TEM. The crystalline structure and phase purity were
analyzed by XRD.

3.7. Photocatalytic Activity of ZnO NPs

Photocatalytic degradation of MB was carried out under direct Sunlight between
11 a.m. and 3 p.m. when there were minimum fluctuations in solar intensity (outside
temperature was 29–33 ◦C and average solar radiation was 2.11 kWh m−mWd−m).To a
50.00 mL of dye solution (5 mg L−1), 20 mg of ZnO NPs were added, and the pH was
adjusted to 6. Prior to exposure to Sunlight, the suspension was magnetically stirred in
the dark for 30 min. The concentration of residual MB in the solution after irradiation was
determined by monitoring the absorbance intensity of solution samples by withdrawing
5.00 mL aliquots from the reaction mixture at every 15 min interval. It was then centrifuged
to remove all nanocatalysts from the solution, and the absorbance was recorded at 662.8 nm
by using UV–Vis spectrophotometer to assess the rate of percentage degradation.

The same experimental procedure was repeated with varying different experimental
parameters such as the catalytic load (2, 10, 15, 20, 25, and 40 mg), the dye concentration (5,
10, and 15 ppm), and pH (2, 4, 6, 8, and 10).

3.8. PL of the Synthesized ZnO NPs

PL measurements of the synthesized ZnO NPs were carried out at RT using a solid sam-
ple by spectrofluorometer. The light intensity over the cell surface was changed by varying
the slit length. The PL of the biogenic ZnO NPs was compared to the sample of chemically
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synthesized ZnO NPs following the procedure of previously published works [16,28], and
from which we used appropriate modifications to chemically synthesized ZnO NPs [14,45].

3.9. FRET Activity of the Synthesized ZnO NPs

The FRET ability, exerted by ZnO NPs in the presence of Flu and RhB dyes, was
evaluated by fluorescence spectrometry. MeOH was used as solvent throughout the
whole experiment including for washing and sampling. The concentration series of ZnO
NPs, synthesized from HIS, HIL, and HIF were prepared in MeOH from 50 µg mL−1 to
1000 µg mL−1. A solution containing 5 × 10−4 mol dm−3 Flu and 5 × 10−5 mol dm−3

RhB was prepared in MeOH, and 1.00 mL of NPs dispersion from each concentration was
mixed with 400 µL of each dye solution making the final volume up to 1800 µL. The treated
solutions were mixed thoroughly, and the fluorescence spectra were recorded while the
emission wavelength was scanned from 450 nm to 700 nm at fixed excitation of 430 nm.

4. Conclusions

For the first time, pure, and multifunctional ZnO NPs with well faceted, hexagonal,
and spherical shapes were produced successfully in an eco-friendly and cost-effective
manner using various parts of H. indicum, a traditional medicinal plant native to Sri Lanka.
The hypsochromic shifted UV-Vis absorption peak was observed at the range of 350 nm
to 380 nm confirming the intrinsic bandgap of ZnO NPs. SEM and TEM images depicted
identical morphology of ZnO NPs with spherical shapes. The crystallite size calculated
from Scherrer’s formula was in good agreement with that of the average PS estimated from
TEM analysis. However, there was a small variation between PS evaluated from XRD and
TEM analysis and those obtained from SEM which can be attributed to agglomeration in
NPs. XRD patterns revealed a single-phase, hexagonal wurtzite structure and the crystalline
nature of NPs. FTIR analysis elucidated the involvement of alcohol, amide, amine, alkane,
and carboxylic acid moieties in the stability of NPs production. Moreover, the green
synthesized ZnO NPs elicited a fascinating photocatalytic degradation of MB, and the
highest photocatalytic performance (about 95%) was observed with ZnO NPs synthesized
from H. indicum stems and inflorescences extracts. The PL properties of the ZnO NPs were a
strong function of the excitation intensity. The behavior of ZnO NP-mediated PL intensities
was higher and asymmetric compared with the chemically synthesized ZnO NPs. To the
best of our knowledge, ZnO NP-mediated FRET between Flu and RhB was evaluated for
the first time using H. indicum, and confirmed the role of the biogenic ZnO NPs as potent
intermediate energy molecules capable of successfully transferring energy from Flu to RhB.
Moreover, enhanced photocatalytic and electro-chemical activities of the phytosynthesized
NPs are noteworthy and the diversity of NPs morphology caused different effectiveness
towards same application by various parts of the plant.
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.3390/catal11070831/s1, Figure S1: Effect of [Zn(CH3COO)2].2H2O concentrations for the biosynthe-
sis of ZnO NPs, Figure S2: Effect of volume-dependent concentrations of plant extracts on ZnO NPs
synthesis, Figure S3: Effect of critical physical parameters for ZnO NPs/HIS synthesis, Figure S4:
FTIR spectrograms of plant part, and derived extract mediated ZnO NPs.
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Abbreviations

DI H2O Deionized water
Flu Fluorescein
FRET Fluorescence resonance energy transfer
FTIR Fourier transform infrared
H. indicum Heliotropium indicum
MB Methylene blue
MeOH Methanol
MONPs Metal oxide nanoparticles
NaOH Sodium hydroxide
NPs Nanoparticles
O2

•− Superoxide radicals
•OH Hydroxyl radicals
PDI Polydispersity index
PL Photoluminescence
PS Particle size
PSD Particle size distribution
RhB Rhodamine B
RT Room temperature
SSA Specific surface area
SEM Scanning electron microscopy
TEM Transmission electron microscopy
TiO2 Titanium dioxide
UV-Vis Ultraviolet-Visible
XRD X-ray diffraction
ZnO Zinc oxide
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