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Abstract The current study fabricated novel lead selenide nanoparticles (PbSe NPs) by a simple

biological benign process with Trichoderma sp. WL-Go. Ultraviolet–visible spectroscopy (UV–

vis), Transmission electron microscopy (TEM), X-ray diffraction (XRD), Fourier transfer infra-

red (FTIR) spectroscopic analysis, Raman spectroscopy and Photoluminescence (PL) were used

to characterize the physicochemical properties of the fabricated NPs. Synthesis at pH 8 with

0.5 g biomass of strain WL-Go and (1:1) mM of SeO2: Pb(NO3)2 were the optimal synthesis con-

ditions to achieving 10–30 nm cubic faced centered NPs. The PbSe NPs served as catalyst for inves-

tigating the antioxidant activity using 2,2-diphenyl-1-picrylhydrazyl (DPPH) and photodegradation

ability of rhodamine B dye (10 mg/L). The results indicated that the NPs could eliminate up to

88.60% of free radicals after adding 600 g/mL NPs and could photodegrade 82% of rhodamine

B in 30 min. Thus, this study provides new knowledge and strategies for the future use of an envi-

ronmentally benign bio- catalytic PbSe NPs to efficiently eliminate free radicals and in treatment of

persistent organic pollutants in wastewaters.
� 2020 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

There are rising interests in the synthesis of nanomaterials
owing to their potential applications in various fields like catal-
ysis, electronic, magnetic etc. (Panda et al., 2018; Xu and Lee,
2014; Kumar et al., 2017). In the synthesis of nanoparticles,

there are two alternatives approaches to consider. The ‘‘top-
down” approach where materials are reduced in size using
physical or chemical means and ‘‘bottom-up” approach using

chemical or biological procedure(s) for synthesis (Thakkar
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et al., 2010). The bottom-up technique offers the power of
manipulating the atomic or molecular levels given rise to struc-
tures of desired geometry and properties thereby reducing the

use of industrial chemicals (Sharma et al., 2019). The struc-
tures of semiconductor nanoparticles exhibit distribution pat-
terns of the two elements either oriented randomly with an

intermetallic compound, cluster-in-cluster or core-shell alloy
structures (Zaleska-Medynska et al., 2016; Yang et al., 2008;
Paszkiewicz et al., 2016). The preparation methods, synthesis

conditions and physicochemical properties of the precursors
determine the orientation, shape and size of the final synthe-
sized nanoparticles and their applications (Ali et al., 2016;
Kolahalam et al., 2019).

Lead selenide (PbSe) has a narrow-band gap of 0.27 eV
(Krishna et al., 2018; Ren et al., 2018; Sun et al., 2015), fur-
thermore, it is classified as a direct semiconductor in which

the momentum of electrons and holes is the same in both the
conduction and valence bands. This leads to the fast recombi-
nation of produced electron-hole pairs (Khataee et al., 2015b).

PbSe is a member of the IV–VI group with a cubic NaCl-like
structure (Anwar et al., 2015). Also, it has wide application in
thermoelectric materials and can be potentially used as an

effective and promising visible light-driven photocatalyst for
water and wastewater treatment (Khataee et al., 2015a,
2015b; Qu et al., 2013).

Fungi have been widely used in the synthesis of nanoparti-

cles owing to their ease in handling, high growth rate and bio-
mass production, secretion of large quantities of metabolic
enzymes and extracellular proteins which act as reducing and

capping agent in nanoparticles production (Guilger-
Casagrande et al., 2019). Trichoderma species are further are
rich in redox proteins, polysaccharides, exhibit better stability

and are easy to separate in its applications (Horta et al., 2018).
Exposure of fungal mycelium to precursors trigger the fungus
to produce enzymes and metabolites that act as detoxifiers for

the organism and in turn transforms the precursors into noble
synthesized nanoparticles (Jacob et al., 2017; Vahabi et al.,
2011). Hence, the detoxifying mechanism results in the reduc-
tion and capping of the NPs given rise to greater colloidal sta-

bility with respect to factors like pH, growth time,
temperature, etc. used in synthesis (Rajput et al., 2016;
Rajendran and Sen, 2016). Trichoderma sp. WL-Go

(KM242362.1) was firstly isolated from activated sludge sam-
ples of an antibiotic-contaminated bioreactor (Dalian, China)
and the strain colonies showed green concentric round striate

on agar plate (Qu et al., 2017). This fungus strain after isola-
tion was further used to synthesize gold nanoparticles and
exhibited remarkable photocatalytic decolorization degrada-
tion against various azo dyes and the catalytic degradation

of aromatic pollutants(Qu et al., 2018). These properties and
characteristics make Trichoderma sp. WL-Go viable in the syn-
thesis of semiconductor NPs.

Biologically synthesized semiconductor nanoparticles have
been shown to have enhanced selectivity and improved stabil-
ity with developed fundamental structures (Malarkodi et al.,

2014). This is due to the surface interaction between the reduc-
ing agents and precursors (Han et al., 2019). Hence, synthesis
of semiconductor nanoparticles with controlled size, morphol-

ogy and composition are of immense interest due to their dis-
tinctive physical and chemical properties as compared to their
bulk counterparts (Syed and Ahmad, 2013; Alruqi et al., 2019).
The fungus Fusarium oxysporum (Syed and Ahmad, 2013),
Klebsiella pneumonia (Malarkodi et al., 2014), Serratia nema-
todiphila (Malarkodi et al., 2013) have been reported to fabri-
cate semiconductor nanoparticles. Several literatures have

reported on the synthesis of PbSe NPs but majority of them
are chemically synthesized (Gervas et al., 2016; Sankapal
et al., 2011). In terms of biological synthesis of PbSe NPs, just

a hand full have been reported. (Jacob et al, 2016, 2017) stud-
ied the optical properties and antibacterial properties of lead
selenide (PbSe) quantum rods biosynthesized in marine Asper-

gillus terreus and also studied their biomimetic strategies that
initiates QD biosynthesis respectively (Jacob et al., 2016,
2017).

Antioxidants are essential for the survival of all living

things in fighting and neutralizing free molecular radicals in
the body thus reducing, delaying or inhibiting cellular damage
(Lobo et al., 2010). Free radicals are associated with oxidative

stress, causing damage to the body cells and could lead to
numerous diseases, including diabetes, heart disease, cancer
etc. (Gebicki, 2016). The formation of free radicals is due to

enzymatic and non-enzymatic reactions with oxygen uptake
and in addition to that, environmental factors such as pollu-
tants, smoke, sedentary lifestyle and some chemicals also con-

tribute to their formation (Piedrafita et al., 2015; Reuter et al.,
2011). Also, organic dyes mostly used in the textile industry
produces a lot of toxic effluents that are discharged into the
environment. This creates life-threatening problems due to

their complex structures that are difficult to biodegrade
(Taourati et al., 2020). Photocatalysis by semiconductor
nanoparticles are highly investigated environmental nanotech-

nologies because of their excellent physicochemical properties,
biocompatibility and their chemical reaction rate under light
irradiation (Weon et al., 2019; Kumaravel and

Somasundaram, 2019). These nanomaterials have the ability
to destroy unwanted organic compounds in the aqueous phase
and eliminate traces of organic species that are stable and dif-

ficult to oxidize by conventional water treatments methods
(Daghrir et al., 2013).

This research tried to address some of these challenges by
evaluating the performance of a novel synthesized PbSe NPs

by Trichoderma sp. The effects of buffer solution, biomass,
pH as well as the ratios of SeO2 and Pb(NO3)2 concentrations
on PbSe NPs synthesis were studied in detail. The PbSe NPs

were characterized by Ultra-visible spectrophotometry (UV–
vis) and Transmission electron microscopy (TEM), X-ray
diffraction (XRD), Fourier transfer infra-red (FTIR) spectro-

scopic analysis, Raman spectroscopy and Photoluminescence
(PL). The PbSe NPs was further examined for its antioxidant
ability with 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay and
photocatalytic degradation of Rhodamine B.
2. Materials and methods

2.1. Materials

Selenium dioxide (SeO2) of 97% and lead nitrate Pb(NO3)2 of

98.5% purity were purchased from Sinopharm Chemical
Regent Beijing Co., Ltd. (China). All other reagents were of
analytical grade. The fungus strain, Trichoderma sp. WL-Go

was cultivated with the modified martin broth medium
(MMB medium) containing 1.0 g/L NH4SO4, 1.0 g/L KH2-
PO4, 0.5 g/L MgSO4�7H2O and 5.0 g/L glucose at pH 5.45.
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Activation of strain Trichoderma sp. WL-Go was performed
every two days.
2.2. Biosynthesis of PbSe NPs

Biosynthesis of PbSe NPs begun with growth of Trichoderma
sp. WL-Go in MMB medium at 30 �C and 150 r/min for

2 days until it reached the late log-phase. Mycelia were then
harvested by sieving through a qualitative filter paper (Jiejie
Brand-102, 0.15% ash, pore sizes 180 mm, Fushun Dongyang

Industry & Trade Limited Company, China) and washed
thrice with distilled water and further washed with phosphate
buffered saline (PBS) solution. To synthesize PbSe NPs, 0.5 g

biomass of strain WL-Go was collected and resuspended in
10 mL PBS at pH 7 containing 1 mM of Pb(NO3)2 and
1 mM of SeO2 i.e. (Se:Pb_1:1). The mixture was incubated at
30 �C and 150 rpm for 5 days. After that, the synthesized con-

tent was broken by ultrasonication and centrifugated at
3000 rpm for 5 min. The supernatant was collected and sepa-
rated from the debris. The PbSe NPs in solution were further

cleaned thrice with distilled water at 10 000 rpm for 10 min.
The obtained NPs were dried at 55 �C for four hours in an
oven dryer. Control experiments were performed with the

addition of Pb(NO3)2 and SeO2 separately. To investigate
the effect of pH on PbSe NPs synthesis, synthesis was carried
out at different pH, ranging from (5.0–9.0). The pH was
obtained by adjusting the proportion of Na2HPO4 and NaH2-

PO4 in PBS. Furthermore, different biomass of strain WL-Go
wet weight (0.1, 0.3, 0.5 and 1.0) g in 10 mL of PBS were pre-
pared to study the effect of biomass concentration on synthesis

of PbSe NPs. Similarly, different concentrations of SeO2: Pb
(NO3)2_2 mM in the ratios of (Se: Pb_0.8:1.2, 1:1, 1.2: 0.8)
were added to the strain WL-Go and PBS to investigate the

effects of SeO2: Pb(NO3)2 concentrations on PbSe NPs
biosynthesis.

2.3. Characterization of PbSe NPs

PbSe NPs spectrometry was analyzed using a UV–vis spec-
trophotometer (Metash UV-9000, China). Jasco V-550 UV/
VIS spectrophotometer was used to determine absorbance

intensities of the powdered Se NPs and PbSe NPs for compar-
ison. Lead (Pb) and selenium (Se) concentrations were deter-
mined using inductively coupled plasma optical emission

spectrometer (ICP-OES, Perkin-Elmer Optima 2000 DV,
USA) and SEM (FEI Quanta 450- USA) was used to access
the elemental percentage by Energy-dispersive X-ray spec-

troscopy (EDS). X-ray diffraction analysis was assessed by
diffractometer (XRD, Jasco V-550 UV/VIS spectrophotome-
ter). TEM (FEI Tecnai G220 S-Twin, USA) was used to eval-

uate morphology of NPs. FTIR spectra of NPs was obtained
using a Shimadzu IR Prestige-21 FTIR spectrophotometer
(Japan) with the wavelength ranging from 500 to 4000
cm�1. Raman spectroscopy was obtained at room temperature

with the Micro spectrometer (Alpha 300 confocal Raman sys-
tem equipped with a 532 nm laser wavelength. The photolumi-
nescence (PL) spectra was measured with an F-7000

fluorescence spectrometer at the excitation wavelength of
532 nm. All the characterizations were performed with dried
PbSe NPs except for UV–vis and ICP analyses.
2.4. Antioxidant ability of Se and PbSe NPs

DPPH assay was performed to measure the antiradical power
of the biosynthesized PbSe NPs by reducing the chemical rad-
ical DPPH through a hydrogen transfer at room temperature.

Varied concentrations of PbSe NPs powder (100–600 g/mL)
was prepared in distilled water. A stock solution of 0.1 mM
DPPH in methanol was prepared and kept in the dark for
an hour prior to the antioxidant test.

For the actual assay, 3 mL of 0.1 mMDPPH methanol plus
1 mL of PbSe NPs was mixed and incubated in the dark for
30 min at room temperature. It was then centrifugated at

8000 rpm for 5 min. The absorbance was then measured at
OD 517 nm. DPPH methanol without NPs served as control.
And 3 mL of methanol plus 1 mL of distilled water served as

the standard. The percentage of inhibition was calculated from
the absorbance of sample and control using (Eq. (1)).

Scavenging ability Inhibition %ð Þ

¼ Abs cð Þ � Abs sð Þ
Abs cð Þ � 100% ð1Þ

where:

Abs(c) represents Control Absorbance and Abs(s) repre-

sents Sample Absorbance

2.5. Photocatalytic test of PbSe NPs

The photocatalytic activity of the PbSe NPs was assessed for
its degrading ability against rhodamine B dye- C28H31ClN2O3

in water at room temperature. Foremost, 50 mg of prepared
PbSe NPs was added to rhodamine B (10 mg/L, 50 mL) and
then sonicated for 2 min to attain equilibrium. It was then aer-

ated and stirred constantly for 30 min in the presence of 50 W
visible halogen light set on near the solution. At 10 min inter-
val, 2 mL of the suspension was collected. All the collected
samples were centrifuged at 8000 rpm for 2 min and analyzed

with UV–Vis spectrophotometer at a wavelength of 554 nm.
The test was conducted at different pH (5, 7 and 9)

The degradation of rhodamine B was calculated by (Eq.

(2)) and the kinetic linear fitting curve followed the
Langmuir-Hinshelwood apparent first-order kinetics model
and calculated by (Eq. (3))

Degradation removal rate %ð Þ ¼ Co � Cð Þ
Co

� 100 ð2Þ

In
Co

C

� �
¼ kt ð3Þ

where, Co is the initial concentration of rhodamine B measured

after adsorption–desorption equilibrium, C is the concentra-
tion at the time (t), and k is the reaction rate kinetic constant.

3. Results and discussion

3.1. Biosynthesis of PbSe NPs

This study presented Trichoderma sp. WL-Go in the biosyn-
thesis of PbSe NPs using a benign and cost-effective approach.
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Fig. 1(a) shows a schematic diagram to support the speculation
on the formation of PbSe NPs. The Pb(NO3)2 and SeO2 pre-
cursors were transferred into fungal cells during synthesis.

SeO2 was firstly used up by the cells and converted to elemen-
tal selenium (Se0) by the secreted proteins biomolecules. The
proteins further acted as reducing biomolecules and converted

Se0 to Se2- which in turn reacted with Pb2+ under the catalysis
of relative reductase to form PbSe NPs. These proteins further
formed a corona around the NPs serving as a capping agent.

The reaction produced both intracellular and extracellular
PbSe NPs and were considered as a whole for characterization.

The biosynthesis of PbSe NPs in solution was firstly con-
firmed using UV–vis spectroscopic analyses. In a previous

study, extracellular synthesis of selenium nanoparticles (Se
NPs) by Trichoderma sp. WL-Go culture was optimally
achieved at pH 8 (Diko et al., 2019). In the current study,

the optimal synthesis of Se NPs in PBS buffer solution was
also realized at pH 8 with a vibrant orange color. The Se
NPs was subsequently used as the standard for comparison

in the synthesis of PbSe NPs as shown in Fig. 1(b). The synthe-
sized PbSe NPs showed a dark grey solution, shown in Fig. 1
(d). The color of the nanoparticles in solution was due to the

excitation of the surface plasmon resonance (Ranjitha and
Ravishankar, 2018; Schaadt et al., 2005). There was no reac-
tion when only Pb(NO3)2 was added to strain WL-Go in
PBS buffer solution, Fig. 1(c).

3.2. Optimal synthesis conditions of PbSe NPs

UV–vis spectrometry was used to determine the optimal bio-

mass and pH of the synthesized PbSe NPs in solution. The
highest absorbance within the visible range was considered
as the optimal condition and used for further studies. Fore-

most, synthesis was carried out at varied biomass 0.1, 0.3,
0.5, 1.0 g/ mL and (Se: Pb_1:1) mM concentration of SeO2:
Pb(NO3)2 were added simultaneously to the PBS solution at

pH 7. As showed in Fig. 2(a), synthesis occurred between
Fig. 1 (a) Schematic fabrication of PbSe NPs by Trichoderma sp. W

(d) biosynthesized PbSe NPs in solution.
0.3 and 1.0 g biomass of the strain, but 0.5 g recorded the
maximum absorbance around 420 nm within the visible range
and was used to investigate the optimal pH to carry out PbSe

NPs synthesis. Similarly, synthesis was carried out by keeping
0.5 g of biomass and concentration (Se: Pb_1:1) mM constant
while varying the pH (5, 6, 7, 8, 9). Analysis of the super-

natant indicated that, synthesis occurred in all pH except at
pH 5 which had a colorless solution and showed no absor-
bance in the visible region of the UV–vis spectra. On the

other hand, synthesis at pH 9 only synthesized the selenium
precursor to form Se NPs and it evidently showed character-
istic orange color and absorbance peak at 550 nm (Diko
et al., 2019). Synthesis at pH 6, 7 and 8 showed brown to

grey solution but pH 8 appeared to have darker solution in
comparison to pH 6 and 7. Evidently, pH 8 presented the
highest absorbance within the visible range and was used as

the optimal pH for further research work. Fig. 2(b) presents
the UV–vis spectra and synthesized NPs solutions at different
pH values.

The UV–vis spectra of varied concentration ratios have
been shown in Fig. 2(c). The absorbance was such that Se:
Pb = 0.8:1.2 < 1:1 < 1.2:0.8 which represented 2 mM of the

precursor concentrations used. To understand the absorbance
within the visible region further, visual analysis was done and
it indicated that, an increase in the concentration of the indi-
vidual precursors by holding the other constant led to visible

change i.e. an increase selenium ion concentration led to color
change towards brown whilst an increase lead ion concentra-
tion led to a dark grey solution as shown in Fig. 3(a). ICP-

OES analyses revealed the percental values and confirmed that
the color change in synthesized medium was influenced by the
quantity of ions in solution, also showed in Fig. 3(b). This also

confirmed that, increase in selenium ion concentration led to
higher absorbance of the UV–vis spectra by the NPs. EDS fur-
ther confirmed a similar concentration percental when a (Se:

Pb_1:1) mM concentration ratio of the NPs was examined.
The detail is shown in Fig. 3(c).
L-Go (b) biosynthesized Se NPs, (c) un-synthesized Pb(NO3)2 and



Fig. 2 SPR analysis of biosynthesized PbSe NPs in solution (a) in different biomass, (b) varied pH and (c) different concentration ratios

of SeO2: Pb(NO3)2_2 mM.
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3.2.1. Absorbance of powdered Se NPs and PbSe NPs by UV–
vis analysis

Powdered UV–vis analysis proved that the PbSe NPs exhibited

better absorbance within the visible region than Se NPs which
served as the standard, as shown in Fig. 4(a). This indicates
that the PbSe nanocomposite might have better performance
in its applications. Fig. 4(b) showed the bandgap of Se NPs

and PbSe NPs corresponding to 1.88 eV and 1.5 eV respec-
tively. The bandgap of PbSe NPs was much higher than that
of the bulk PbSe (0.27 eV) (Krishna et al., 2018) and also

biosynthesized PbSe quantum rods by Aspergillus terreus with
a bandgap of (1.25 eV) (Mary Jacob et al., 2014). It has been
established that the properties of a semiconductor are depen-

dent on the structure and the value of its bandgap which can
increase the lifespan of photoinduced electrons and holes
(Khataee et al., 2015a). Most importantly, a change in band-
gap has been reported to lead to decrease in crystal size of

nanocomposite which has a relation with quantum confine-
ment effect, thus enhancing photocatalytic activity (Nahyoon
et al., 2019).
3.2.2. Transmission electron microscopy

The synthesized nanoparticles were characterized by TEM to
ascertain morphologies and the sizes of the NPs. In Fig. 5

(a), the Se NPs indicated that, the nanoparticles were spherical
in shape with sizes ranging from 80 to 180 nm with the highest

frequency occurring at 120 nm as shown in Fig. 5(b). The
spherical nature of the nanoparticles is common of synthesized
Se NPs and have been reported elsewhere (Diko et al., 2019).

On the other hand, as indicated in Fig. 5(c), the semiconductor
NPs of PbSe resulted in smaller cubic shaped nanoparticles
which ranged from 10 to 30 nm capped by proteins biomacro-
molecules secreted by strain WL-Go. The nanoparticle sizes

with the maximum occurrence was around 15 nm as shown
in Fig. 5(d). Many researches have suggested PbSe NPs or
quantum dots as cubic which is as result of facets formed by

both Pb and Se atoms (Khataee et al., 2015a; Chiu et al.,
2019; Hosseinpour-Mashkani et al., 2014). This nanocompos-
ite allowed for the creation of a new form of biomaterial whose

features and dynamics were influenced by the synergy between
Se and Pb ions in the presence of secreted proteins by strain
WL-Go.

3.2.3. X-ray diffraction analysis

XRD analysis was further used to confirm the formation of the
NPs. As shown in Fig. 6(a), the Se NPs revealed peaks of 100,

101 and 102 at 2h relating and are attributed to the formation
of spherical crystalline nanoparticles (Khiralla and El-Deeb,
2015). The XRD patterns for the different concentration ratio
of the PbSe NPs (0.8:1.2, 1:1, 1.2:0.8) as shown in Fig. 6(b),

exhibited a wide range of peaks at 2h i.e. 111, 200, 220, 311,



Fig. 3 (a) Visual color observation with respect to increase concentrations SeO2 or Pb(NO3)2 of PbSe NPs in solution (b) ICP-OES

elemental percentage analysis, (c) EDS elemental percentage of PbSe NPs_ Se: Pb = 1:1 varied concentration.
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222, 400, 331 and 420 reflections which corresponds to the

clausthalite crystal phase of lead selenide (PbSe) (Zhu et al.,
2015). Moreover, these strong peaks showed good crystalliza-
tion of the synthesized samples and have been attributed to the

formation of face center cubic (fcc) structured nanoparticles
(Chen et al., 2016; Fan et al., 2015; Bhat et al., 2019). These
observations further confirm that PbSe NPs were successfully
synthesized by Trichoderma sp. WL-Go
3.2.4. Fourier transfer infra-red spectroscopy

FTIR spectroscopy was used to examine the surface chemistry
and identify functional groups responsible for synthesis and

capping of NPs. As shown in Fig. 7(a), both Se NPs and PbSe
NPs displayed peaks of alkenes (C‚C) at 1638 cm�1 and
1659 cm�1, alkane (CAH) at 2949 cm�1 and alcohol (OAH)
peaks at 3325 cm�1. These medium to strong peaks have been

observed in the synthesis of other nanoparticles and were vital



Fig. 5 Se NPs (a) Morphological and (b) size distribution analysis and PbSe NPs (c) morphological and (d) size distribution analysis.
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in the formation and capping of the NPs (Rajendran and Sen,

2018; Rahman et al., 2014; Tugarova et al., 2018). Proteins
secreted by fungus during synthesis of nanomaterials are
biodegradable and can produce reducing sugars and bio-

conjugates that combine the bioactive compounds to the sur-
face of the nanomaterials yielding stabilized nanoproducts
(Jacob et al., 2017; Castro-Longoria et al., 2011; Ranoszek-

Soliwoda et al., 2019), with unique application properties.
These results suggest the prominent involvement of proteins

in biosorption and bio-reduction of the Pb and Se precursors
by the fungus (Jacob et al., 2017).
3.2.5. Raman spectroscopy

Raman spectroscopy has vibrational detecting and phonon
modes abilities to identify single molecules in samples to
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ascertain the chemical compositions of crystalline structures by
assigning new vibrational bands/shifts to the examined nano-

materials and other extraneous phases or areas with a local
order/disorder of the crystalline lattice (Flores-Valenzuela
et al., 2015; Gupta et al., 2020). The synthesized PbSe NPs

was subjected to Raman spectroscopy to further assess the
vibration of the nanostructured material.

As illustrated in Fig. 7(b), Se NPs showed wavelength of
�255 cm�1 and PbSe NPs showed wavelengths of

�238 cm�1. The presence of the Raman peak at 255 cm�1

has been attributed to the bond-stretching vibration of the dis-
ordered Se chains and rings in the range of the mean coordina-

tion number (Iaseniuc et al., 2018). Similarly, ZnSe
nanostructures showed a peak positioned at around
253 cm�1 which was attributed to the transverse optic (TO)

and longitudinal optic (LO) phonon modes of ZnSe nanopar-
ticles and it was indicated that an uncompleted reaction of
confined semiconductors could have occurred leading to

strong resonance of the LO mode as a result of Frölich inter-
action (Li et al., 2010). Another LO band was assigned to
252 cm�1 band (Arivazhagan et al., 2014). The band at
238 cm�1 reportedly is a weak band with a consistent trend

of progressive breaking of Se-chains (Iovu et al., 2005). The
presence of selenium (Se) atoms might have played a role in
the blueshift of Raman band from 255 cm�1 of the Se NPs

to 238 cm�1 of the PbSe NPs at a lower intensity.
3.2.6. Photoluminescence (PL) Spectroscopy

There is a direct link between PL intensity and recombination
rate of photogenerated electron-hole pairs which leads to low
PL intensity with lower recombination rate, thereby enhancing

photocatalytic performance (Nahyoon et al., 2019). Shown in
Fig. 7(c), the PL emission spectra of the Se NPs exhibited
was slightly asymmetric at excitation wavelength of 294 nm.
The PbSe NPs, also asymmetric, showed a single emission

peak at 296 nm with reduced intensity in comparison to Se
NPs. This emission pattern has been linked to the change in
the concentration of charge carriers and recombination of pho-

toexcited electrons and holes (Nahyoon et al., 2019; Li et al.,
2018). PbSe NPs with reduced PL intensity might be due to
the suppression of exciton PL by the presence of extra holes

introduced by the Pb2+.

3.3. Antioxidant activity of PbSe NPs

DPPH assay based on electron-transfer produces a violet solu-
tion in methanol/ethanol. This free radical, stabilized at room
temperature, can be reduced in the presence of an antioxidant
molecules given rise to a yellow solution. Selenium has been

known to possess antioxidant ability (Vyas and Rana, 2017a,
2017b) and could counter the effects of free radicals (Munné-
Bosch and Pintó-Marijuan, 2017). PbSe NPs was investigated

to assess its performance against free radicals, with Se NPs as
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the standard for comparison. The increase in the concentration
of the NPs was proportional to the inhibition rate in the
DPPH methanol solution as shown in Fig. 8. Fig. 8(b) showed

a better reduction performance of PbSe NPs over Se NPs in
Fig. 8(a) with the addition of the same concentration of
NPs. As shown in Fig. 8(c), the Se NPs showed an inhibition

percentage of 65.98% upon the addition of 600 g/mL. On
the other hand, 86.37% inhibition was realized with the addi-
tion of 200 g/mL of PbSe NPs and then slightly increased to

88.60% at 600 g/mL addition. Biogenic SnO2 NPs reported
an inhibition percentage of about 55% on DPPH with the
addition of 200 g/mL (Vidhu and Philip, 2015). All in all, the
addition of selenium enhanced the performance of the PbSe

semiconductor NPs, providing an easy and rapid way to eval-
uate the antioxidants performance by PbSe NPs.

3.4. Photocatalytic activity analyses of PbSe NPs

Photocatalytic activity depends on phase structure, optical
absorbance and adsorption capacity of photocatalyst. This

heterostructure influences the separation of electrons/holes
pairs in photocatalysts(Zhu et al., 2015). PbSe NPs demon-
strated good photodegradation activity against rhodamine B

under visible light at ambient temperature. The photocatalytic
degradation of rhodamine B under visible light obeyed pseudo-
first-order kinetics with respect to the concentration of rho-
damine B. UV–vis spectrometry recorded at 554 nm showed

the decomposition activity from 0 to 30 min. A gradual decline
in absorbance peak was observed in the presence of PbSe NPs
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NPs and PbSe NPs.
with increased exposure time. This led to a decrease in the con-
centrations of rhodamine B dye with significant degradation of
54%, 48% and 82% corresponding to pH 5 pH 7 and pH 9

respectively, shown in Fig. 9(a). It is seen that, pH 9 further
enhanced the photocatalytic performance of the PbSe NPs
after 30 min. It has been shown that nanoparticles aggregate

at certain pH values and decreases the available active surface
sites with little degradation at neutral pH but with enhanced
degradation percentage in the acid or basic solution (Alfredo

Reyes Villegas et al., 2020). The degradation ability has been
attributed to oxidation by the reactive oxygen species (ROS)
with the capability to oxidize the organic dye to yield H2O
and CO2 molecules (Nahyoon et al., 2019; Zhu et al., 2015).

Also, the hydroxyl groups absorbed on the surface of the cat-
alyst by attacking organic compounds (Khataee et al., 2015a).
Fig. 9(b) shows the linear relationship/ pseudo-first-order

kinetic at different pH of the degradation of rhodamine B by
PbSe NPs with good correlation. The kinetic parameters are
also shown in Table 1.

The mechanism of PbSe semiconductor NPs for rhodamine
B photodegradation has been shown in a proposed schematic
diagram in Fig. 9(c). Here, a light source is placed near the

PbSe NPs surface and electron excitation occurs. The charged
electrons in the valance band (VB) travels to the conduction
band (CB) thereby leaving charged holes in valance band.
The holes in valence band of the NPs reacts with water mole-

cules (H2O)/ hydroxyl ions (OH) and yields hydroxyl radicals
(OH�) (Reddy et al., 2017). Acting as an oxidizing agent, the
hydroxyl radicals (OH�) breaks down the rhodamine B dye
500 600
mL)
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Table 1 Pseudo-first-order kinetic parameters for the degra-

dation of rhodamine B (10 mg/L) with Lead selenide nanopar-

ticles (PbSe NPs) under different pH conditions.

pH K (min�1) R 2

5 0.0118 0.9912

7 0.0089 0.9604

9 0.0512 0.9824
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and produces superoxide with a good affinity towards the PbSe
semiconductor NPs. Similarly, the introduction of peroxy-

disulfate ion to the photocatalytic system hindered the recom-
bination of photo-generated electrons and holes which led to
heightened degradation of organic pollutants (Khataee et al.,

2015a).

4. Conclusion

Lead selenide nanoparticles were synthesized for the first time
by the Trichoderma sp. WL-Go at pH 8, 0.5 g biomass of strain
WL-Go and (1:1) mM_SeO2: Pb(NO3)2 concentration as the

optimal synthesis condition. The characterization of PbSe
NPs by UV–vis, TEM, XRD, FTIR, Raman and PL showed
(10–30) nm cubic face centered particles capped by proteins
secreted by strain WL-Go. Further, PbSe NPs showed Raman

band at 238 cm�1 and low electron-hole pairs recombination
PL intensity of 296 nm. The PbSe NPs demonstrated signifi-
cant antioxidant activity of 88.60% and photocatalytic activity
of 82% in 30 min in degrading rhodamine B dye (10 mg/L,

50 mL). The creation of the bio PbSe semiconductor NPs
was simple and benign and could be exploited for its antioxi-
dant potential and water remediation capabilities.
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