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ABSTRACT: Photocatalysts based on semiconducting chalcogenides due to
their adaptable physio-chemical characteristics are attracting attention. In this
work, Bi-doped PbS (henceforth PbS:Bi) was prepared using a straightforward
chemical precipitation approach, and the influence of γ-irradiation on PbS’s
photocatalytic ability was investigated. Synthesized samples were confirmed
structurally and chemically. Pb(1−x)BixS (x = 0, 0.005, 0.01, 0.02) samples that
were exposed to gamma rays showed fine-tuning of the optical bandgap for
better photocatalytic action beneath visible light. The photocatalytic
degradation rate of the irradiated Pb0.995Bi0.005S sample was found to be 1.16
times above that of pure PbS. This is due to the occupancy of Bi3+ ions at
surface lattice sites as a result of their lower concentration in PbS, which
effectively increases interface electron transport and the annealing impact of
gamma irradiation. Scavenger tests show that holes are active species
responsible for deterioration of the methylene blue. The irradiated PbS:Bi
demonstrated high stability after being used repeatedly for photocatalytic degradation.

1. INTRODUCTION
Nanostructured semiconductors are dominating several sectors
because of extremely high surface-to-volume, quantum
confinement in the nanoregime, high surface energy, and
increased defect states.1−4 These nanomaterials have com-
mendable advantages because their physical, chemical, and
surface morphology can be tuned by changing their shape, size,
and application.5−7 Semiconductor catalysts are efficient,
cheap, and simple to synthesize1,2 in a variety of morphologies.
Semiconductor photocatalysts have applications in various
fields of catalysis, including photochemistry, electrochemistry,
inorganic and organic chemistry, and so on. They also offer
promising solutions to environmental pollution problems, and
their tunable physical and chemical properties make them a
potential photocatalytic element.8−10 Lead sulfide (PbS) is the
most common IV−VI semiconductor chalcogenide on Earth,
with a bulk bandgap of 0.41 eV at 300 K.11 They have strong
quantum confinement in the nanoregime due to their large
excitonic Bohr radius (18 nm), allowing them to fine-tune their
properties for desired applications.11,12 PbS has an exceptional
ability to absorb visible-light radiation.11 The specific area
increases as one moves closer to the nanoscale, increasing the
number of active sites and improving photocatalytic efficiency.
Furthermore, because they are insoluble in water and settle as
precipitate, we can reuse them multiple times without losing
much of their degrading efficiency of organic contaminants.

Due to these remarkable characteristics, PbS is a promising
photocatalyst to degrade contaminants.
To develop semiconducting material’s photocatalytic prop-

erties, a number of approaches are utilized. Among these are
doping, nanocomposites, and high-energy/ion irradiation,
which change the shape and particle size of nanomaterials to
enhance their photocatalytic activity.13−21 Doping is an
effective method for altering the material’s properties.22 By
introducing defect states through doping, the physical and
chemical nature of semiconducting materials can be modified
to increase material’s photoresponsiveness. Consequently,
dopant elements are crucial for fine-tuning defect levels in
the host material. Physical, electrical, and optical nature of PbS
modified by dopant elements such as aluminum, chromium,
cadmium, cobalt, manganese, nickel, copper, bismuth, terbium,
etc. has been reported.23−31 Ajibade et al. decomposed the
organic pollutant methylene blue (MB) with a PbS photo-
catalyst with a degradation efficiency of 75.9% after 180 min of
ultraviolet irradiation.32 By adding two dopants (Mg and Zn)
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to PbS, Andrade Neto et al.3 enhanced the photocatalytic
performance and destroyed about 80% of MB under
comparable conditions. Here, the photocatalytic activity of
heterovalent cationic doping of PbS with Bi ions is examined.
Bi3+ (1.03 Å ionic radius) is comparable to Pb2+ (1.19 Å),
making it an ideal option for Pb sites. Due to the narrow
bandgap of the Bi element, they can be used as an efficient
photocatalyst. When Bi3+ ions are substituted for Pb2+ ions as
dopants at Pb sites, the recombination rate is slowed and the
lifespan of photoassisted charge carriers is lengthened, guiding
to improved photocatalytic activity. Dong et al. prepared Bi by
the chemical solution technique and reported stable and
remarkable photocatalytic activity of Bi nanoparticles toward
NO removal by surface plasmon resonance of the Bi element.33

In recent years, high-energy γ-irradiation’s impact on
nanomaterials has been the subject of extensive study.17,34

These high-energy gamma rays can penetrate the crystal lattice
and cause changes to the material’s physical properties.34−38

Depending on the energy of the γ-rays, they interact with
matter in one of the three ways: either through Compton
scattering, the photoelectric effect, or pair creation. High-
energy gamma irradiation causes ionization in the material,
which in turn causes defects in the form of an alteration in
atoms or ions energy levels that make up the material. They
also cause structural alteration, self-assembly, and the annealing
effect, as well as the displacement of atoms from their locations
in the crystal lattice. Gupta et al.39 examined the γ-radiation
effect on physical properties of PbSe nanowires, optimizing

them for application in optoelectronics. Zhao et al.40 examined
photocatalytic RhB degradation and phenol using gamma-
irradiated TiO2.
Several papers and reviews41−43 have been published on the

photocatalytic use of bismuth-based catalysts. A unique
technique to examine photocatalytic activity was studied by
using high-energy gamma irradiation in PbS:Bi nanocrystallites
for efficient degradation of organic MB dye in natural sunlight.

2. EXPERIMENTAL SECTION
PbS:Bi nanoparticles were synthesized using a co-precipitation
technique. All compounds were of analytical quality, acquired
from Sigma-Aldrich, and utilized as it is. Lead acetate
trihydrate [Pb(CH3COO)2·3H2O] and thiourea [SC(NH2)2]
were taken in the ratio of 1:1 in 100 mL of double-distilled
water and stirred to dissolve. 0.5 M NaOH solution in 50 mL
of distilled water is added to the solution very slowly to
maintain the pH at 10. Adding NaOH causes the solution to
turn a murky brown color; stirring for 10 min transforms it
into a black suspension; and stirring this solution for 2 h at 70
°C produces a black solid precipitate in the solution. This dark
suspension is let out overnight at room temperature to settle.
To get rid of any leftover chemicals or contaminants, the
precipitate was centrifuged and cleaned many times with
acetone, ethanol, and distilled water. The resulting product is
dried at 110 °C for 2 h. The same basic steps described above
were used to synthesize the Bi dopant using bismuth
trichloride [BiCl3] in the stoichiometric ratio Pb(1−x)BixS,

Figure 1. XRD pattern of (a) pure PbS:Bi, (b) (200) plane, and (c) γ-irradiated PbS:Bi (d) (200) plane.
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where x = 0, 0.005, 0.01, 0.02. We then gathered this black
powder and performed initial characterizations.

2.1. Irradiation. A 60Co gamma with 1.25 MeV was used
to irradiate PbS:Bi powdered samples at a 2.023 kGy/h dosage
in a 1200 Gamma chamber in ambient air and room
temperature at Inter-University Accelerator Center in New
Delhi. All products were exposed to the same extremely high
dose of radiation (90 kGy). This dosage was decided after
reviewing the relevant literature.18,38

2.2. Characterization. Using powder X-ray diffraction
with Cu-Kα radiations (λ =1.5406) in the 2θ range of 20°−80°,
we were able to determine the crystal phase of both unaltered
and gamma-irradiated PbS:Bi. Field emission scanning electron
microscopy (FESEM) and energy-dispersive X-ray spectrosco-
py (EDAX) were employed to determine the produced
samples’ structure and elemental composition. PbS:Bi was
examined further for its morphology employing a 200 kV JEM
2010 transmission electron microscope (TEM). Using a UV−
vis spectrophotometer (UV-3600, Shimadzu, Japan) and a
fluorescence spectrophotometer (Horiba Fluorolog 3 TCSPC)
with a steady-state 450 W xenon arc lamp, optical
investigations of PbS:Bi samples were conducted. We used a
confocal Raman microscope (WITec alpha 300RA) equipped
with an Ar ion laser beam of wavelength 532 nm to study the
defects in both untreated and irradiated PbS:Bi nanoparticles.
Quantachrome instruments autosorb iQ Station1 was used to
conduct Brunauer−Emmett−Teller (BET) and Barrett−Joy-
ner−Halenda (BJH) studies on samples to analyze their
specific surface area. A thermogravimetric analyzer (Perki-
nElmer) was used to study the sample’s heat stability.

2.3. Photocatalytic Activity. Recently, the employment of
dyes has received constructive criticism, and alternative
molecular models have been developed. However, utilizing
dye photobleaching as the verification of beginning kinetics of
first photodegradation may still be fair, notably in case of
MB.44 MB discoloration in aqueous media is used to evaluate
photocatalytic activity.45 For preliminary evaluation of photo-
catalytic systems, MB discoloration is still recognized as the
way. Here, photocatalytic action of irradiated Bi ion-doped
PbS was examined for MB dye contaminant removal under
visible light. For photolysis (without a catalyst), 50 mL (10
ppm) of MB solution was exposed to sunlight for 160 min
while samples were collected at regular intervals. For
photocatalytic dye degradation, 10 ppm of MB solution was
added to 0.05 g of chemically produced PbS catalyst. This
solution was first stirred up in the dark for 30 min to attain
equilibrium between adsorption and desorption before being
exposed to sunlight for 160 min. To monitor the reaction, at

regular intervals samples were obtained. Before analysis, the
photocatalyst in the sample solution was removed, and sample
solution absorbance was evaluated at 500−650 nm wavelength
employing UV−vis studies.
Photocatalytic degradation was estimated using equation

photodegradation percentage (%) = 100A A
A

0

0
× , where A0 is

the absorbance of the initial concentration and after the time
(t) of MB solution. The Langmuir−Hinshelwood mechanism
for MB is derived from the first-order rate ln(A0/A) = kt,
where k is the first-order rate constant.46 Using radical
scavengers, the active species responsible for MB degradation
was examined and photocatalyst’s reusability was also
evaluated.

3. RESULTS AND DISCUSSION
PbS:Bi nanoparticle X-ray diffraction is revealed in Figure 1a−
d. XRD confirms no traceable contamination in the samples.
All of the PbS:Bi XRD peaks at 2θ are assigned to the (111),
(200), (220), (311), (222), (400), (331), (420), and (422)
planes of PbS with a cubic crystal structure. The pristine PbS
lattice parameter was found to be well-matched with the PbS
JCPDS card No.: 01-072-4873. Bi3+ (ionic radius 0.103 nm) is
comparable to Pb2+ (0.119 nm), Bi3+ replaces Pb2+ sites. The
unmodified cubic structure of PbS:Bi from XRD data confirms
this.
The lattice constant can be calculated from the well-known

relation: .
D

h k l
a

1
2

2 2 2

2= + + The average crystallite size was
estimated from diffraction employing Debye−Scherrer’s, D =

0.9
cos

, where λ is the wavelength of X-ray radiation (Cu Kα =

1.5418 Å), and β is the full width at half-maximum.47 The
dislocation density (δdis) was calculated using the equation: δdis
=

D
1

2 and the stacking fault was calculated using the equation:

SF = hkl
2

45(3tan )

2

1/2{ } .48 The crystallite size (D), dislocation

density (δdis), microstrain, and stacking fault (SF) of pristine
and γ-irradiated PbS:Bi nanocrystallites of the preferential
orientation along the (200) plane were calculated and taken for
analysis and are shown in Table 1a,b.
In pristine PbS with Bi dopant insertion, we see decreasing

XRD peak intensity with increasing FWHM, as well as peak
shifting toward a lower diffraction angle. This is due to the
dopant effect, which causes structural deformation in the
crystal lattice and decreases the crystallite size.49 The shift in
diffraction peaks toward a lower diffraction angle with
increasing dopant concentration (x = 0.02) indicates lattice

Table 1. (a) Pure PbS:Bi and (b) γ-Irradiated PbS:Bi

pristine
PbS:Bi hkl 2θ

lattice parameter
(a) (Å)

D
(nm)

δ in 1015
(m−2) microstrain × 10−3

stacking fault
(SF) × 10−3

average crystallite size
(nm)

(a)
x = 0 (200) 30.05 5.942 24.08 1.72 5.55 1.68 19.27
x = 0.005 (200) 30.03 5.946 21.35 2.19 6.26 1.68 16.99
x = 0.01 (200) 30.03 5.945 20.29 2.4 6.59 1.99 17.67
x = 0.02 (200) 29.96 5.958 16.82 3.53 7.97 2.40 17.08

(b)
x = 0 (200) 30.03 5.945 27.86 1.28 4.80 1.45 21.01
x = 0.005 (200) 29.87 5.977 23.29 1.84 5.77 1.74 20.18
x = 0.01 (200) 30.04 5.944 26.27 1.44 5.09 1.54 20.28
x = 0.02 (200) 30.03 5.945 26.02 1.47 5.14 1.55 20.62
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expansion caused by interstitial substitution of the Bi dopant.
The crystallite size for preferential orientation was calculated
and decreased with dopant concentration from ∼24 to ∼16
nm. The PbS:Bi mean crystallite size was measured and was
slightly smaller than 19 nm (pristine PbS) for Bi of x = 0.005 it
is ∼16 and ∼17 nm for Bi of x = 0.01, 0.02. This decrease in
the crystallite size was caused primarily by the presence of
dopant ions in host sites, which causes strain in the crystal
lattice. When Bi ions are used as the dopant in PbS, they either
occupy Pb2+ vacant sites or occupy Pb2+ sites and produce Pb2+
interstitial, or in PbS interstitial sites. As a result, internal strain
develops and the PbSBi crystal structure remains unstable as
Bi3+ takes up increasing numbers of Pb2+ sites in the host
lattice. To relieve strain and stabilize the crystal structure, the
crystallite size is reduced. As a result, there is an increase in
dislocation density, microstrain, and stacking fault of doped
samples, resulting in an increase in defect/trap state number in
the crystal lattice.48 The XRD peak intensity of PbS:Bi samples
is found to be enhanced by γ-irradiation. The strongest peak
was observed for irradiated PbS(x = 0). For irradiated PbS:Bi
samples, we see a peak shift in the direction of lower diffraction
angle (compared to pristine PbS). The crystallite size of the
irradiated PbS (without dopant) sample for the preferential
plane (200) was calculated and increased from 24 (pristine
PbS) to 27 nm. Irradiated doped PbS samples exhibit a similar
increase in the crystallite size; nevertheless, the mean crystallite
size of irradiated PbS samples does not change significantly (as
shown in Table 1a,b). We also see a peak shift for irradiated
doped samples when compared to irradiated PbS. This is due
to the influence of the dopant and high energy irradiation,
which displaces Bi ions from their lattice sites and changes the
crystal structure. Irradiated PbS:Bi has lower dislocation,
microstrain, and stacking fault than pristine PbS, reflecting an
increase in crystallite size, and a reduction in crystal lattice
defects. Ali et al. examined a similar increase in the crystallite
size when they used high-dosage gamma irradiation on PbS
grown employing the SILAR technique.38 All of these results
support the improvement in crystallinity caused by gamma
irradiation.
FESEM images of PbS:Bi nanoparticles are explored in

Figure 2. FESEM analysis of pristine PbS:Bi samples revealed a
change in morphology with the addition of the dopant. The
surface morphology of pristine PbS shows an irregular shape,
which gets agglomerated with the dopant (Figure 2a−d).
Furthermore, with γ-irradiation, the morphology of PbS
(without dopant) was improved, showing cubic structure
with agglomeration. The morphology of irradiated, doped
PbS:Bi samples shows agglomeration with large and small
cubic structures because of the annealing effect of gamma
irradiation (Figure 2e−h).
Two peaks at EDAX of Pb and S elements were detected for

the pure PbS sample, and for dopant samples, we could see a
small Bi peak (Figure 3). From the atomic concentration of the
element, a lower concentration of Bi in PbS can be observed.
This reveals that the obtained product contains only Pb, S, and
Bi, with Bi as a dopant in the PbS crystal lattice. No additional
impurity was present, indicating sample’s purity. EDAX
analysis shows that the PbS with a lower concentration of Bi
dopant shows more Bi3+ content (1.44 times) than the higher
dopant concentration of PbS:Bi (x = 0.02). This is due to the
inhomogeneous distribution of Bi3+ ions in PbS during the
preparation process and hence they occupy into the surface
and shallow lattice sites.50

The morphology of the irradiated Pb0.995Bi0.005S sample was
reanalyzed with TEM, and it is shown in Figure 4. The
HRTEM image confirms the lattice spacing with 0.1702 and
0.139 nm corresponding to (222) and (331) planes which is
consistent with the XRD results. The SAED pattern confirms
product’s crystalline nature.
Raman spectra of pristine and irradiated PbS:Bi were

recorded at room temperature and are shown in Figure 5a−
d. We observe Raman peaks at 83, 126, 273, 431, 601, and 963
cm−1.51 The peak at 126 cm−1 is assigned to TA and LA
phonon modes of PbS.51 The 273 cm−1 peaks are assigned to
two phonons.52 The peaks at 431 and 601 cm−1 explored first
and second overtones of LO phonon, 2LO, and 3LO,
respectively.53 The strong 126 cm−1 band and also 273 cm−1

broad peak are similar to previously reported data of Cao et al.
which are 135 and 274 cm−1 excited using 632.8 nm.51 The
peak around 963 cm−1 is assigned to SO4 arising from the
oxidation of PbS.51 Though we get the oxidation peak in
Raman data, the XRD data confirm PbS purity without any
oxidation peaks. 126 cm−1 varies with the addition of dopant to
PbS without any peak shift. The variation observed in the peak
intensity of PbS:Bi is because of gradual incorporation of the
Bi dopant in the PbS stoichiometry, which produces stress in
the PbS crystal lattice.
With gamma irradiation, the Raman peak intensity of doped

samples increased without the appearance of any new
vibrational modes. The irradiated doped PbS shows a
reduction in the FWHM compared to the pristine doped
PbS. The changes observed in the intensity and FWHM of the
irradiated Pb0.995Bi0.005S sample denote the reduction in defects

Figure 2. FESEM of (a) PbS, (b) PbS:Bi (x = 0.005), (c) PbS:Bi (x =
0.01), (d) PbS:Bi (x = 0.02)) and after gamma irradiation (e) PbS, (f)
PbS:Bi (x = 0.005), (g) PbS:Bi (x = 0.01), and (h) PbS:Bi (x = 0.02)
in 100 nm scale.
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and improvement in the structural properties of PbS:Bi
because of annealing of high-energy gamma irradiation.34

PbS:Bi optical absorbance was examined employing diffuse
reflectance spectroscopy in the range of 200−800 nm. Using
data from diffuse reflectance spectra, bandgap (Eg) was
calculated approximately by employing Kubelka−Munk theory
F(R) = R

R
(1 )

2

2

, where R is the reflectance.54 The bandgap and
the absorption coefficient (α) are related by the Tauc relation
as (αhν)1/n = A(hν − Eg), where n is the power factor of the
transition mode (for PbS, n = 1/2).55 The (αhν)1/n vs hν graph
of PbS:Bi is shown in Figure 6a,b. The band gap was obtained

from extrapolation of the linear portion of graph toward the x-
axis as shown in Figure 6.
Bulk PbS has an optical absorption edge in the IR with a

bandgap energy of 0.41 eV. However, with the reduction of its
crystallite size at the nanoscale, we observe a blue shift in
absorption band edge toward the visible region, which is
because of the quantum confinement effects of PbS:Bi.12 The
bandgap of pristine PbS is 2.45 eV which slightly increases to
2.6 eV with the influence of dopant concentration. This is due
to the defect or trap states created by the dopant element in
PbS. However, the band gap has decreased (2.2 eV for
pristine) after irradiation and indicates an absorption edge shift
(Figure 6). Band gap reduction is because of displacement of
atoms from their sites due to the annealing effect of γ-
irradiation.38 Similar reductions in optical bandgap energy have
been reported by Sarker et al. as a result of high-dose gamma
irradiation’s ability to reduce defects and disorderliness at grain
boundaries.56

PbS:Bi product photoluminescence studies were performed
at room temperature with 337 nm in the spectral range of
300−600 nm (Figure 7). Several emission peaks for all PbS:Bi
samples are observed; hence, peak deconvolution was revealed
with Gaussian curve fitting. Pristine PbS has the main peak at
429 nm which with the addition of dopants, shifts are explored
in Figure 7a−d.
The allowed 3P1 → 1S0 transition of the Bi3+ ion has been

attributed to a broad blue emission band with its center at 446
nm (2.78 eV). Because of the quenching effect, which reduces
electron−hole recombination, we notice a drop in peak
intensity in doped PbS samples.38 This is the result of the
postdoping disturbance of the density state at the VB edge.57

After irradiation, PL peak intensity was observed to decrease
and it is minimum for PbS:Bi with x = 0.005 sample (Figure
7f). This decrease in peak intensity is due to the annealing
effect of γ-rays, which create sulfur vacancies and also reduce
defect states created by dopant ions. Hence, there is
recombination rate reduction of electron−hole pairs, which
is evident from photoluminescence emission spectra, and this

Figure 3. EDAX of PbS:Bi (x = 0, 0.005, 0.01, and 0.02).

Figure 4. HRTEM (a) and SAED (b) and (c) TEM image of γ-
irradiated Pb0.995Bi0.005S.
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helps to develop photocatalytic action of PbS:Bi.18,58 The CB
and VB potentials are estimated following Mulliken electro-
negativity theory:59

E E E0.5VB
e

g= +

and

E E ECB VB g=

where EVB and ECB are VB and CB edge potentials,
respectively. Using electronegativity (χ) and energy of free
electrons (Ee) on hydrogen scale which is −4.5 eV, the VB
potential EVB was 0.80 and 0.83 eV for PbS and PbS:Bi with
0.005% of Bi, respectively. For the same after γ-irradiation, it

was calculated to be 0.725 and 0.755 eV. The calculated ECB
for pristine PbS and PbS:Bi with 0.005% of Bi was −1.64 and
−1.67 eV, whereas for after γ-irradiation, it was −1.56 and
−1.59 eV. The difference in electronegativity between Bi3+ and
the host Pb2+ raises conduction and lowers the valence band
during doping. Nevertheless, after irradiation, the conduction
band is lowered and the valence band is raised. This is because
of the displacement of atoms which creates sulfur vacancies
and also forms shallow levels in the forbidden gap and this
shows modified electron−hole pair recombination.
Thermogravimetric and differential thermal analysis was

performed to study thermal stability in nitrogen flow over a
temperature range of 900 °C for irradiated Pb0.995Bi0.005S

Figure 5. Raman spectra of pure and γ-irradiated (a) PbS, (b) PbS:Bi (x = 0.005), (c) PbS:Bi (x = 0.01), and (d) PbS:Bi (x = 0.02).

Figure 6. (a) Absorbance spectra vs energy (eV) and (b) (αhν)1/n vs hν (eV) of pure PbS:Bi, and (c) absorbance spectra vs energy (eV) and (d)
(αhν)1/n vs hν (eV) of γ-irradiated PbS:Bi.
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(Figure 8). The endothermic peak around 734 °C is attributed
to the melting of the nanoparticles. The weight loss between 6

and 21% shows the exceptional stability of the catalyst at high
temperature.

Figure 7. Photoluminescence spectra of pristine PbS:Bi of x = 0 (a), x = 0.005 (b), x = 0.01 (c), x = 0.02 (d), and γ-irradiated PbS:Bi of x = 0 (e),
x = 0.005 (f), x = 0.01 (g), and x = 0.02 (h).
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BET surface area analysis of the irradiated Pb0.995Bi0.005S was
performed employing nitrogen adsorption−desorption at
77.35 K, and its corresponding isotherm and multipoint fit
are shown in Figure 9. As observed from BET studies, the
irradiated Pb0.995Bi0.005S sample has a surface area of 9.350 m2/
g. Furthermore, the isotherm of the sample shows type II
adsorption with type H3 hysteresis, which is associated with
the plate-like layered structure. The distribution of pore
volume and pore diameter are 0.028 cc/g and 3.917 nm
(Figure 9). Since the irradiated Pb0.995Bi0.005S sample has
numerous pores distributed through a wide pore range, this
will enhance the number of active sites and boost the
photocatalytic activity.
The photocatalytic analysis of both pristine and γ-irradiated

Bi ion-doped PbS was investigated by degrading the MB dye.
Initially, MB photolysis was executed by exposing the sample
to sunlight for 160 min. Samples were taken at regular intervals
of time, and their absorbance was calculated. For photo-
catalytic dye degradation, the PbS catalyst was loaded with 10
ppm of MB solution having pH 7. After reaching adsorption−
desorption equilibrium, the solution was irradiated to sunlight
for 160 min. The sunlight-exposed samples were taken at
regular intervals, and their absorbance spectra were deter-
mined. The MB elevated peak was observed at 663 nm, and it
is attributed to its monomer and this peak position remains the

same during the entire degradation process. Figure 10 shows
A/A0 vs time for pure and γ-irradiated PbS:Bi and Figure 11
shows -ln(A/A0) vs time for pure and γ-irradiated PbS:Bi.
The percentage of photolysis is very small (12%), so we can

conclude that the dye is stable under sunlight. Dye solution
degradation efficiency was increased with addition of the
catalyst. For pure PbS:Bi catalysts, the degradation efficiencies
were 64.37, 62.40, 65.77, and 63.81%, while those of irradiated
samples show efficiencies of 66.52, 74.72, 68.14, and 70.85%.
Results indicate a remarkable improvement in photocatalytic
activity for doped samples after γ-irradiation. This is due to the
sulfur vacancies that are created, which act like trap states and
restrict photogenerated electrons and holes from recombina-
tion, increasing the degradation rate of organic MB.60 The
highest degradation rate was observed for the γ-irradiated
Pb0.995Bi0.005S photocatalyst, and it was 74.72% at 160 min
(Figure 12).
The rate constant of the irradiated Pb0.995Bi0.005S sample was

found to be having a maximum value of 0.00798 min−1 than
other irradiated samples, and this shows enhancement in
photocatalytic efficiency (Figure 13). The catalytic stability was
checked for gamma-irradiated Pb0.995Bi0.005S in three subse-
quent cycles by degrading MB, and the decomposition
efficiency of the catalyst was analyzed. From the recycling
experimental data shown in Figure 14, we understand that
there is no photocatalytic loss efficiency in γ-irradiated
Pb0.995Bi0.005S after using it for three cycles.
The main reactive species taking part in the degradation

process were investigated by a scavenger test using EDTA as a
hole scavenger, AgNO3 as an electron scavenger, and isopropyl
alcohol (IPA) as a hydroxyl scavenger radical. During the
reaction (Figure 15), the degradation rate of MB is reduced
from 74.72 to 21.78% with the addition of EDTA, which
suggests that holes are the active species in γ-irradiated
Pb0.995Bi0.005S, followed by hydroxyl radicals (IPA), which have
a degradation percentage of 43.39%. The same catalyst’s
reusability was tested, and the catalyst demonstrated excellent
stability after three cycles.
The main decomposition mechanism of MB in the

investigated PbS:Bi photocatalytic system is as follows.
Under high-energy gamma irradiation, PbS:Bi underwent
ionization and creates sulfur vacancies with the change in the
crystallinity. Since the energy is in the kGy regime, point

Figure 8. TGA-DSC curve for γ-irradiated Pb0.995Bi0.005S.

Figure 9. (a) Adsorption−desorption isotherm of γ-irradiated Pb0.995Bi0.005S and (b) plot of BJH adsorption pore volume and dV/d log D pore
volume against pore diameter for γ-irradiated Pb0.995Bi0.005S.
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defects and grain boundaries form in PbS. The substitutional
heterovalent cationic doping of PbS with Bi ions slows the
recombination rate and the lifespan of photoassisted charge
carriers is enhanced resulting in improvement of photocatalytic
activity.61 According to the optical studies, the optical bandgap
is in the visible range before and after gamma irradiations.
Here, the combined effect of Bi3+ ions as dopants and the
gamma irradiation reduces electron−hole pair recombination
in PbS. These photogenerated electron−hole pairs interact
with the dye on the PbS catalyst surface. Since oxidizing power

of free holes is greater than the reducing power of free
electrons, MB adsorbed on the catalyst surface is decomposed
by strong reactivity of free holes and hydroxyl radicals derived
from them. The process was then repeated until the dye
contaminants were completely degraded. Further with ESR we
may get better insight into the presence of radicals and the
reaction pathway for the photocatalyst.62,63 Xu et al. conducted
spin trapping in conjunction with ESR analysis and examined
the free radical responsible for the photocatalytic mechanism.64

Figure 10. A/A0 vs time for pure and γ-irradiated PbS:Bi.

Figure 11. ln(A/A0) vs time for pure and γ-irradiated PbS:Bi.

Figure 12. Degradation percentage of pure and γ-irradiated PbS:Bi.
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The best catalyst (irradiated Pb0.995Bi0.005S) had surface area
of 9.350 m2/g and pore diameter of 3.917 nm, respectively,
and was found to have micro and mesoporous distributions.
The thermal study of irradiation Pb0.995Bi0.005S revealed that it
has an endothermic character and a high degree of thermal
stability. The carrier concentration of irradiated Pb0.995Bi0.005S,
as estimated from room-temperature Hall measurements, is
9.225 × 1015 cm−3, indicating that the catalyst is a p-type
semiconductor. Table 2 compares previously reported PbS for
MB dye degradation with our gamma-irradiated PbS:Bi.
Numerous investigations on the photocatalytic activity of

PbS have been conducted, although the great majority employ
ultraviolet light, hence limiting its practical applications.

Figure 13. Bar chart of degradation and rate constant for pure and γ-irradiated PbS:Bi.

Figure 14. Reusability of γ-irradiated Pb0.995Bi0.005S for MB
degradation under sunlight.

Figure 15. Scavenger radical result of γ-irradiated Pb0.995Bi0.005S.

Table 2. Comparison of Degradation Efficiency of MB Dye
by PbS

material
degradation
efficiency

light
source

time
(min) references

PbS 75.9% UV light 180 28
Mg and Zn codoped
PbS

80% UV light 180 29

PbS/Ni2P 75% UV light 180 65
γ-Pb0.995Bi0.005S 74.72% sunlight 160 present

work

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c02855
ACS Omega 2023, 8, 47427−47439

47436

https://pubs.acs.org/doi/10.1021/acsomega.3c02855?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02855?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02855?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02855?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02855?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02855?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02855?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02855?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02855?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02855?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02855?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02855?fig=fig15&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c02855?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


In our research, gamma irradiation is employed to alter the
material characteristics of PbS in order to facilitate MB
degradation under visible light. On the basis of obtained
values, high-energy gamma irradiation can be employed to alter
the photocatalytic property of PbS:Bi for the removal of
organic contaminants from industrial effluent under sunlight.

4. CONCLUSIONS
Bi ion doped PbS (0, 0.05, 1, 2%) was successfully synthesized
employing the co-precipitation technique, and obtained
samples were irradiated with high-dosage gamma-rays of 90
kGy. PbS:Bi structural and chemical composition investigation
was carried out. According to the optical studies, the optical
bandgap is in the visible range. The obtained product’s
photocatalytic activity was tested to degrade MB dye in visible
sunlight. The highest degradation rate was found to be 74.72%
for the irradiated Pb0.995Bi0.005S photocatalyst. According to the
scavenger test, holes and hydroxyl radicals are active species
involved in MB degradation. After three cycles, the best
catalyst was found to have a degradation rate of 70.92%. We
can conclude from this work that γ-irradiation can provide a
new method for producing efficient photocatalysts for waste
water treatment.
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