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Abstract
In this work,  Mg2+- and  Zn2+-doped PbS nanopowders were synthesized simply and quickly by a sonochemical method. The 
nanopowders were characterized by X-ray diffraction, wavelength dispersive X-ray fluorescence, scanning electron micros-
copy, and ultraviolet–visible spectroscopy. The photocatalytic activity was estimated by methylene blue dye degradation. 
The sonochemical method produces crystalline PbS particles with cubic structure and free of secondary phases. The use of 
polyvinylpyrrolidone as a surfactant, and reaction medium at pH 13, results in the formation of nanospheres with diameter 
ranging from 31.4 to 114.5 nm. Doping favors the absorption of radiation in the visible region, and consequently, reduces 
the optical bandgap of the PbS. Photocatalytic assays show that magnesium and zinc codoping results in 80% reduction of 
methylene blue concentration after 180 min, while undoped PbS achieves only 42%. Tests with charge scavengers indicate 
that holes  (h+) act as the main mechanism in the photocatalytic process.

1 Introduction

Continued industrial development has led to increasing con-
cern with wastewater treatment availability and effective-
ness, wherein the removal or degradation of organic dyes has 
gained attention [1, 2]. Approximately 20% of the world’s 
pigment production is lost during dyeing, being released as 
part of textile wastewater, and thus requiring treatment to 
protect the environment and water supply [3]. Advanced oxi-
dative processes (AOPs), especially those applying hetero-
geneous photocatalysis, are widely studied as green chem-
istry approaches, as they generate water, carbon dioxide 
gas and inorganic salts from the mineralization of organic 
compounds [4, 5]. Such technique consists of exposing a 
semiconductor material to appropriate radiation in order to 

excite the valence band (VB) electrons to the conduction 
band (CB), forming electron/hole pairs  (ecb/h+

vb), which 
when in contact with an aqueous solution containing organic 
dye compounds generates reactive oxygen species (ROS) 
that have high oxidative capacity [6, 7].

Semiconductors have been studied for use in AOP due to 
their adaptable optical and electronic properties, whereby 
these properties can be readily modified by inserting defects 
within their crystal structure [8]. Semiconductors such as 
 TiO2 [9], CdS [10], AgCl [11], ZnO [12] and ZnS [13] have 
been widely studied for this purpose. Among these, nano-
particles formed of metal sulfides have been found to pos-
sess optical properties that make them suitable for diverse 
applications [14]. PbS is an important group IV–VI semi-
conductor that has been applied in various fields, including 
telecommunications, solar cells, biological systems, sensors, 
and infrared detectors [2, 15, 16]. Among the possibilities 
for modifying the PbS lattice, doping is attractive for its abil-
ity to control structure, morphology, and optical properties 
[17, 18].

PbS doping with elements such as lithium, strontium, 
iron, cobalt, and nickel is found in recent literature [19–21]. 
In addition, magnesium and zinc are doping elements that 
when inserted into the PbS crystal structure causes defects 
that improve the properties of this semiconductor; Liu et al. 
[22] and Gassoumi et al. [23] doped PbS thin films with zinc 
and magnesium, respectively, and optimized their optical 

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s1085 4-020-03975 -7) contains 
supplementary material, which is available to authorized users.

 * N. F. Andrade Neto 
 netoandrade@ufrn.edu.br

1 LSQM, Laboratory of Chemical Synthesis of Materials, 
Department of Materials Engineering, Federal University 
of Rio Grande do Norte, UFRN, P.O. Box 1524, Natal, RN, 
Brazil

2 School of Engineering, University of Guelph, Guelph, 
ON N1G 2W1, Canada

http://orcid.org/0000-0003-1421-2904
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-020-03975-7&domain=pdf
https://doi.org/10.1007/s10854-020-03975-7


14193Journal of Materials Science: Materials in Electronics (2020) 31:14192–14202 

1 3

properties. However, the literature lacks studies that report 
the photocatalytic activity of doped PbS powders, the major-
ity having been done using thin films.

PbS nanoparticles and thin films can be synthesized by 
different methods, the most common of which are coprecipi-
tation, thermal decomposition, successive ion layer absorp-
tion and reaction (SILAR), and sonochemical [24–28]. 
Hines and Scholes [24] synthesized PbS nanocrystals by a 
coprecipitation method, first producing lead oleate precur-
sor (at 150 °C for 1 h under inert atmosphere) that was then 
vigorously mixed with a solution of TMS [bis(trimethylsilyl)
sulfide] at 80 to 140 °C until crystals of desired particle 
size formed. Sharma et al. [28] synthesized Sr- and Cd-
doped PbS thin films onto cleaned glass slide substrate by 
the SILAR method, wherein a later stage of calcination at 
120 °C is necessary to remove impurities. In contrast, the 
sonochemical method is a fast and simple approach that pro-
duces materials without the need for further treatment [27].

This work aims to study the structural and photocatalytic 
effects of the insertion of Mg and Zn ions in the PbS lattice 
of nanopowders (in total proportions of 4 to 8 mol%), while 
utilizing a sonochemical method to speed up the synthesis 
and to control the particle size and morphology (aiming at 
producing nanospheres). Codoping was tested to investigate 
if Mg and Zn can generate synergistic photocatalytic effect, 
in addition to improving the physical and chemical prop-
erties of PbS. The photocatalytic property of the resulting 
nanospheres was estimated by oxidative discoloration of 
methylene blue dye solution, when illuminated by UV radia-
tion. An active species scavenging methodology was applied 
for investigation of the mechanisms governing the photo-
catalytic activity of undoped and doped PbS nanopowders.

2  Materials and methods

2.1  Synthesis

PbS nanopowders, undoped and doped, were prepared 
using lead nitrate [Pb(NO3)2, Sigma-Aldrich, 99%], thiou-
rea  (CH4N2S, Synth, 99%), zinc nitrate [Zn(NO3)2, Sigma-
Aldrich, 98%], magnesium nitrate [Mg(NO3)2, Sigma-
Aldrich, 99%], polyvinylpyrrolidone polymer (PVP, Alfa 
Aesar, MW = 40.000), sodium hydroxide (NaOH, Synth, 
98%), and deionized water. For this, 4 mmol of lead nitrate 
was added to 50 mL of deionized water and kept under 
stirring; after complete dissolution, 4 mmol of thiourea, 
as the source of reduced sulfur, was added. After 10 min 
of further stirring, a second solution containing 30 mL of 
deionized water and 1 g of dissolved sodium hydroxide 
was added, to fix the pH to 13.0. The combined solution 
then remained under stirring for another 30 min. Subse-
quently, the solution was placed under an ultrasonic probe 

tip (Ø = 13 mm) coupled to a converter (model Branson 
102-C, 20 kHz) and processor (model Branson SFX250 
Sonifier, 250 W), where it remained for 30 min at 70% 
nominal amplitude. After this time, the precipitate was 
centrifuged and washed with DI water. The doped samples 
were obtained similarly, but with the addition of zinc and/
or magnesium nitrate, stoichiometrically in the proportions 
of 4 or 8 mol% replacing lead nitrate; these proportions 
are based on our previous work that thus showed the best 
optical properties [27]. The samples were named accord-
ing to their molar ratio, namely P4M, P4Z, and P4MZ for 
the 4 mol% samples, and P8M, P8Z and P8MZ for the 
8 mol% samples, where M is magnesium and Z is zinc. For 
the mixed doped samples (i.e., MZ), the mol% proportion 
(4 or 8) was the total of the two dopants at an equal ratio.

2.2  Characterization

X-ray diffraction (XRD) analysis was performed on a Shi-
madzu XRD-6000 diffractometer using Cu Kα (1.5418 Å) 
radiation, to identify the crystalline phases of the nanopo-
wders. Rietveld refinement was performed using GSAS 
software with the EXPGUI interface [29], to analyze pos-
sible microstructural changes in the PbS lattice when dop-
ing with  Mg2+ and  Zn2+.

The elemental composition of the nanopowders was 
quantified by wavelength dispersive X-ray fluorescence 
(WDXRF, Malvern Panalytical Zetium). For this, loose 
powder samples were analyzed for 20 min using the stand-
ardless Omniam method, under helium and at 1 kW power. 
Elemental concentrations were quantified in SuperQ v6 
(Malvern Panalytical) using drift correction, finite thick-
ness model, and values were normalized to 100% using Pb 
as the balance element (sum before normalization ranged 
from 11.6 to 16.1 wt%, with precision determined from 
replicates as ± 0.1 wt%).

Field emission scanning electron microscopy (FE-SEM) 
was performed for observation of particle morphology in a 
Carl Zeiss microscope (Auriga). Energy-dispersive X-ray 
(EDX) spectroscopy was performed for chemical iden-
tification of the nanopowders using a Zeiss SmartEDX 
spectrometer. Image analysis was performed to determine 
particle size distribution (based on 100 counts, in tripli-
cate, per sample) using ImageJ software (U.S. National 
Institutes of Health).

UV–Vis spectroscopy (UV–Vis) was conducted on a 
Shimadzu UV-2550 equipment, operating in diffuse reflec-
tance mode with wavelength ranging from 200 to 900 nm. 
Reflectance data were converted to absorbance by the 
Kubelka–Munk function [30], and the Wood and Tauc equa-
tion [31] was applied to obtain the optical band gap (Egap) 
of the nanopowders.
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2.3  Photocatalytic properties

The photocatalytic properties were estimated by the oxi-
dative discoloration of methylene blue dye (Mallinckrodt, 
99.5% purity and  10−5 mol  L−1 concentration) under UV 
radiation. For this, 50 mL of methylene blue dye (MB) was 
kept under stirring with 0.05 g of nanopowder. The nanopo-
wders were initially kept in contact with MB dye for 30 min 
to eliminate adsorptive effects; a sample was taken every 
10 min and its UV–Vis absorbance was measured. UV illu-
mination was then performed by placing the solution under 
six UVC lamps (TUV Philips, 15 W, 240–260 nm wave-
length). For discoloration analysis, a sample was taken every 
30 min and its UV–Vis absorbance was measured.

The photocatalytic mechanisms acting on the oxidative 
process were studied by applying the principle of active spe-
cies scavenging [32]. In this methodology, compounds are 
added to the MB solution that impairs the efficacy of certain 
active species during UV illumination. For this, 0.5 mL iso-
propyl alcohol (Sigma-Aldrich, 99.7%), 3.6 mg EDTA (97%. 
Sigma-Aldrich) and 4.3 mg de  AgNO3 (Synth, 99%), added 
to 50 mL of dye solution with 0.05 g of nanopowder, were 
used as scavengers against hydroxyl radical (·OH), positive 
charges  (h+), and negative charges  (e−), respectively.

3  Results and discussion

Figure 1 shows the diffractograms for undoped and  Mg2+- 
and  Zn2+-doped PbS. The crystalline arrangement is char-
acterized based on the ICSD Card 62190 to be of cubic 
structure and space group Fm-3m. As previously reported 
in literature by Behboudnia et al. [33], sonication does not 
results in alteration of crystal structure. No secondary peak 
formation is observed, indicating the correct incorporation 
of  Mg2+ and  Zn2+ ions into the PbS lattice. Figure 1b shows 
the magnification of the main peaks relative to the (111) and 
(002) planes. The peaks shift in regard to the ICSD Card 
62190, indicating changes in crystal structure due to doping. 
According to Yoo et al. [34], diffraction peak displacement 
occurs due to changes in interplanar spacing (e.g., reductions 
in spacing promote peak displacement to greater diffraction 
angles). Doping is thus expected to result in an asymmetric 
broadening of pure-phase peaks; such observation is further 
evidence of the incorporation of the doping elements into 
the PbS structure.

Figure 2a presents the calculated diffractogram obtained 
through Rietveld refinement for the undoped PbS sample, 
while Fig. 2b illustrates its cubic structure, obtained with the 
aid of VESTA software [35]. The cubic structure is formed 

Fig. 1  a Diffractograms for the 
PbS samples, and b highlighted 
section with the (111) and (002) 
planes

Fig. 2  a Observed and calcu-
lated diffractograms curves 
obtained by the Rietveld refine-
ment, and b crystallite structure 
simulated by VESTA software
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with  Pb2+ atoms attached to six  S2− atoms. Table 1 pre-
sents the crystallographic data obtained through the Riet-
veld refinement for undoped and doped PbS. According to 
Table 1, there is a reduction in the crystallite size and lattice 
parameters as the dopant concentration is increased, which is 
characteristic of substitutional doping [36, 37]. These reduc-
tions occur due to increasing the number of defects and the 
differences between the ionic radii;  Pb2+,  Mg2+, and  Zn2+ 
cations possess radii of 1.19, 0.72, and 0.74 Å, respectively 
[27]. According to Liu et al. [38],  Zn2+ atoms can replace 
 Pb2+ when they are in the Pb–S6 coordination octahedron, 
replacing the Pb–S (0.297 nm) bonds with Zn–S (0.278 nm) 
bonds, and consequently reducing the lattice parameter. 
Nakrela et al. [36] pointed that substitutional doping by 
smaller ions is predicted by Vegard’s law to result in appre-
ciable shrinking of the lattice, while for interstitial doping, 
the lattice would expand.

Further confirmation of the incorporation of Mg and Zn 
ions in the PbS lattice was obtained through chemical analy-
sis by WDXRF, to quantitatively confirm that the desired 
Mg/Pb, Zn/Pb and Mg/Zn molar ratios were present in the 
produced samples. Table 2 shows the theoretical (i.e., stoi-
chiometry-based) and measured values for Mg and Zn molar 
concentrations, and Figs. S1, S2, S3 and S4 (Supplementary 
Information) show the WDXRF spectra for undoped PbS, 
and doped P4M, P4Z and P4MZ samples, which have the 
smallest doping compositions (4 mol%). According to data 
shown in Table 2, the theoretical and measured concentra-
tions are similar, and within the expected uncertainty of the 
standardless semi-quantitative method used, serving to con-
firm the intended incorporation of the desired quantities of 
Mg and Zn ions into the PbS lattice.

Figure 3a–g shows the micrographs obtained for the 
undoped and Mg- and Zn-doped PbS samples. Accord-
ing to the micrographs, the predominance of semi-spher-
ical morphology, with some aggregation as expected for 
uncoated nanoparticles due to Van de Waals attraction, 
is noticed. Compared to similar morphology reported in 
literature [39, 40], these nanopowders are deemed to be 
composed of aggregated nanospheres, which also can be 
referred to as nanoclusters made up of spherical crystal-
lites [33]. The morphology obtained can be attributed to 

the surfactant and the sonochemical method used. The 
PVP was used as a surfactant for morphological control, 
because of its intrinsic non-ionic character and non-toxic-
ity [41]. The PVP chains, combined with their non-ionic 
character, act to suppress the growth of particles in all 
directions, inducing the formation of semi-spherical nano-
particles [42]. The sonochemical methodology is charac-
terized by the supply of ultrasonic waves to the system 
through the formation and implosion of cavities, which 
create localized zones of elevated pressure and tempera-
ture. These effects, together with the PVP surfactant, favor 
nucleation over crystal growth, thus leading to the forma-
tion of nanoparticles and prevention of excessive growth 
of particles [43]. Nanoparticles have high surface energy, 
thus to reduce it they favor spherical morphology [44].

Figure 3h shows the EDX spectra corresponding to the 
P4MZ micrograph. EDX analysis was used to qualify the 
chemical composition, in support of the semi-quantita-
tive WDXRF results, and the presence of both dopants is 
detected, with no visible secondary phases of altered com-
position detected. Wang et al. [45] noted that  Pb2+ tends 
to absorb on the surface of PbS nanocrystals, which were 
sonochemically prepared in that study, and this results 
in a Pb:S molar ratio greater than 1. They found through 
EDX analysis (which is surface sensitive) that this ratio is 
1.155, and by X-ray photoelectron spectroscopy (XPS) to 
be 1.19. Conversely, Zhu et al. [46] reported Pb:S molar 
ratios lower than 1 (0.754 from EDX and XPS analyses), 

Table 1  Crystalline and quality 
parameters of the Rietveld 
refinement obtained through the 
GSAS software

Sample PbS P4M P4Z P4MZ P8M P8Z P8MZ

a (Å) 5.9418 5.9413 5.9409 5.9382 5.9412 5.9398 5.9379
Cell volume (Å3) 209.77 209.72 209.68 209.39 209.71 209.56 209.36
Crystallite size (nm) 25.65 19.22 23.85 20.88 17.35 21.31 20.28
Microstrain  (10−4) 3.27 3.01 4.36 4.02 2.96 4.82 3.76
χ2 1.238 1.298 1.365 1.386 1.329 1.369 1.389
Rwp 0.3084 0.3062 0.1814 0.3152 0.2815 0.1816 0.3181
Rp 0.2190 0.2186 0.2181 0.2348 0.1995 0.2190 0.2451

Table 2  Theoretical and calculated values by the WDXRF method for 
the magnesium and zinc composition of doped PbS nanopowders

Samples Theoretical (mol%) Measured (mol%)

Mg Zn Mg Zn

P4M 4.00 0 3.58 (± 0.19) 0
P4Z 0 4.00 0 3.07 (± 0.11)
P4MZ 2.00 2.00 2.7 (± 0.19) 1.88 (± 0.07)
P8M 8.00 0 6.53 (± 0.28) 0
P8Z 0 8.00 0 5.72 (± 0.14)
P8MZ 4.00 4.00 4.17 (± 0.19) 3.43 (± 0.10)
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again for sonochemically prepared PbS nanoparticles, but 
do not offer an explanation of the deviation from 1.

Figure 4 shows particle size distribution histograms for 
undoped and doped PbS nanopowders, determined from 
micrograph image analysis. According to the histograms 
and mean particle sizes, Mg doping provides a reduction in 
the average diameter of PbS nanoparticles; this is the case, 
in order from largest to smallest for P4M, P4MZ, P8MZ, and 
P8M, but is most significant in the case of P8M, where mean 
particle size reduces from 93.05 to 31.41 nm. Conversely, 
the introduction of zinc alone (P4Z and P8Z) increases the 
average diameter of the nanospheres. Liu et al. [38] have 
reported that the introduction of zinc ions into PbS during 

thin-film deposition induces a reduction in the size of their 
pyramidal grains, accompanied by rounding of their vertices, 
and consequently contributed to thinner and smoother doped 
films. The sonochemical conditions here may have masked 
any size reduction effect of zinc, but such effects are clearly 
seen for magnesium doping.

Figure  5a shows the UV–Vis absorption curves for 
undoped and Mg- and Zn-doped PbS nanopowders. Absorp-
tion curves were obtained by applying the Kubelka–Munk 
equation [30] to the diffuse reflectance data. According to 
Fig. 5a, PbS has maximum absorption in the ultraviolet 
region, with two well-defined bands near 250 and 350 nm, 
followed by two smaller absorption bands in the visible 

Fig. 3  SEM micrographs for the 
a PbS, b P4M, c P4Z, d P4MZ, 
e P8M, f P8Z and g P8MZ 
samples; and h EDX spectra for 
the P4MZ sample



14197Journal of Materials Science: Materials in Electronics (2020) 31:14192–14202 

1 3

region, around 580 and 750 nm. According to Molaei et al. 
[47], the presence of bands in the ultraviolet region occurs 
due to quantum confinement effects related to the nano-
scopic scale of the material.  Mg2+ doping reduces absorption 
in the ultraviolet region, leaving only one band at 340 nm, 
and increases absorption in the visible region, producing a 
wide band centered around 600 nm. As  Mg2+ concentration 
increases from 4 to 8 mol%, a reduction in the 350 nm band 
and an increase in the 600 nm band can be seen.

Doping with 4 mol%  Zn2+ also acts to reduce absorption 
in the ultraviolet region, reducing the band at 350 nm, while 
leading to the appearance of a small band around 225 nm, 
and producing increased absorption in the visible region, 
though less so than with  Mg2+ doping. With the doping 
amount of  Zn2+ at 8 mol%, absorption in the visible region 
reverses back to level similar to that of undoped PbS. Paral-
lel to this, there is increased absorption in the ultraviolet 
region compared to undoped PbS, at 250 and 350 nm.

Codoping at 4 mol% results in the modification and dis-
placement of absorption bands. For the ultraviolet region, 
small bands appear at 250 and 275 nm, while in the visible 
region there is increased absorption, with a wide band cen-
tered around 590 nm. Increasing the codoping to 8 mol% 
increases the intensity of these bands, and leads to a fur-
ther band shift in the visible region (now centered around 
560 nm).

The increased absorption that occurs with doping is asso-
ciated with the appearance of intermediate levels in the for-
bidden PbS band, allowing the absorption of greater wave-
length radiation [48]. The intermediate levels eventually 

generate several forms of recombination between  e−/h+ 
pairs, the most common being (I) recombination of  e−/h+ 
pairs near the bands; (II) electrons from Pb and holes in the 
valence band; (III) Pb empty bond electrons and holes in the 
S-bond; and (IV) electrons in the conduction band and holes 
in the S-bond [47, 49].

Figure 5b shows the curves of α2 variation, where α is the 
absorption coefficient of the material, versus photon energy, 
obtained by the Wood and Tauc equation [50, 51]. The Egap 
is obtained by extrapolating the linear portion of the α2 
curves. Table 3 presents the estimated values of direct Egap, 
and the error and coefficient of determination (R2) associated 
to the extrapolation of the linear portion of the α2 curves. 
According to R2 values, linear fitting is well adjusted to the 
selected portion of the curves.

Egap is directly related to the presence of defects in the 
crystal lattice and the morphology of materials [7]. As dis-
cussed earlier, doping provides increased absorption in the 
visible region, indicating a reduction in Egap [52]. The sam-
ples codoped, both with 4 mol% and 8 mol%, showed more 
significant increase in Egap than the samples with single 
dopants. However, even with single dopants, samples with 
Mg doping showed greater Egap than samples with Zn dop-
ing. These effects may be associated with the Burstein–Moss 
effect, where Mg occupies states near the conduction band, 
shifting it to higher energy states [53]. According to Liu 
et al. [38], the increase in Egap for PbS through doping may 
occur due to quantum confinement, shifting the absorption 
band to higher frequencies. Changes in Egap, in parallel with 
morphological, chemical and crystallographic changes, 

Fig. 4  Histograms of particle size for the a PbS, b P4M, c P4Z, d P4MZ, e P8M, f P8Z, and g P8MZ samples
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confirm the successful introduction of  Mg2+ and  Zn2+ ions 
into PbS lattice through the sonochemical method employed, 
and exemplify the benefit of codoping.

Figure 6 shows the concentration curves of MB ver-
sus the assay time for the photocatalytic dye degradation 
experiments. The photolysis curve corresponds to the analy-
sis without the presence of a catalyst, indicating that UV 
radiation reduces the MB concentration by only about 7% 

after 180 min of illumination. To quantify the photocata-
lytic activity of PbS nanopowders, first-order modeling was 
performed, based on the Fig. 6 data, to obtain the kinetic 
constants. Similarly, adsorption reaction constants were 
determined based on initial MB concentration and equilib-
rium MB concentration after 30 min, before UV illumina-
tion. According to Santiago et al. [54], the kinetic constant 
can be obtained by

where k is the first-order kinetic constant, t the test time, Ct 
the concentration at time t, and C0 the initial concentration.

Catalytic and adsorption kinetics is strongly dependent on 
medium concentration, whereby the higher the concentration 
of dye molecules in the medium, the higher the initial rate 
[55]. As shown in Table 4, the PbS sample has the lowest 
kinetic constant for adsorption and photocatalysis, indicating 
that Mg and Zn doping increases the rate of MB removal via 
both mechanisms.

The P4MZ sample had the highest adsorptive capacity 
(pre-illumination), reducing approximately 25% of the con-
centration of MB dye; other doped samples resulted in 10% 
to 20% adsorption, versus 5% for undoped PbS. As discussed 
earlier, doping generates many material defects, shifting the 
conduction band to higher energy states and favoring nega-
tive charge defects on the surface of the particles. Due to the 
cationic character of the MB dye, such defects act to facili-
tate the adsorption of these molecules to the surface of PbS 
nanospheres. The improvement in adsorption effect is also 
associated with alterations on the surface of the particles, as 
shown in SEM micrographs, where the doping generates a 
reduction in particle size.

Ajibade and Oluwalana [56] produced capped PbS nano-
particles with a quasi-spherical morphology, with a medium 
diameter of 17.25 nm, and used them to degrade approxi-
mately 66% of MB dye concentration after 180 min, while in 
this work for the P4Z (114.55 nm) and P8Z (96.70 nm) sam-
ples degraded over 70% of MB dye, and P8M (31.41 nm) 
and P8MZ (72.12 nm) degraded close to 80% of MB dye, 
with the same duration. Improvement in photocatalytic 
properties of materials with doping is reported in several 
papers [57–59]. These improvements are due to the differ-
ences between solvent and solute, usually associated with 
ionic radius and valence, which generate defects that act 

(1)k =
−ln(C

t
∕C0)

t
,

Fig. 5  a UV–Vis absorption curves obtained by Kubelka–Munk 
methodology, and b direct transitions curves obtained by Wood and 
Tauc equation

Table 3  Direct Egap estimated 
by the Wood and Tauc 
methodology

Samples PbS P4M P4Z P4MZ P8M P8Z P8MZ

Egap (eV) 1.48 1.56 1.50 1.59 1.60 1.50 1.67
Error 0.06 0.03 0.06 0.02 0.02 0.06 0.02
R2 0.998 0.994 0.996 0.997 0.997 0.996 0.997
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to prevent the recombination of electron/hole pairs  (e−/h+), 
leaving more ROS available to act on the degradation of dye 
molecules [60].

Our previous work [27] showed that the photocatalytic 
activity of the PbS is improved as a function of increasing Ag 
doping, where the catalytic kinetic constant increased from 
1.69 (bare PbS) to 7.57 min−1 (for 8% Ag-doped PbS). As 
shown in Table 4, the catalytic kinetic constant increases from 
3.56 (bare PbS, sonochemically produced) to 10.76 min−1 (8% 
Zn-doped PbS), indicating that Zn enhances the photocatalytic 
activity against Ag. The chemical stability of the nanopow-
ders was analyzed by XRD after the photocatalytic tests. The 
diffractograms in Fig. S5 (Supplementary Information) show 
that there is no formation of secondary phases, indicating the 
stability of the PbS after the photocatalytic process.

To better understand the photocatalytic dye degradation 
mechanisms that the doping of  Mg2+ and  Zn2+ atoms into the 
PbS lattice generates, the active species scavenging methodol-
ogy was applied to the PbS, P8M, and P8Z samples. Figure 7 

shows MB dye concentration curves illustrating the effect of 
charge hijackers on the degradation extent. For all samples 
tested,  AgNO3 addition promotes the optimization of photocat-
alytic activity, versus the case without scavengers, while add-
ing EDTA and isopropyl alcohol reduces catalytic efficiency. 
 AgNO3 acts to suppress free electrons, so that it prevents 
recombination with the holes  (h+), which migrate to the sur-
face and when in contact with the aqueous medium generate 
ROS having high oxidative capacity against organic dyes [61]. 
On the other hand, EDTA suppresses the holes  (h+) generated 
by electronic excitation, making impossible the ROS genera-
tion and consequently reducing the photocatalytic capacity of 
PbS [61, 62]. A similar effect occurs when adding isopropyl 
alcohol, where it acts to suppress the action of hydroxyl radi-
cals (·OH) generated during the reaction between holes  (h+) 
and water molecules [62]. Thus, it can be assumed that the 
photocatalytic activity of undoped and Mg- and Zn-doped PbS 
is directly related to ROS generation in the reaction medium.

4  Conclusion

The sonochemical method is fast and efficient to obtain PbS 
nanoparticles with nanospherical morphology and without the 
formation of secondary phases, for doping with 4 and 8 mol% 
of  Zn2+ and  Mg2+, singly or combined. The high crystallinity 
of the samples indicates that it is not necessary to perform 
further preparation steps after the sonochemical treatment. 
Doping with  Mg2+ and  Zn2+ proved to be efficient to opti-
mize the optical properties of PbS nanopowders, increasing the 
absorption in the visible region. The photocatalytic activity is 
strongly influenced by the impediment of electron/hole pairs’ 
recombination, which provides more holes  (h+) available on 
the surface of the PbS particles, and consequently increases 
the generation of reactive oxygen species, which have a high 
capacity for degrading organic contaminants. Thus,  Mg2+- and 
 Zn2+-doped PbS nanopowders are a promising new class of 
materials for optical and photocatalytic applications against 
organic contaminants that are difficult to treat by conventional 
methodologies.

Fig. 6  Curves of methylene blue dye concentration as a function of 
UV illumination time; time zero represents 30  min of adsorption 
equilibration prior to illumination

Table 4  Kinetic constants of 
photocatalysis and adsorption 
for undoped and doped PbS 
nanopowders

Samples PbS P4M P4Z P4MZ P8M P8Z P8MZ

kads·×  10−3  (min−1) 1.526 5.894 6.444 9.324 7.211 3.731 3.318
kcat·×  10−3  (min−1) 3.561 5.824 8.237 5.954 4.772 10.758 6.530
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