
Ultrasonics Sonochemistry 79 (2021) 105797

Available online 15 October 2021
1350-4177/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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A B S T R A C T   

In this study, lead oxide (PbO) nanostructures are fabricated by an ultrasound-assisted sonochemical method, 
and re-ultrasonic effects on them are investigated. In the synthesis process, lead nitrate powder is used as a 
precursor, and potassium hydroxide serves as a precipitation agent. The resulting samples are characterized by 
scanning electron microscopy (SEM), X-ray diffraction (XRD), energy-dispersive X-ray spectroscopy (EDX), and 
Fourier transform-infrared spectroscopy (FT-IR). Re-ultrasound is also performed to terminate the growth of the 
PbO nanorods, stabilize them, and preserve their morphology. According to the XRD results, the re-ultrasonic 
effect did not change the crystal phases, and the tetragonal and orthorhombic crystal phases were preserved. 
The effect of the calcination time was investigated too; an increase in it led to a decrease in the irregular 
nanorods size but an increase in the crystallite size.   

1. Introduction 

Lead oxide nanostructures are important metal oxide nanomaterials 
[1]. In recent decades, extensive research has been done on the fabri
cation and application of these nanostructures. They have unique 
physical and chemical properties such as a high surface area-to-volume 
ratio and excellent reactivity to bulk materials [2]. They have also been 
used for various industrial and medical purposes, as in fabricating op
toelectronic devices [3], solar cells [4], and batteries [5]. The high 
atomic number of lead oxide makes it appropriate for the attenuation of 
× and gamma rays in medicine [1,6]. However, it is not without dis
advantages. For example, as a protector against ionizing radiation, it is 
too dense. The use of lead oxide nanostructures is a solution to this 
problem. These materials are comparable to those used in some elec
trochemical systems, as in batteries [7,8]. With their good ability to 
absorb visible light, lead oxide nanomaterials are widely used in solar 
cells [9]. Furthermore, due to the high density and refractive index of 
lead oxide, its nanomaterials are used in the glass industry to reduce the 
effect of ultraviolet radiation [10]. 

Lead oxide nanostructures have four distinct semiconducting oxide 
forms, namely PbO, PbO2, Pb2O3, and Pb3O4. Among them, PbO pos
sesses unique electronic, mechanical, and optical features, thus favored 
in nanodevices that can be crystallized in α and β phases [11]; α-PbO 
(tetragonal phase or litharge) is stable at low temperatures and red in 

color, while β-PbO (orthorhombic phase or massicot) is stable at high 
temperatures and yellow in color [12,13]. 

Controlling the growth of PbO nanostructures is essential for their 
application in various fields [14,15]. Recently, several routes have been 
taken to synthesize PbO nanostructures, such as sonochemical method 
[7,16], sol–gel combustion [17], anodic oxidation [18], spray pyrolysis 
[19], electrodeposition and electrochemistry [20,21], hydrothermal 
method [22], and thermal decomposition [23]. 

It has been proved that the particle size of nanomaterials, like their 
other properties, depends on the method of preparation and the exper
imental conditions applied. Currently, the sonochemical method is in 
common use to produce nanomaterials because it can form particles of a 
much smaller size and a larger surface area than those reported by other 
methods [24–29]. The sonochemical method is a convenient, econom
ical, and fast way to synthesis nanomaterials. Ultrasound is a sound 
wave in the frequency range of 20 kHz to 10 MHz [30–34]. Ultrasonic 
waves affect nanomaterials by reducing their particle size and pre
venting their agglomeration. In addition, an increase in the calcining 
time causes a change in the particle size [29,35–37]. So far, few studies 
have been reported on the sonochemical synthesis of lead oxide nano
structures. Yazdani et al. [38] used ultrasonic waves to synthesize PbO 
nano and microstructures by a simple precipitation method. The sam
ples were synthesized using various alkalis as precursors and polyvinyl 
pyrrolidone as a surfactant. The results showed that alkaline factors can 
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create different structures and the presence of a surfactant can also help 
to form small particulates and more regular shapes in PbO nano
structures. Karami et al. [7] synthesized PbO nanoparticles by a sono
chemical method through the reaction of lead nitrate and a sodium 
hydroxide solution. They used constant-frequency ultrasonic waves to 
prepare agglomerated nanoparticles with the size of 20–40 nm. Ghasemi 
et al. [39] synthesized PbO2 nanopowder by the ultrasonication of an 
aqueous β-PbO microstructure suspension. The resulting samples of 
PbO2 were agglomerated nanoparticles in the range of 50–100 nm in 
size. Bangi et al. [40] synthesized PbO nanoflowers using several li
gands. They prepared their samples by ultrasonic and ball milling 
techniques. The final products were nanodiscs and nanoflowers with a 
diameter of around 300 nm and thickness of 50 nm. 

Investigating the effects of ultrasonic waves on the structure and 
physical properties of materials can be interesting. For instance, the 
effects of these waves on fabrication processes as well as post-fabrication 
stages determine the material morphology in the field of nanotech
nology. There is no report about re-ultrasonic effects on PbO structures. 
The present study, however, is dedicated to the effects of re- 
ultrasonication on the morphology and the particle size of PbO struc
tures. In this study, PbO nanorods are synthesized with a simple sono
chemical method using inexpensive precursors and biocompatible 
solvents within a short time and at a low temperature. Then, the effects 
of re-ultrasonication and calcination time on the morphology and the 
crystal structure of the final products are evaluated through scanning 
electron microscopy (SEM) and X-ray diffraction (XRD), energy- 

dispersive X-ray (EDX) and fourier transform infrared (FT-IR) 
techniques. 

2. Materials and methods 

2.1. Materials 

All the chemicals were commercially available and used without 
further purification. Lead nitrate (Pb(NO3)2, 99 %), polyvinyl pyrroli
done (PVP, 98 %), potassium hydroxide (KOH, 90 %), and ethanol (96 
%) as a solvent were purchased from Merck. 

2.2. Characterization 

In this study, an FT-IR spectrometer (Equinox 55, Germany) was 
employed to identify the functional groups of the synthesized nano
material samples. The samples were mixed with KBr at the ratio of 1:20 
to fabricate pellets for recording the FTIR spectra. An SEM (Vega3 
Tescan, Czech Republic, 15 kV) was also used to view the structure and 
the quality of the samples. To prepare the samples for this analysis, they 
were coated with a 15-nm layer of Au. The crystal structure of the 
nanostructures was studied by means of an X-ray diffractometer with 
CuKα radiation (X’PertPro, Philips X’Pert, the Netherlands, λ = 1.5418 
Å). Finally, the purity of the samples was determined with an EDX 
spectroscope (TESCAN XMU VEGA, Czech Republic). 

2.3. Synthesis procedure 

Lead nitrate (Pb(NO3)2), KOH, PVP, Ethanol, and distilled water 
were used to synthesize PbO nanostructures. First, 1.32 g of Pb(NO3)2, 
and 0.008 mol of KOH were dissolved in 100 ml of distilled water 
separately, and the solution was stirred to obtain a clear one. Then, PVP 
(20 g/mol), as a surfactant, was added to the Pb(NO3)2 solution. They 
were stirred for 20 min until the PVP was completely dissolved in it. A 
surfactant plays a significant role to prevent agglomeration and obtain 
finer structures [21]. The Pb(NO3)2 and the PVP solution were ultra
sonicated for 30 min at the temperature of 40 ◦C. Next, the KOH solution 
(pH ≈ 12) was added drop-wise to the solution of the lead salt and the 
surfactant on the stirrer. They were mixed thoroughly by a stirring 
apparatus at room temperature (28 ◦C) for 5 min. 

The reaction for nanostructured lead hydroxide is as follow:  

Pb(NO3)2(aq) + 2KOH(aq) Pb(OH)2(s) + 2KNO3(aq)                           (1) 

In the next step, the resulting solution was ultrasonicated for 30 min 
at 40 ◦C. The obtained precipitate was first filtered and then washed 
with distilled water and ethanol for three times. After the precipitation 
was filtered, it was dissolved in 50 ml of ethanol, and the mixture un
derwent ultrasonic waves at 40 ◦C for 30 min. Then, the precipitation 
was dried at 50 ◦C for eight hours. From now on, this procedure will be 
referred to as L1. Finally, the final product was calcined at 320 ◦C for 
three hours. This process will be referred to as L2. Reaction (2) repre
sents the L2 process.  

Pb(OH)2(s)PbO(s) + H2O(g)                                                             (2) 

At the end of the synthesis of sample L1, first, the powder was dis
solved in 20 ml of an ethanol solution, and then the precipitate was 
filtered to be lastly washed with distilled water and ethanol three times. 
After filtration, the obtained precipitation was dissolved in 50 ml of 
ethanol, and the resulting solution was exposed to ultrasonication for 30 
min at the temperature of 40 ◦C. This process led to a new precipitation 
which was dried at 50 ◦C for eight hours. The final product was divided 
into two parts. They were calcined at 320 ◦C for one hour (sample L3) 
and three hours (sample L4). 

Fig. 1 presents the flowchart of the synthesis method. The main re
actions occurring during the experimental procedure can by written 

Fig. 1. Flowchart for the synthesis of PbO microstructures/nanorods by a 
sonochemical method. 
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Fig. 2. The SEM image (a), the diameter and length histogram frequency chart of L1 (c and d), the SEM image (b), and the EDX spectrum of L2 (e).  

Fig. 3. XRD patterns of the nano and microstructures obtained for samples L1 (Royal) and L2 (Orange). (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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briefly as follows: 
The process of water sonolysis is as follows [41]: 

H2O→ ◦ H +
◦ OH (3)  

◦

OH +
◦

OH→H2O (4)  

◦OH +
◦OH→H2 +O2 (5)  

◦

H +O2→ ◦

H2O (6)  

◦H2O+
◦ H→H2O2 (7)  

◦

H2O+
◦

H2O→H2O2 +O2 (8)  

◦OH +H2O→H2O2 +
◦ O (9)  

◦

H +
◦

H→H2 (10)  

◦H +
◦ OH→H2O2 (11) 

The formation of metal oxides by the sonochemical method occurs 
through the following process: 

Pb(NO3)2→Pb+2 + 2NO−
3 (12) 

Fig. 4. FT-IR spectra of PbO nano and microstructures for samples L1 (Royal) 
and L2 (Orange). (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 5. The SEM images of L3 and L4 samples (a and b), diameter (c and d) and length histogram frequency charts (e and f) of L3 and L4 samples, respectively.  
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KOH→K+ +OH− (13)  

Pb+2 + 2 ◦OH→PbO2 + 2 ◦H (14)  

PbO2 + 2OH− + 2H2O→Pb(OH)
− 2
6 (15)  

Pb(OH)
− 2
6 →Pb+4 + 6OH− (16)  

Pb+4 +H2O2→Pb+2 +H+ +
◦ H2O (17)  

Pb+2 + 2OH− →Pb(OH)2 (18)  

2H+→H2 (19)  

◦H2O+
◦ H2O→ ◦H2O2 +

◦O2 (20)  

3. Results and discussion 

3.1. Characterization of the PbO nano/micro structure 

This study sought to evaluate the effect re-ultrasonication on the size 
and the morphology of the PbO structure. Fig. 2 shows the morphologies 
and the elemental characteristics of PbO before and after calcination at 
320 ◦C (L1 and L2 samples). The sample before calcination was like a 
nanorod (Fig. 2a) 600 nm in length and 110 nm in diameter. Fig. 2b 
clearly shows that nano and microstructures with the sizes of 40 nm and 
1 μm grew in the calcination process. The EDX spectrum show that the 
sample was composed of Pb (82.79 %) and O (17.21 %) elements and 
there were no any impurities in the sample. 

Fig. 3 shows the XRD patterns of the synthesized samples L1 and L2. 
The data were collected at room temperature in the 2θ range of 10-80◦. 
The average crystallite size of the PbO nanoparticles was calculated 
using the Debye-Scherrer formula as follows [42]: 

D =
0.9λ

β cosθ
(21)  

where D is the mean crystallite size, λ stands for the wavelength of the 
CuKα line (=1.5405 Å), β represents the full width at half maximum 
(FWHM), and θ is the Bragg’s diffraction angle. According to Fig. 3, there 
are two different phases of PbO in the patterns. To have a clearer view, a 

Fig. 6. The EDX spectra of L3 and L4 samples (a and b).  

Fig. 7. XRD patterns of the nanostructures obtained during one hour (Black) 
and three hours (Red) of re-ultrasonication and calcination. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 8. FT-IR spectra of re-ultrasonication (30 min) and calcination for one 
hour, L3 (black), and three hours, L4 (red). (For interpretation of the references 
to color in this figure legend, the reader is referred to the web version of 
this article.) 
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magnified image of the patterns from 24◦ to 50◦ is provided on the right 
of the figure. The results showed that, in sample L1, the tetragonal phase 
of PbO (Ref. code: 00–001-0796) was the most crystallite-like structure. 
In the sample prepared at a higher temperature, however, the majority 
of the structures had an orthorhombic form (Ref. code: 00–003-0599). 
There were also some additional peaks, which were attributed to the 
tetragonal (Ref. code: 00–001-0824) and orthorhombic (Ref. code: 
00–003-0600) structures. Sample L2 was crystallized in tetragonal and 
orthorhombic phases. The average size of the crystallite in samples L1 
and L2 was about 24.2 nm and 31 nm, respectively. It is concluded that 
the calcining process can lead to the growth of crystallites. 

The PVP surfactant in PbO organizes nanostructures by forming a 
cation-PVP complex, which also moderates the crystal growth rate and 
makes oriented nuclei leading to the anisotropic growth of the nano
structures. The bonding of PVP occurs through both nitrogen (N) and 
oxygen (O) ions. Therefore, the surfactant has a significant effect on the 
shape and the size of the structure; it plays a vital role in the formation of 
nanostructures [38]. FT-IR spectra were used to analyze the vibrations 
of the functional groups existing in the samples. Fig. 4 shows the FT-IR 
transmission spectra of samples L1 and L2 in the range of 500–4000 
cm− 1. In sample L1, the vibration band at 3660–3380 cm− 1 was related 
to –OH, which suggests the existence of H2O in the sample; it was 
removed after calcining L2. The rest of the FT-IR transmission spectra 
are totally the same for samples L1 and L2, but the samples are not 
identical in terms of vibration band intensity. The peaks of PVP could be 
observed at 1200–1500 cm− 1. They were related to the C-N group [43] 
and the modes of C − H deformation from the CH2 groups [43–45]. In 
addition, the bending of Pb-O and pb-O-pb chains were associated with 
the bands at 650–1000 cm− 1 [12]. 

3.2. Effects of re-ultrasonication and calcination duration 

As Fig. 2 shows, after calcination, the nanorod structure was 
destroyed completely and an agglomerated micro-structure appeared. 
To preserve the nanoscale structure, sample L1 was ultrasonicated for 
30 min and then calcined at 320 ◦C for one hour (L3 as in Fig. 5a) and 
three hours (L4 as in Fig. 5b). Fig. 5 shows the effects of re- 
ultrasonication and calcination time on the particle size of PbO. As it 
can be seen in Fig. 5c and 5e, the nanorods that underwent an hour of 
calcination had an average diameter of 90 nm and a length of 250 nm. 
Micrometric particles are presented in Fig. 5a; they look relatively small. 
As in Fig. 5d and 5f, the average diameter of the nanorods was about 50 

nm, and the particle length was about 125 nm. There were, however, no 
micrometric particles. The calcination time also reduced the average 
particle size. Moreover, the EDX spectra of the sample showed that only 
Pb and O had no impurities (Fig. 6a and 6b). EDX indicated that the 
calcined PbO nanorods contained 100 % PbO. Also, compared to the 
sample without re-ultrasound (L2 sample), L3 and L4 samples under re- 
ultrasound showed decreased oxygen and increased lead. 

Fig. 7 shows the XRD patterns of the PbO synthesized through the re- 
ultrasonication and calcination of L3 for one hour and L4 for three hours. 
Tetragonal and orthorhombic PbO structures were obtained after one 
and three hours of calcination. As the calcination time increased, the 
process led to the growth of crystallite size from 20.3 nm to 25.3 nm. A 
comparison of the crystallite size and the SEM images showed that the 
resulting samples were crystalized into a polycrystalline structure. 
Furthermore, a comparison of the ultrasonicated and the re- 
ultrasonicated results, i.e., L2 and L4, showed that re-ultrasonication 
could decrease the crystallite size from 31 nm to 25.3 nm, whereas no 
change occurred in the type of the crystal phase. 

Fig. 8 shows the FT-IR transmission spectra of re-ultrasonication and 
calcination for one and three hours. As it can be seen, the FT-IR spectra 
of samples L3 and L4 are similar. Fig. 9 presents the schematic illus
tration of the synthesis method. Re-ultrasonication had a great influence 
on the structure of PbO such that nanorods were obtained as a final 
structure. Therefore, the re-ultrasonication method can be used to 
maintain the initial shape of particles and reduce their size. 

4. Conclusion 

PbO nanorods were successfully synthesized with a combination of a 
sonochemical method and re-ultrasonication. As the results showed, re- 
ultrasonic treatment is an efficient method of terminating the growth of 
PbO and stabilizing it. The functional groups, structural properties, and 
morphology of PbO nanorods were thoroughly studied. The crystallite 
size of the nanorods calculated by Debye-Scherrer formula using XRD 
pattern was about 20–25 nm. Their crystallinity was found to increase 
under the effect of re-ultrasound. The SEM images indicated that re- 
ultrasonication has a significant effect on the morphology of PbO. The 
average particle size of the sample L2 was 1 μm, but the average 
diameter sizes of the nanorods in the samples L3 and L4 were 90, and 50 
nm. Thus, as a defendable conclusion, the re-ultrasonication method can 
be used to reduce the size of particles without changing their initial 
morphology. 

Fig. 9. Schematic illustration of the synthesis of PbO nanorods by a re-ultrasonic precipitation process.  
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