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Abstract: Nano-sized lead has many versatile applications that could be useful in daily life. In
the present work, we report a comprehensive study for preparation of nanosized lead oxide using
the co-precipitation method and optimization of reaction parameters to obtain lead oxide (PbO)
nanoparticles with homogeneously distributed size, shape, and structure. When aqueous solution
of lead(II) acetate was reacted with sodium hydroxide at elevated temperatures, the alpha form
of lead oxide nanoparticles, with spherical shape were produced. Decreasing the ratio of sodium
hydroxide to lead(Il) acetate concentration at moderate temperatures resulted in a gradual
change in crystal structure from gquasi-spherical a-PbO nanoparticles and two dimensional
nanoflakes of beta PbO with a thickness below 100 nm was synthesized for the first time. The
particles obtained in both a and B forms were characterized by X-ray powder diffraction (XRD),
dynamic light scattering equipment (Zetasizer), transmission electron microscopy (TEM),
scanning electron microscopy (SEM) and Fourier transform infrared spectroscopy (FTIR)
techniques. Finally, thin layers of freeze-dried a-PbO and B-PbO particle powder on glass and
filter paper were formed by the help of nail polisher and conductivity measurements were
performed using four-point probes method. Produced layers B-PbO particles of the size below
100 nm showed higher conductivity on both supports as compared to the ones produced from
spherical a-PbO nanoparticles. This altered the conductivity of the material in the semiconducting
zone, which is probably due to a more effective electron transfer facilitated by 2D alignment of
the molecules, could increase the potential use of this material in voltaic and catalysis.
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INTRODUCTION

Enhanced properties of the matter such as low-density, high surface area to volume ratio,
structure depended physical properties and so on as the size is reduced to nano-level caused an
increase in the number of studies towards understanding the structural characteristics of
different materials or developing new methods or improving the existing ones in order to achieve
a bulk synthesis of nanoparticles with controllable size, shape and function (1-3). Up until now,
various synthesis methods including electrolysis, sonochemical synthesis (4), co-precipitation
(5), hydrothermal (6), thermal decomposition (7), and spray pyrolysis (8) have been developed
for nanomaterial synthesis and they were applied to expand the number of chemical
compositions including soft-materials (9, 10), metals/metal oxides (11-14) and/or their
composites (15-17). However, for each formulation, re-optimization is required since the final
molecular organization and size of the nanoparticles formed as a result are defined by
supramolecular interactions of individual molecules, and therefore synthesis parameters should

be specified accordingly.

Lead and its compounds have been utilized in various areas for many centuries. Lead oxide can
be found in many crystalline forms such as a and 3 PbO, PbO2, and so on (18). Lead(II) oxide is
a member of lead(II) binary oxides and has two different crystal structures, a-PbO, litharge
(tetragonal form), and B-PbO, massicot (orthorhombic form) which are known as photoactive
semiconductor materials (19, 20). Particularly, nanosized lead oxide has attracted the attention
of researchers in recent years for the wide range of applications as passivation layer (21), as
sulfide sensor (22), lead acid battery (23), which in parallel bring out the need for methods of
controlled synthesis of nano-sized lead oxides and lead dioxides, however, literature on the

synthesis procedures for controlled synthesis of lead-based nanomaterials are still limited.

Wilkinson et al. (20) have reported the synthesis of tetragonal alpha-lead oxide nanoparticle
using a simple co-precipitation method. In another original approach, Hanifehpour et al. (24)
have used two-step thermal decomposition method for the synthesis of alpha-lead oxide
nanoparticles. For this purpose, firstly they have synthesized 1D polymeric lead(II) complex by
the sonochemical method, and a further thermolysis of 1D polymeric lead(II) complex at 180 °C
resulted in PbO nanoparticles of 33 nm. Using the same approach with few modifications,
Hashemi et al. (14) also synthesized lead(II) complex with polymer formed via sonochemical
method and reached the particle size of around 95 nm. Zhou et al. (25) have studied the
synthesis of nano-sized alpha and beta form PbO particles by decomposition of lead citrate which
were then successfully implemented to lead-acid battery paste as a starting material. They have
showed that particle size and crystal structure is defined by the presence of oxygen in the
synthesis media Ranjbar et al. (26) have studied the synthesis of Pb(II) coordination polymer
by a sonochemical method and they obtained finally the nanomaterial as pure alpha-lead oxide

(a-PbO) with an average particle size of 70 nm. Recently, Shin et al. (27), have synthesized
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nanoflower lead(II) coordination compound with a mean size of 42 nm using the sonochemical
method. After decomposition of this compound at 180 °C in the presence of oleic acid, PbO
nanoparticles were obtained. SEM and TEM analyses showed that the size of obtained PbO was
about 35 nm. As far as being known, the literature on the nanosized lead oxide is limited to
these research reports and there is still a plenty of room for new and sophisticated methods of
preparation leading to nanoparticles or structures, especially for the synthesis of highly active

lead-based nanostructures organized in 2D nanostructures.

In this study, we reported a detailed investigation on the lead oxide nanoparticle synthesis and
characterization. We optimized the co-precipitation method (20) by evaluating several
experimental parameters, such as temperature, lead(II) acetate (Pb-Ac) and sodium hydroxide
concentrations, performing a purpose-designed experiment. Particle characterization was done
by powder XRD, Zetasizer, FE-SEM, TEM, and FTIR. Formation of alpha and beta lead oxide

nanostructures ordered in 0D and 2D and their semiconducting thin films were reported.

MATERIALS AND METHODS

Materials
Bulk lead(II) acetate trihydrate (Pb(C:H302)2:3H20) powder, sodium hydroxide (NaOH), and

acetic acid (CH3COOH) were obtained from Sigma-Aldrich. All chemicals were used as received.

Preparation of lead(II) oxide nanoparticles

As illustrated in Figure 1, previously heated (90 °C) aqueous solution of 1.2 M lead(II) acetate
trihydrate in de-ionized water (60 mL) was directly poured into 50 mL of 19 M NaOH in a glass
beaker under vigorous mixing. Once the solution’s color turned to red, mixing was stopped and
the sediments were allowed to settle. The reaction was carried out in a sonic bath rather than
using the magnetic stirring that was used in previously reported studies (20) in order to achieve
a better size distribution. By this way, we expected to transfer homogenously distributed kinetic
energy to the molecules in order to prevent particle agglomeration during nucleation. Once the
color change from white to red (alpha form) or white to green (beta form) was seen, the reaction
was stopped and the supernatant liquid was discharged. The sediment was filtered on a Buchner
funnel and then the precipitate was washed with de-ionized water. In standard co-precipitation
method (20), the particles are dried in an oven and agglomerated particles are crushed in a
mortar in order to obtain a homogenous powder of reduced the size. However, we concluded
that this step is unnecessary since it caused the loss of nanoparticles and leads to the formation
of large particles to agglomerate. For this reason, we rather did the drying procedure with a
lyophilization step suitable for aqueous solutions. To do so, we placed the liquid solution of
nanoparticles in a freeze-dryer at -80 °C overnight. The frozen particles were then located in a
low-temperature freeze-dryer and dried again through lyophilization overnight. The obtained

powder was stored in a container. The so-synthesized particles were kept for further analysis.
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Figure 1: Schematic illustration of synthesis and modification process.

Characterization methods

Scanning Electron Microscopy Imaging: Particle morphology of PbO particles were observed by
field emission scanning electron microscopy (FE-SEM) using a Zeiss Supra 55 instrument at 10
kV with magnification of 1000 to 100.000. Particle size distribution of spherical nanoparticles (a-
PbO) and mean thickness of the 2D nanostructures (B-PbO) were calculated using Image J
analysis of the SEM images. The mean diameter was calculated by measuring either diameter or
the thickness of over 50 nanostructures. The dimensions of the nanoparticles were calculated by
measuring the size of each particle in the SEM images using the "J image" program and taking

the averages.

X-ray diffraction analysis: Crystal structures and particle size were determined by the use of
powder X-ray diffraction (XRD) using a Rigaku Smartlab powder diffractometer with Cu-Ka
radiation at 26 between 10°- 90°. Williamson-Hall and Debye-Scherer methods were used for
the determination of the particle size of 0D (a-PbQO) nanostructure (28, 13). Data gathered from
XRD analysis were used to calculate the average grain size of alpha lead oxide nanoparticles via
Scherer method (Equation 1) where A=0.1541 nm, “B” is full width at half maximum (FWHM),

“0” is the diffraction angle and ‘D’ is particle size diameter.

KA
~ Bcos(6)

(Eq. 1)
Alpha lead oxide particle size can also be calculated from Williamson-Hall plot using Equation 2.

B *cos(9) = % + 4esin(6) (Eq. 2)

Using the XRD analysis data, appropriate graphs were plotted. From these plots, “kA/D” values
(where k is a constant variable number depending on the crystal structure, which is 0.9 for PbO
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particle size analysis: A is wavelength; D is particle size) were calculated. By this way, particle
size distribution of each sample was compared with the results obtained from SEM, TEM, and

Zetasizer.

Transmission Electron Microscopy Analysis: In the study, characterization of the particle
morphology and the size of the samples was carried out using a JEOL JEM 1011 TEM apparatus.
Dried particles were immersed in 10% (v:v) acetic acid solution and a drop of this sample was
deposited on a Cu microgrid and dried at room temperature. Particle morphology and size
analysis were performed at 80 keV with an ultrahigh-resolution pole piece providing a point
resolution of 2 A. Images were analyzed with an TEM image analysis platform and particle size

distribution was plotted by measuring the radius of at least 100 particles.

Particle Size Distribution via Dynamic Light Scattering (DLS): The mean diameter of prepared
alpha lead oxides and size distribution through the sample were measured through Zetasizer
Nano ZS from Malvern Instruments, Inc., at 25 £ 0.5 °C (HeNe laser (633 nm), detector angle
of 173 degrees), which measures the rate of undulation of the light scattered from the particles.
Standard deviation calculated from the mean diameter of samples was prepared in triplicate.

The 10 % (v:v) acetic acid solution was used as a solvent.

Fourier Transform Infrared Spectroscopy Analysis: Frontier model Perkin Elmer FTIR
Spectrometer was used to characterize the vibrational modes and transmittance values. The

FTIR spectra were recorded in the range 400-4000 cm™,

Four-point probe conductivity measurement: Thin layers of both alpha and beta lead oxide
nanostructures were obtained by embedding nanoparticle powders on glass slides and cellulose
membrane (0.5x0.5 cm) pre-treated with a layer of nail polish (100 mg nanoparticle in 1 mL).
The conductivity of dried layers was further measured using Entek Brand four-point probe

electrodes.

RESULTS AND DISCUSSION

Synthesis of a-PbO nanoparticles and characterization

The obtained particles were analyzed by XRD in order to determine the crystal structure. As
shown in Figure 2, particles prepared with original conditions (20) but in a sonic bath and dried
with lyophilization showed X-ray diffraction pattern identified as pure alpha-lead oxide (PDF card
no: 01-078-1665). The major peaks located at 17.64°, 28.62°, 31.82°, 35.72°, indexed as (001),
(111), (020) and (002) planes, respectively, are characteristic peaks for the pure tetragonal

phase of a-PbO nanoparticles (29).
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Figure 2: XRD patterns of (a) pure a-PbO, (b) synthesized lead oxide particles.

As mentioned before, intercept value in the Williamson-Hall Method and slope value in the
Debye-Scherer method were used to calculate the “kA/D” values. Mean particle sizes of a-PbO

were calculated as 38.5 nm and 36.4 nm from intercept and slope values, respectively.

Particle size of alpha lead oxide (a-PbQO) in acetic acid (10% v:v) was measured using Zetasizer

Nano Series and size distribution diagrams given in Figure 3. As depicted in Figure 3, when
particles were prepared with a 19 M NaOH and 1.2 M Pb-Ac at constant solution temperature of

90 °C, the mean hydrodynamic diameter for the particles were found to be 30.91 6.1 nm.

These results show very close match to the values obtained from XRD measurements.
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Figure 3: Particle size distribution of PbO with DLS measurement.
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The effect of different parameters on particle size and structure

In order to have a controllable final particle structure and homogeneity in size, optimization
studies were conducted by changing important experimental parameters that play effective role
in particle growth. For this purpose, the effect of three parameters namely (1) the concentration
of sodium hydroxide and (2) lead(II) acetate and (3) lead(II) acetate solution temperature on
the final nanoparticle size and the shape were explicitly evaluated and the results were given in

Figure 4.

a) The effect of NaOH concentration on particle size: It is well known that the initial concentration
of precipitating agent, [OH"] ion, effects the nucleation and growth rate of nanoparticles and
thus it is effective on the final molecular structure of the particles (30). Herein, sodium hydroxide
concentration was used in the range of 10 M to 19 M and the intrinsic effect of these parameters
on the final nanoparticle characteristics were examined at constant lead(II) acetate
concentration of 1.2 M at 90 °C. As shown in Figure 4(a), PbO nanoparticle size decreased with
the increased NaOH concentration from 10 to 14.5 M implying an improved nucleation rate that
limits the growth of larger particles (28, 31). However, when NaOH concentration was further
increased to 19 M, an increase in nanoparticle size was observed probably due to the fast
reduction of the lead molecules at elevated concentrations of NaOH which initiates a molecular
aggregation of larger sized particles. The data shown in Figure 3 suggest that the sodium
hydroxide species at NaOH concentration of 14.5 M reconstruct the lead oxide surface to
generate domains with the smallest dimension of 27.48+5.6 nm and narrowest particle size
distribution (32).

b) Pb-Ac concentration vs. Particle size

In order to understand the effect of the lead(Il) acetate concentration on the particle size, the
lead(II) acetate concentration was varied between 0.8 to 1.2 M while keeping the sodium
hydroxide concentration at 14.5 M and initial lead solution temperature at 90 °C. As shown in
Figure 4(b), PbO nanoparticles’ size increased with the increased Pb-Ac concentration. In this
case, smallest particle size (17.72 £ 5.6 nm) was obtained when lead(II) acetate solution
concentration was kept at 0.8 M which leads us to a certain NaOH/lead(II) acetate ratio of
18.125. When this ratio was increased, available precursor number per reducer increases, and
as a result, a fast accumulation over the seeds occurs and gives rise to larger agglomerates as

we observed in the case of elevated NaOH concentrations (23, 33).
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Figure 4: Size distribution graphs at different concentrations of (a) NaOH, (b) Pb-Ac and (c) at
a number of operation temperatures for Pb-Ac.

c) The effect of Pb-Ac solution temperature on particle size

In addition to the reactant concentrations and their ratio affecting the molecular accumulation
and crystallization of the molecules into different micro/nano structures, the solution
temperature has also a major role in particle synthesis by directly affecting the reaction kinetics.
In order to understand the effect of temperature on the particle size, the lead(Il) acetate
solution's temperature was varied between 80 to 100 °C while keeping sodium hydroxide and
lead(II) acetate concentrations at 14.5 M and 0.8 M, respectively. As depicted in Figure 4(c),
the smallest lead oxide particles were observed at 90 °C. The particles obtained under optimum
conditions were analyzed by XRD, SEM and TEM. XRD crystal structure analysis result is shown
in Figure 5. The XRD spectra of these particles showed that the characteristic diffraction peaks
illustrating the presence of lead oxide in pure alpha form. However, at the lead(II) acetate
solution temperature beyond 90 °C, agglomeration occurs due to the increased reaction rates
(34). These results clearly showed that supramolecular and intermolecular interactions of the
lead molecules are notably affected by the operation temperature and at temperatures higher

than 90 °C, particles for large aggregates rather than tiny nanoparticles becomes significant

(Figure 6).
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Figure 5: XRD patterns of synthesized lead oxide particles under optimal conditions.
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The results of the optimization studies revealed that 0D PbO nanoparticles of 17.72+5.6 nm,
which are quite smaller than nanoparticles synthesized with the certain methods in the literature,
can be achieved by applying co-precipitation method involving a simple recipe that include a
mixture of aqueous solutions of 14.5 M sodium hydroxide as reactant and 0.8 M lead acetate

pre-heated to 90 °C as starting processor (Figure 1).
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Figure 6: SEM and TEM images of a-PbO particles.

Synthesis of B-PbO nanoparticles

In optimization studies, when the NaOH/Pb-Ac molar ratio was decreased to a certain value, it
was seen that when NaOH/Pb-Ac molar ratio equals or below 10, a green and shiny sample color
appears instead of the regular reddish colored a-PbO particles obtained at higher NaOH/Pb-Ac
ratios. Table 1 summarizes the optimization studies at 90 °C showing the synergetic effect of
both the concentrations of NaOH and Pb-Ac in the form of NaOH/(Pb-Ac) on the final crystal
structure.

Table 1: Reaction parameters and their effect on the final crystal structure of lead oxides.
NaOH Concentration (mol/L)

10 M NaOH 14,5 M NaOH 19 M NaOH

Pb-Ac Conc. 0,8 1 1,2 08 1 1,2 08 1 1,2
(mole/L)

Nao:a/ti';b'Ac 125 10 833 18,12 14,5 12,08 23,75 19 1583

Crystal Structure a-PbO B-PbO B-PbO a-PbO a-PbO a-PbO a-PbO a-PbO a-PbO
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The crystal structure of synthesized green and shiny particles chart was shown in Figure 7 where
it can clearly be seen that the peaks mainly overlapped with the B-PbO structure (PDF card no:
00-005-0570) but some of the peaks correspond to a-Pb0O. Consequently, the synthesized green
particles are substantially in the form of B-PbO.
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Figure 7: XRD patterns of synthesized B-PbO particles.

Electron microscopic images of the lyophilized sample in powder form depicted in Figure 8
showing that the smaller sodium hydroxide to lead(II) acetate molar ratio leads to the formation
of 2D PbO nanoflakes in beta form. The thicknesses of the nanostructures were measured by
Image J program using SEM images captured. As presented in FE-SEM images, the synthesized
two dimensional B-PbO particles with micron-sized width have thickness below 100 nm and their

width ranges from tens to several hundred micrometers.

Figure 8: FE-SEM images of synthesized p-PbO particles.
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FTIR analysis
FTIR spectra for alpha and beta form of lead oxides are given in Figures 9(a) and 9(b),
respectively. Both samples presented a strong peak at 1393 cm™ corresponding to the Pb-O

stretching and another peak at 682.9 cm™! that indicates the presence of lead (35).
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Figure 9: FTIR spectra of (a) a-PbO and (b) B-PbO nanoparticles.

Conductivity Analysis

PbO is known as a photoactive semiconductor with a band gap of 1.92 (19). These compounds
are used as passivation layers (21), oriented lead oxide on silica and lead oxide-matrix
composites (36). Lead oxides have strong absorption cross sections, high carrier mobility, and
conductivity (37). We performed four-point probe analysis on the thin layers of each PbO
nanoparticles formed on two different supports: glass slide and cellulose filter paper as a proof
of concept study for their future applications of them in electrochemistry and energy issues. Thin
layers were prepared by embedding particles on the support with the help of nail polisher. As
seen in Figure 10, both alpha and beta form lead oxide thin layers showed conductivities values
of 0.232 and 0.333 S/m on glass and 1.92 and 4.07 S/m on cellulose filter paper, respectively.
Although, both materials have shown to be semiconducting, beta formed 2D nanoflakes showed
higher conductivity than that of quasi-spherical alpha lead oxide nanoparticle layer as expected.
This difference was possibly occurred due to a facilitated electron transfer by the 2D lattice

structure of the material.
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Figure 10: Conductivity of the particles synthesized on different surfaces.

CONCLUSIONS

In this study, co-precipitation method for the multi- gram scale synthesis of lead oxide (PbO)
nanoparticles in different crystalline structures was optimized at different temperatures and
different concentrations of lead(II) acetate and sodium hydroxide. Both the concentration of the
reactants and the processing temperature synergistically have an influence on the size of the
final lead oxide nanostructures. On the other hand, we concluded unusually that one can also
tune the crystal structure of the lead oxide by tailoring the sodium hydroxide /lead(II) acetate
molar ratio to certain values. At sodium hydroxide to lead(II) acetate molar ratios equals or less
than 10, B-PbO based 2D nanoflakes with thicknesses below 100 nm and widths reaching to
several micrometers were obtained for the first time in the literature and the process is
temperature-independent. On the other hand, the semi-spherical nanoparticles of a-PbO with a
mean size below 20 nm were formed at higher molar ratios. Thin layers of both alpha and beta
nanostructure formations on both glass and cellulose paper were shown to be semi-conductive
where 2D nanoflakes showed higher conductivity which is possibly due to easily electron transfer
through the lead molecules when organized in 2D. The so-prepared nanostructures with
homogenous in size and shape could have a great potential in photovoltaic studies, especially in

third generation perovskite solar cells and electrochemical and catalytic applications.
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