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Nanocrystalline samples of highly pure lead oxide were prepared by the sol-gel route of synthesis. X-ray diffraction
and transmission electron microscopic techniques confirmed the nanocrystallinity of the samples, and the average sizes of
the crystallites were found within 20 nm to 35 nm. The nanocrystallites exhibited specific anomalous properties, among
which a prominent one is the increased lattice parameters and unit cell volumes. The optical band gaps also increased when
the nanocrystallites became smaller in size. The latter aspect is attributable to the onset of quantum confinement effects,
as seen in a few other metal oxide nanoparticles. Positron annihilation was employed to study the vacancy type defects,
which were abundant in the samples and played crucial roles in modulating their properties. The defect concentrations were
significantly larger in the samples of smaller crystallite sizes. The results suggested the feasibility of tailoring the properties
of lead oxide nanocrystallites for technological applications, such as using lead oxide nanoparticles in batteries for better
performance in discharge rate and resistance. It also provided the physical insight into the structural build-up process when
crystallites were formed with a finite number of atoms, whose distributions were governed by the site stabilization energy.

Keywords: lead oxide, nanocrystals, positron annihilation, sol-gel processes
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1. Introduction
The wide bandgap semiconductor nanomaterials, espe-

cially sulfides and oxides[1] of alkaline earth and transition
metal elements, have been broadly investigated in recent years
due to their promising electrical,[2] electronic,[3] optical,[4–6]

and unique chemical properties.[7–10] Generally, for oxide
semiconductor nanoparticles, the UV–Vis absorbance peak is
blue-shifted or, in other words, the band gap energy of the
nanoparticles increases with decreasing nanocrystallite size,
and the same happens in the case of the surface to volume
ratio[11] as well. The electrical and structural properties of an
atomic cluster[12] of metal oxides[13] can change with the crys-
tallite size.[14,15] Lead oxide (PbO) is a promising functional-
ized material in the field of technology and industry due to its
unique physical and mechanical properties[16,17] and optical
and electronic characteristics.[18,19] They also receive much
attention in the fields of nanodevice fabrication,[20] lithium
secondary batteries, and lead-acid batteries, etc.[21,22] Due
to the easy-performing design, low fabrication cost,[23] and
outstanding reliability and safety, there are enormous poten-
tials to enrich the characteristic features of lead oxide to en-

hance its discharge capacity and cycle life. Different fab-
rication techniques are proposed for the synthesis of PbO
nanocrystallites, such as thermal decomposition,[24] chemical
vapor deposition,[25] laser ablation,[26] spray pyrolysis,[27] co-
precipitation method,[28] sol-gel method,[29] and hydrother-
mal method.[30] The sol-gel process is a powerful and con-
venient method and an economically viable alternative route
of uniformly synthesizing PbO nanocrystallites, as further
demonstrated in this work. X-ray diffraction (XRD) and high-
resolution transmission electron microscopy (HRTEM) have
been used to examine the size, crystal structure, and mor-
phology of the synthesized nanomaterials. Further, Ultra-
violet and visible (UV–Vis) light absorption spectroscopy is
used to measure the optical band gap of the samples. The
Fourier transform infrared (FTIR) spectra of the sample have
also been employed to identify the distinct absorbance bands
corresponding to the atomic vibrations. In addition, structural
defects like vacancies and their complexes significantly influ-
ence the properties of the semiconductor nanocrystalline ma-
terials. Positron annihilation spectroscopy (PAS) is carried out
for characterizing defects and monitoring the evolution of de-
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fects at different synthesis temperatures. It also provides in-
formation for the accompanying changes in crystallite sizes.
Remarkably, finite-size effects become more prominent and
measurable at very small nanocrystallite sizes.[31] In this pa-
per, we describe the fabrication, characterization, and defect
characterization studies of lead oxide (PbO) nanoparticles syn-
thesized by the sol-gel route and annealed at different temper-
atures and durations to vary the nanocrystallite sizes.

2. Experimental details
2.1. Synthesis of PbO nanoparticles

Lead oxide nanoparticles are prepared by the sol-gel tech-
nique. To synthesize the PbO nanoparticles, we used lead ni-
trate as the precursor. First, ethanol and de-ionized water were
mixed in the ratio 1 : 2, and then the necessary amount of lead
nitrate was added with the mixture to make its concentration
0.2 M. The reaction mixture was kept in a beaker and stirred
well for 30 minutes with a magnetic stirrer. While stirring, an
aqueous solution of acetic acid of concentration 20% v/v was
added drop by drop. Then the aqueous solution of ammonium
hydroxide was added slowly until the solution becomes alka-
line. The complex formed was obtained as a precipitate, and
it was stirred again at room temperature for another hour. The
precipitate was filtered and washed several times in de-ionized
water to remove the unreacted nitrate and hydroxide ions. The
precipitate was dried at 90 ◦C for 5 h in an oven for gelation.
In this way, the ethanol would have been removed from the
precipitate if there was any. The resulting dry powder was
divided, and each part was then annealed at a temperature dif-
ferent from those of others to obtain nanoparticles of different
sizes, as shown in Table 1.

Table 1. The crystallographic plane spacing, estimated lattice constants, and
unit cell volumes of the samples synthesized at different temperatures.

Temperature (◦C) d (Å) a (Å) b (Å) c (Å) V (Å3)
275 2.910 5.823 5.420 4.280 135.08
300 2.906 5.815 5.414 4.274 134.56
350 2.902 5.810 5.408 4.268 133.10
400 2.900 5.807 5.404 4.264 133.80
450 2.898 5.802 5.400 4.260 133.47

2.2. Structural characterization and absorption measure-
ments

The XRD patterns of the samples were recorded with
a Bruker D8 Advance diffractometer using Cu Kα (λ =

1.5418 Å) radiation and which was operated at 40 kV and
40 mA. The spectra were collected in the range 2θ = 10◦–80◦

with a scanning rate of 2◦ per minute. The crystal morphol-
ogy and average crystallite sizes of the samples were deter-
mined from high-resolution transmission electron microscopic
(HRTEM) images. The microscope used (FEI Model Tecnai
S-twin) had a resolution of 0.24 nm. Small amounts of the

nanoparticulate samples were dissolved in absolute ethanol
and homogenized with the help of an ultrasonicator. The
UV–Vis spectra absorption measurements were carried out at
room temperature using a Shimadzu, UV-1800 double-beam
spectrophotometer. Infrared spectra were taken from a Perkin
Elmer Frontier FT-IR spectrometer and using KBr pellets as
the matrix.

2.3. Positron annihilation measurements

Positron lifetime measurement was performed employing
barium fluoride (BaF2) scintillators coupled to XP2020Q pho-
tomultiplier tubes using a 10 µCi strong 22Na radioactive iso-
tope as the source of positrons. The source material was basi-
cally in the form 22NaCl dissolved in dilute HCl acid, and the
source for the experiments was prepared by the deposition of
the solution on a very thin (∼ 2 mg/cm2) and well-annealed
Ni foil. The extended portion of the foil was folded to cover
the source deposition. The source in this form was kept at
the geometrical center of the column of the powdered sample
taken in a glass tube of length 14 cm and cross-sectional area
0.785 cm2. The glass tube was continuously evacuated dur-
ing the data acquisition to remove the traces of air that may
get otherwise trapped in the powdered column of the sample,
and the powder was able to settle down under its own weight.
Thus, the sample and the source had always been kept in
moisture-free conditions. The sample covered the source from
all sides abundantly to ensure positron annihilation within it,
and no positrons reached the walls of the glass tube as the
radius of the tube is 0.5 cm. The positron lifetime spectra
were recorded using a standard slow-fast gamma-gamma co-
incidence setup with a time resolution of 0.200 ns (full width
at half maximum). For coincidence Doppler broadening spec-
troscopic (CDBS) measurements, two high purity germanium
semiconductor (HPGe) detectors were used, which had energy
resolution 1.27 and 1.33 keV at 0.511 MeV, i.e., the positron
annihilation gamma-ray energy. Sufficiently large numbers of
counts (∼ 3×106) were collected under each positron lifetime
spectrum. In CDBS measurements, about 2×107 coincidence
events for as long as 44 hours were generated under the two-
parameter spectra described later. To determine the S and W
parameters from CDBS spectra the energy span of E1 +E2 =

1.022± 0.00145 MeV along the direction ∆E = E1 −E2 was
chosen.

3. Result and discussion
3.1. XRD studies

The XRD spectra of the samples, shown in Fig. 1, con-
sisted of diffraction peaks in good agreement with those re-
ported in JCPDS card No. 77-1971, and the observation con-
firmed the purity and single-phase nature of the samples. All
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the samples showed the main peaks corresponding to the
(100), (111), (200), (020), (002), (300), and (222) planes of
orthorhombic structure. The lattice constants of the samples
were estimated from the XRD data by relating the Bragg’s
equation[32] with the spacing of the crystallographic planes (d)
as

(4sin2
θ)/λ

2 = 1/d2 = (h2/a2 + k2/b2 + l2/c2). (1)

The values of lattice constants (a, b, and c) are calculated for
all the samples and are in good agreement with the standard
data. The calculated lattice constants of the unit cells and the
volume (V = abc) of the unit cells corresponding to the sam-
ple treatment temperatures are given in Table 1. The average
crystallite sizes (D) of the different samples were estimated by
using the Debye–Scherrer equation[33]

D = 0.9λ/β cosθ , (2)

where λ is the wavelength used for Cu Kα radiation and β

is the full width at half maximum (FWHM) of the diffraction
peak at an angle θ . We used the most intense peak (111) in
the XRD pattern to determine the average crystallite size. The
average crystallite sizes of the samples are varied from 20 nm
to 35 nm. Table 2 shows the details of the sample treatment
temperature, annealing time, and the obtained crystallite sizes.

Table 2. The sample treatment temperature, annealing time, and the
obtained crystallite sizes.

Temperature (◦C) Time (h) Crystallite size (nm)
275 5 20.0
300 5 21.3
350 5 24.3
400 5 25.2
450 5 35.0
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Fig. 1. XRD patterns of the PbO nanocrystalline samples.

Figure 2 shows the variation of the volume of the unit
cells with the crystallite size. A lattice expansion with de-
creasing crystallite size is evident from these results. It has
been proposed by Manuel Diehm et al.[34] that the increase of
the lattice constants of metal oxides with decreasing crystallite
size can be caused either by the presence of excess vacancy
type defects or by a negative surface stress, and exact identi-
fication of either of them as the true cause is difficult due to
their simultaneous occurrences and dominating nature at sim-
ilar crystallite size ranges in typical metal oxides.[34]
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Fig. 2. The unit cell volume versus the average crystallite size of the
samples.

3.2. HRTEM analysis

The HRTEM images of some of the PbO samples are
shown in Fig. 3. Figures 3(a)–3(c)) show that the samples con-
sist of PbO nanocrystals with sizes of 21 nm, 25 nm, and 35
nm. The well-developed lattice fringes shown in Figs. 3(d)–
3(f) are proof of the high degree of crystallinity of the samples.
The crystallite sizes are confined to a very narrow distribution,
and they are uniform in shape and size. The HRTEM images
also support the XRD results in terms of the nanocrystallite
sizes, which show that the nanocrystallite sizes of the synthe-
sized samples are larger and uniformly distributed at higher
temperatures.

3.3. Optical absorption measurements

UV–Vis light absorption spectroscopy is an important
method to show the optical properties and energy structure of
nanocrystalline samples. The optical absorption spectra for the
nanocrystalline samples are presented in the range from 200 to
800 nm in Fig. 4. It is clear that in the region 230 to 800 nm,
the absorption peaks gradually decrease with the increase of
the wavelength.

The optical band gap (Eg) was calculated from the optical
absorption spectra using the Tauc’s relation αhν = A(hν −
Eg)

n, where hν is the photon energy, A is a constant, and n
depends on the nature of the transition.[35] The value of n is
1/2 for direct transitions and 2 for indirect transitions. Since
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PbO is well known as a direct band semiconductor,[36] the op-
tical band gap[37] for the synthesized samples are obtained by
extrapolating the linear part of the (αhν)2 against hν curve
to zero on the y-axis. The band gap energies of the PbO
nanocrystallites are in the range of 2.97–2.34 eV (Fig. 5).

100 nm
100 nm

10 nm

10 nm 10 nm

50 nm

(a) (b)

(c) (d)

(e) (f)

Fig. 3. HRTEM images of some of the PbO nanocrystalline samples: (a)–(c)
the nanocrystalline particles, (d)–(f) the well-developed lattice fringes.
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Fig. 4. UV-Vis absorption spectra of the different samples.

Typically, nanocrystallites show a blue shift in the band
gap energy as the crystallite size decreases. In this case, we
also observe that the edge of the absorption shifts towards the
lower wavelength (blue) region of the spectrum. Therefore,

the band gap increases as the crystallite size decreases (Fig. 5).
The value of Eg and its changes with crystallite sizes are iden-
tical in nature and magnitude to the changes expected in the
event of quantum confinement effects, which are expected and
have been observed in certain other nanocrystalline systems
earlier.[38–41] For example, the exciton Bohr radius in the case
of PbS nanocrystallites is 18 nm,[42] which means the band
gap energies[43,44] would show a definite increase in crystal-
lites of sizes 36 nm and below. Assuming that a similar value
holds good for PbO nanocrystallites, the present results agree
with the onset of similar effects.
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Fig. 5. The band gap estimated from the optical absorption spectra ver-
sus the size of the nanocrystallites of the samples.

3.4. FT-IR studies

Figure 6 shows the FT-IR spectra of the PbO nanocrys-
talline sample synthesized at 350 ◦C. The absorption peak
around 461 cm−1 in PbO is related to the vibration of Pb–O
bonds. The bands at 927.3 cm−1 and 1049.3 cm−1 of very low
intensities are attributed to oxygen stretching[45] and bending
frequencies. The robust and intense peak at 1410.4 cm−1 is
due to the –OH deformation vibration of the H2O molecule.
The broad band with very low intensity at 3444.3 cm−1 is as-
sociated with the stretching vibration of the hydroxyl (OH)
group, and it is due to little amounts of H2O being absorbed
on the surfaces of PbO nanostructures.[46,47]
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Fig. 6. FT-IR spectra of the nanocrystallitine sample synthesized at
350 ◦C.
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3.5. Positron lifetime measurements

The detailed analysis of the positron lifetime spectra is

carried out using the PALSfit program.[48] The analysis gave

the best fit for three lifetime components, which are named τ1,

τ2, and τ3 in the ascending order of magnitudes. The corre-

sponding relative intensities are named as I1, I2, and I3 irre-
spective of their magnitudes. The variations of the positron
lifetimes and their intensities versus the sample synthesis tem-
peratures, as depicted in Figs. 7(a) and 7(b), are crucial in
understanding the evolution of the defects under crystallite
growth.
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Fig. 7. The variation in (a) the positron lifetimes and (b) the relative intensities versus sample synthesis temperatures.

The shortest positron lifetime τ1 signifies the annihila-
tions of positrons in free states. This refers to those positrons
which, during the time of their diffusion through the crystal-
lite, come into random physical contact with the electrons and
get annihilated instantaneously. The longest lifetime τ3, the
magnitudes of which are spread over a few nanoseconds, is not
generally expected in high electron density solids like metal
oxides. This lifetime component is related to the formation
and subsequent annihilation of ortho-positronium atoms (o-
Ps), a metastable spin-triplet-bound state of the electron and
positron (where both spins are parallel), and which is gener-
ally formed in sites of very low electron density. Here, in
this case, since the materials are nanocrystalline in compo-
sitions, there is a large network of surfaces and intercrystal-
lite interfaces. These are low electron density sites in which
positron gets highly localized and can form its metastable
bound state known as positronium. When formed, the para-
positronium state (the spin singlet where electron and positron
spins are aligned anti-parallel) gets less populated than the
spin triplet state counterpart called ortho-positronium, where
both the electron and the positron have spins aligned paral-
lel. In fact, the ratio of formation of the two states is 1 : 3.
So, a small contribution coming from para-positronium with
a lifetime of 0.125 ns will also be there in τ1. Since the in-

tensity I3 itself is very small (i.e., less than 1%), the para-
positronium contribution to τ1 can be ignored. The compo-
nent that is specifically interesting to defect identification and
analysis is τ2 and its intensity I2. Normally this comes from
positron trapping in vacancy type defects arising from lack of
occupancy of some of the lattice sites by the respective atoms
or ions due to thermodynamic conditions. Defects are inherent
aspects of solid-state systems in general, and attaining a per-
fect stoichiometry is almost impossible. The concentrations
of defects are normally below the sensitivity of conventional
techniques like XRD, SEM, and TEM. Positron annihilation,
on the other hand, is most sensitive to detect the structural de-
fects in solids, even at the atomic level. The values of τ2 and
I2, therefore, can be attributed to positron trapping and annihi-
lation in the non-stoichiometric defects.

Since the material used here are nanocrystalline, and the
positrons normally can diffuse driven by the thermal energy
over distances about 50–100 nm, there is an additional life-
time component merging with the defect component. This
comes from the positrons diffusing out and getting annihi-
lated from the nanocrystallite surfaces. Hence the values of τ2

and I2 are more than what are normally expected for positron
annihilation in crystal defects. Within the limitations of the
instrumental resolution, it is not possible to separate it out.

026103-5



Chin. Phys. B Vol. 30, No. 2 (2021) 026103

However, although the surface contribution is significant, it
changes its value only when the nanocystallite sizes become
less than about 10 nm. Since the nanocrystallites in this work
are larger than this limit, the variations of τ2 and I2 are as-
signed to the vacancy type defects in the samples rather than
the change in nanocrystallite surface properties.

The variation of the defect-specific positron lifetime τ2

is illustrated in Fig. 7. It shows that vacancies agglomerate
to form large vacancy clusters. The electron density seen by
the positrons drastically reduces with an increase in the vol-
ume of defects that trap positrons. In this case, however, the
values of τ2 in the range of 0.35 to 0.37 ns are rather large
compared to the positron lifetimes in typical vacancy type
defects, which may lie in between about 0.2 to 0.3 ns.[49]

The larger values of τ2 have a special significance due to the
nanocrystallinity of the samples. An appreciable percentage
of positrons, which are already thermalized due to multiple
energy dissipative processes in the material, will diffuse out
to the surfaces of the nanocrystallites.[49,50] Since surfaces are
low electron density sites, the positron lifetimes are expected
to be large, but it gets admixed with the vacancy type de-
fects component. In other words, τ2 contains contributions
from both defects as well as surfaces. The corresponding in-
tensity I2, in the meanwhile, decreases first, indicating that
the defect concentration decreases. This suggests that va-
cancy type defects agglomerate, their sizes increase and their
number decreases. The ortho-positronium lifetime τ3 and its
intensity I3 also show similar trends. The increase of the
shorter lifetime τ1 and its intensity I1 also indicates that the
defect concentration decreases in samples when synthesized
at higher temperatures. The mean positron lifetime (τm) is
defined as

τm = (τ1I1 + τ2I2 + τ3I3)/(I1 + I2 + I3). (3)

Figure 7 shows that for the first two components of the
lifetime, the variations of corresponding intensities are in the
opposite direction. Net τm decreases with an increase in tem-
perature. When a positron annihilates with an electron inside a
defect, the lifetime increases if the defect size becomes larger,
and intensity decreases if defect concentration decreases. The
behavior of the mean positron lifetime (τm) and the positron
lifetime in bulk PbO (τb), which is calculated from the rela-
tion

1
τb

=
I1

τ1
+

I2

τ2
+

I3

τ3
, (4)

in Fig. 8, also suggests that defect concentration is less and the
sizes are larger in the samples synthesized at higher tempera-
tures.
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Fig. 8. (a) The mean positron lifetime (τm) and (b) the bulk positron
lifetime (τb) versus annealing temperatures of the PbO nanoparticles.

3.6. Coincidence Doppler broadening measurements

The CDBS spectra were analyzed by generating ratio
curves of events with respect to pure and well annealed
aluminum (Al) single crystalline sample.[51] The results are
shown in Fig. 9. The ratio curves are usually generated with
respect to the identically acquired spectrum of a reference
sample, a pair of sintered Pb pellets here. With Pb as the ref-
erence, we found the peaks shifted to 11× 10−3m0c. This is
justified as the ratio curve of Pb with respect to Al, which has
a distinct local minimum at 10.75×10−3 m0c that can be seen
in the inset of Fig. 9. The peak at pL = 10×10−3 m0c is due
to positron annihilation with the electrons in the 2p orbital of
oxygen ions.[40] The curves indicate reduced annihilation in
defects in samples prepared at 400 ◦C and 450 ◦C. It supports
the findings of the positron lifetime measurements and is more
vividly displayed by the variations of the S and W line-shape
parameters. These parameters are respectively estimated as
the ratio of events under ∆E =±0.00058 MeV and jointly un-
der ∆E = ±0.00203 to ±0.00319 MeV of the projected one-
dimensional spectra to the total events under it. Measured as
this, the two parameters are defined as the fraction of low (va-
lence) and high (core) momentum electrons annihilated by the
positrons. S parameter is calculated from the central region of

026103-6



Chin. Phys. B Vol. 30, No. 2 (2021) 026103

DBS spectra, and W parameter is calculated from the wings
region of both sides of these spectra. In order to understand
the evolution of the defects under the growth of the nanocrys-
tallites, the variations of the S and W parameters are shown
against the synthesis temperature of the nanocrystalline sam-
ples in Fig. 10.
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Fig. 9. CDBS ratio curves of a few selected samples with respect to that of
an identical curve for pure and annealed Al pellets. The inset figure contains
the CDBS ratio curve of Al pellets.
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Fig. 10. The (a) S and (b) W parameters versus the synthesis tempera-
ture of the samples.

Qualitative changes in the S and W values often indicate
the defect evolution processes undergoing within the samples
at the atomic scale. The sharp fall of the S parameter till 400 ◦C
of the prepared samples is indicative of the defects agglomer-
ation taking place on a larger scale. Since the nanocrystallite
sizes also increase, the fraction of positrons reaching the sur-
faces of the crystallites decreases. However, the final rise of
the S parameter in the sample prepared at 450 ◦C could not be
explained at this stage, although repeated measurements con-
firmed the results. The behavior of the W parameter is comple-
mentary to the variation of the S parameter, as expected. The
S–W plot is shown in Fig. 11. The results indicate that positron
annihilation parameters are helpful in indicating the evolution
behavior of defects in metal oxide nano-systems, which will
have significant effects on their optical, electrical, and mag-
netic properties.
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Fig. 11. The S–W plot.

4. Conclusions
In this work, PbO nanocrystalline samples have been syn-

thesized by the sol-gel method at different temperatures to
vary the nanocrystallite sizes. The XRD analysis shows the or-
thorhombic structure of PbO, and the average particle sizes of
synthesized PbO are in the range of 20–35 nm. HRTEM analy-
sis confirmed that the samples had been synthesized to evolve
in a highly pure composition, and the sizes of the nanocrys-
tallites could be confined to a very narrow distribution. The
band gap energies of the PbO nanoparticles are in the range
of 2.34–2.97 eV. The investigation to study their optical prop-
erties revealed a significant increase in the band gap energy
with a decrease in particle size that notified the occurrence of
quantum confinement effects. The FT-IR spectra of the sam-
ples showed an absorption peak corresponding to the vibration
of Pb–O bonds and a broad band of very low intensity due to
the stretching vibration of the OH group. Bands of very low
intensities attributable to oxygen stretching and bending fre-
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quencies could also be identified. Positron annihilation studies
were carried out to verify the presence of vacancy type defects
in the samples, and the defects grew into large vacancy clusters
when the synthesis temperatures were increased.

One of the most important applications[52] of the lead ox-
ide nanoparticles is that it can be used as cathode and anode
electroactive material in lead acid batteries. The anodes and
cathodes made by PbO nanoparticles show excellent discharge
capacity and cycle life.[53] The discharge capacity of batter-
ies is enhanced while using nanoparticles of PbO, and the use
of nanoparticles[54] in the paste of electrodes reduces the dis-
charge resistance by 50%. It can cause the delivery of more
power to an external load. More than 130 Ω/g discharge resis-
tance density can be obtained when using PbO nanoparticles
instead of bulk PbO. We have also prepared the nanoparticles
by a more convenient and economical sol-gel route of crystal-
lite sizes of the same dimension. A wide range of nanoparti-
cles have been synthesized, and further research is being car-
ried out to look at how nanocrystallite size affects the dis-
charge rate.
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