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OPTICAL AND STRUCTURAL
PROPERTIES OF NANOPOWDERS

OF LEAD COMPOUNDS OBTAINED

BY THE ELECTROCHEMICAL METHOD

The influence of the temperature and electrolyte composition on the synthesis of nanopowders
of lead compounds using the electrochemical method has been studied. X-ray diffraction (XRD)
studies were carried out, and their results are used to determine the composition of obtained
specimens and the size of nanocrystallites in them (using the Debye—Scherrer formula). The
possibility of the formation of lead oxides and lead carbonate, when electrochemically synthe-
sizing nanoparticles is discussed. It is shown that a mizture of lead oxide and lead carbon-
ate nanocrystals is obtained irrespective of the electrolyte temperature. The results of XRD
structural studies are compared with the results of Raman studies of the same specimens. The
photoluminescence bands of synthesized compounds are analyzed.
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1. Introduction

Lead belongs to chemical elements with a relatively
high atomic mass. Therefore, it has been used for
a long time in the manufacture of protection ele-
ments against radioactive emissions and X-rays and
as a material for protective containers for the storage
and transportation of radioactive materials. Lead ox-
ides are traditionally used for producing radiation-
resistant glasses and sitals. Despite the toxicity of
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lead [1], it and its compounds are widely used in semi-
conductor electronics.

Since the mid-1990s, a permanent growth of the
interest of materials scientists in semiconductor ma-
terials in the nanostructured form has been observed,
because the properties of such materials can substan-
tially differ from those of bulk ones [2, 3|, which opens
new horizons for the applications of these materials.

PbO-based nanoparticles are used as functional
materials in various sensors; as a material for power
cell electrodes, lithium batteries [4], and fuel cells;
and as efficient reusable catalysts, dyes, and phos-
phors [5-7]. The scope of PbO applications is ex-
panded by the existence of two polymorphic phases,
a-PbO and 8-PbO, which are different in their struc-
tural and optical properties. The low-temperature
phase, a-PbO, has the band gap £, = 1.92 eV, which
allows a-PbO to be used in photovoltaics [3]. At a
temperature higher than 490 °C, a transition takes
place from the tetragonal a-PbO phase to the or-
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thorhombic S-PbO one with B, = 2.7 eV. The (-
PbO phase can be used as one of the components
of a transparent conductive coating in optoelectronic
devices [2].

PbO is a photoactive semiconducting material. The
combination of its luminescent properties and radia-
tion stability makes it promising for the development
of direct visualizers of X-ray images and other promis-
ing types of sensors, which plays an important role
in both scientific [8] and medical applications. For
example, it can be the construction of a 2D-3D ar-
ray of X-ray detectors for high-resolution computer-
aided tomography (micro-CT) based on amorphous
PbO [2].

As is known, nanostructured semiconductors are
obtained by applying various methods: laser gas-
phase deposition, molecular beam epitaxy, synthesis
in colloidal solutions, hydrothermal synthesis, chem-
ical and electrochemical depositions, mechanochem-
ical fragmentation, thermal/magnetron sputtering,
and others [2, 3]. They all have both advantages and
limitations.

When obtaining the nanostructures and nanoma-
terials, besides the technology itself, of great impor-
tance are the development and implementation of
methods aimed at the study of and control over their
dimensional and structural characteristics for produc-
ing a product of the required quality. The main meth-
ods to analyze the dispersion of particles are non-
destructive optical (photoluminescence and Raman)
studies and the X-ray structural analysis [9, 10].

The aim of this work was to obtain lead oxide
nanoparticles using the electrolytic method and to
study the influence of synthesis parameters on their
optical and structural properties.

2. Experimental Part and Materials

Nanopowders of lead compounds were produced using
the electrolytic method in an open glass electrolyzer
with lead electrodes. A stabilized dc source (015 V,
0+5 A) was used to power the electrolyzer. As the
electrolyte (in various experimental series), we used a
solution of salts-sodium chloride (NaCl) and sodium
carbonate (NagCOj3 x 10H30)—in distilled water. The
chemical purity of the reagents was not lower than the
“pure for analysis” grade. The concentrations of salts
in the electrolyte solutions were as follows: 0.625 g/1
NaCl for the specimens in series Pb-1, Pb-4, and Pb-
5; and 6.25 g/1 NagCO 3 x 10H2O for the specimens in
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series Pb-6. The synthesis in series Pb-1, Pb-4, and
Pb-5 was performed under various electrolyte tem-
peratures from room temperature to 100 °C, and the
specimens in series Pb-6 were synthesized only at a
temperature of 20 °C.

The duration of the nanocrystal synthesis process
was 3 h for every specimen. The current density in
the electrolytic cell was j = 1.3 x 1072 A/cm?. For
a steady consumption of electrode material, the di-
rection of the direct current was reversed after each
30-min interval. After the end of the synthesis, the
electrolyte was filtered using a paper filter. The re-
sulting powder was washed in a fivefold amount of
distilled water. Then the specimens were air-dried at
room temperature.

X-ray studies were carried out on a DRON-4 diff-
ractometer using Cuk, radiation, at room tempe-
rature. The diffractograms were scanned using the
Bragg-Brentano (0 — 20) geometry. The anode vol-
tage and the current were 41 kV and 21 mA, res-
pectively. The diffractogram scanning increment was
0.05°, and the exposure time was 5 s.

In order to analyze the experimental diffractograms
in detail, every experimental reflex was approximated
by a Gaussian function. As a result, the following in-
formation was obtained: the angular position 26, the
half-width w (the width at the half-height), and the
integrated intensity I. The obtained results were used
to characterize the composition and calculate the size
of nanocrystals.

The micro-Raman and micro-PL spectra of the re-
searched powders were studied in the backscattering
geometry on a Horiba Jobin-Yvon T64000 triple spec-
trometer equipped with an Olympus BX41 micro-
scope. As a source of excitation of Raman spectra,
the radiation of an Ar-Kr laser with a wavelength
of 488.0 nm (2.54 €V) was used. With the help of a
50% optical lens, it was focused into a spot about 1—
2 pm in diameter on the specimen surface. The PL
spectra were excited using the He-Cd laser radiation
with a wavelength of 325 nm (3.81 e¢V). The signals
were registered with the help of a CCD array cooled
using Peltier elements.

3. Research Results

In works [11,13], it was shown that, when fabricating
cadmium sulfide and zinc oxide via the electrochemi-
cal method and at room electrolyte temperature, be-
sides the nanocrystals of indicated compounds, the
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cadmium carbonate and zinc carbonate [hydrozin-
cite, Zns(CO3)2(OH)g| compounds are also synthe-
sized. Therefore, in this work, we obtained a refer-
ence specimen using an electrolyte solution prepared
on the basis of sodium carbonate and with a high
concentration of carbonate ions. Its diffractogram is
shown in Fig. 1, d. By applying the known interplanar
distances in lead carbonate and the Bragg equation

2dsinf = kA,

where d is the interplane distance, 0 is the diffrac-
tion angle, k is the order of diffraction maximum,
and A is the wavelength of X-ray radiation, the an-
gular positions of reflexes, 20, were calculated. The
experimental parameters of reflexes were compared
with the calculated ones and the data from the PDF-
2 database and works [14,15]. It was found that the
diffractogram of the specimen obtained with an ex-
cess of carbonate ions (Fig. 1, d) corresponds to the
X-ray standard of one of lead carbonates, cerussite
Pb3(CO3)2 (OH)2, which belongs to the trigonal sys-
tem, the space group R3m (No. 166).

In Fig. 1, experimental diffraction patterns of spec-
imens obtained using the electrolytic method at var-
ious electrolyte temperatures are shown. The regis-
tered diffractograms were normalized by the peak in-
tensity of the reflex with the angular position 26 =
= 27.20°. From Fig. 1, one can see that all diffrac-
tograms contain reflexes characteristic of lead carbon-
ate. This fact means that if an electrolyte on the basis
of NaC(Cl is used, a mixture of lead oxides and carbon-
ates is obtained irrespective of the synthesis tempera-
ture. Carbon dioxide participating in the formation of
lead carbonate belongs to the gases dissolved in dis-
tilled water used to prepare the electrolyte. During
the synthesis process, COs could also enter the elec-
trolyte solution from air, since an open electrolytic
cell was used. Under other synthesis conditions, the
formation of other lead carbonates is possible; this
issue requires further detailed research.

It is known [3, 7] that lead oxide can exist in
two modifications: low-temperature tetragonal (-
PbO) and high-temperature orthorhombic (8-PbO)
ones. The identification of oxide reflexes was carried
out similarly to what was done for lead carbonate. A
comparison of the experimental and calculated 26-
values with the data taken from the PDF-2 database
and works [3,7, 15] showed that both oxide modifica-
tions are available in the specimens.
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Fig. 1. X-ray diffractograms of specimens and (the bot-

tom panel) X-ray standards of Hydrocerussite, a-PbO, and
B-PbO. Synthesis parameters: NaCl electrolyte, the synthesis
temperature t = 24 °C (a); NaCl electrolyte, t = 60 °C (b);
NaCl electrolyte, t = 98 °C (c); NagCO3 x 10H20 electrolyte,
t=20°C (d)

Besides the reflexes characteristic of lead carbon-
ate, the diffractogram of the specimen obtained at
a temperature of 24 °C contains reflexes of lead ox-
ide. The most intensive of them are located within
the interval of 260 angles from 27.70° to 33.60°.

It is known that for a diffractometer with a flat
specimen, the integrated intensity I of diffraction
maxima is described by the formula [12]

e*X3l N2 9
I=1l 32mm2ctR 2u PLG p [F
where I is the intensity of incident X-ray radiation,
e is the elementary charge, m is the electron mass, A
is the X-ray radiation wavelength, [ is the path length
of the reflected beam in the counter, c¢ is the speed of
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Fig. 2. Micro-PL spectra of PbO powders and the approxi-
mation of PL band by Gaussian contours; Aexc = 325.0 nm,
T =300 K

Nanocrystal sizes in the studied specimens
determined using the Debye—Scherrer method

Synthesis D, nm
Specimen | Electrolyte |temperature,
t,°C PbCO3 |a-PbO | 5-PbO
Pb-4 NaCl 24 34 17 20
Pb-5 NaCl 60 29 21 21
Pb-1 NaCl 98 27 36 30
Pb-6 NaCOs3 20 66 - -

light, R is the radius of goniometer, N is the number
of elementary cells per unit volume, p is the linear
absorption coefficient, PLG is the angular multiplier,
p is repeatability factor, and |F| is the absolute value
of the structural amplitude.

The formula for the integral intensity of X-ray re-
flexes includes the volume of the examined speci-
men. So, if other quantities remain unchanged, the in-
tegral intensity of the reflex is determined exclusively
by the bulk content of the corresponding phase. The-
refore, the integrated intensity of reflexes increases,
as the volume of the components grows.

In our case, for the specimens obtained when the
synthesis temperature increased (Fig. 1, a—c), the
growth of the relative intensity of reflexes located
within this angular interval was observed, which evi-
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dences that the volume content of lead oxides in the
studied specimens became larger.

The results obtained when processing the experi-
mental diffraction patterns were used to calculate the
sizes of nanocrystals. For this purpose, the Debye—
Scherrer formula was applied [16],

089
~ Bcosb’

where A is the X-ray radiation wavelength, 8 is the
half-width of the reflex, and 6 is the diffraction an-
gle. The value of the half-width 8 was calculated us-
ing the formula

B=\/B% - B3,

where ; is the experimental value of the X-ray re-
flex half-width, and (5 is its instrumental value. The
instrumental values of the half-widths of X-ray re-
flexes were determined by analyzing the X-ray diffrac-
tograms of the reference powders of silicon and
Al;03, which were obtained under the same condi-
tions. The results obtained for the size of nanocrys-
tals in the studied specimens following the Debye—
Scherrer method are quoted in Table.

From the analysis of the calculation results pre-
sented in Table, one can see that if the electrolyte on
the basis of NaCl is used, and the synthesis temper-
ature increases from 24 °C to 98 °C, the size D of
the obtained lead carbonate nanoparticles decreases
from 34 to 27 nm. Under the same conditions, the
size of lead oxide nanocrystals increases from 17 to
36 nm for a-PbO, and from 20 to 30 nm for 8-PbO. It
is worth noting that the difference between the sizes
of nanocrystals of both modifications (a-PbO and $-
PbO) was small (only a few nanometers).

Figure 2 demonstrates the photoluminescence (PL)
spectra of synthesized PbO powders (specimens Pb-4
and Pb-6); the spectra were registered at room tem-
perature. The PL spectra of both specimens include
a weak emission band at 468 nm, an intensive band
at 570 nm, and a broad emission band with a max-
imum at 640 nm. The presence of the blue emission
band at 468 nm testifies to the existence of a signifi-
cant amount of lead ions Pb?* in the interstitial state
Ipy, [17,18]. The band at 570 nm is associated with
the presence of a substantial number of oxygen vacan-
cies, which are usually located on the surface of lead
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oxide microparticles, and it is a result of the recombi-
nation between holes captured by surface defects and
electrons captured by the doubly ionized oxygen va-
cancy Vi 2+ [17,18]. The band with a maximum at
640 nm in the orange-red spectral interval is related
to interstitial oxygen in the PbO structure [18].

From the PL spectra depicted in Fig. 2, one can see
that specimens Pb-4 and Pb-5 clearly demonstrate a
redistribution of intensities among the emission bands
of their own defects. In particular, in the case of spec-
imen Pb-5, an intensity reduction of the band associ-
ated with interstitial lead is observed simultaneously
with an increase in the amount of interstitial oxygen;
the latter process may be induced by the growth of
the synthesis temperature.

In addition, the PL spectrum demonstrates a very
weak emission band at 385 nm, which appears due
to the radiative recombination of localized excitons
bound at neutral donors and/or acceptors. As was
previously reported [3], lead monoxide (PbO) is a
semiconductor with an indirect band gap of 1.92 eV
(or 1.82 eV according to work [19]). The direct band
gap width equals 3.21 eV [19,20]. The weak intensity
of the ultraviolet band associated with direct-band
transitions and the increase of the defect emission
band intensity testify to the concentration growth of
intrinsic point defects. The difference between the in-
tensities of the defect emission bands may arise due
to a change in the size of micrograins in the PbO pow-
ders, which leads to the growth of their surface area
and, accordingly, an increase in the concentration of
surface non-radiative recombination centers [21].

It is known [22-24] that, depending on the tem-
perature, pressure, or synthesis conditions, PbO can
exist in various polymorphic forms: the stable tetrag-
onal modification (a-PbO) and the orthorhombic
modification (S-PbO), the latter being metastable
at room temperature. By increasing the pressure, a-
PbO can be transformed into 5-PbO through the in-
termediate rhombic v-PbO phase [25]. Therefore, in
order to study the structural and crystalline qual-
ity of the synthesized PbO powders and their poly-
morphic forms, the corresponding vibrational spec-
tra were measured using the Raman light scattering
methods.

According to group theory, single-crystalline «-
PbO belongs to the space group Py/pnmm (D7,). Its
unit cell consists of four atoms (two PbO formula
units) and has 3 x 4 = 12 phonon modes; three of
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Fig. 3. Raman spectra of Pb-4 and Pb-5 powders; Aexc =
=488.0 nm, T"'= 300 K

them are acoustic vibrational modes, and the other
nine are optical vibrational modes [26],

Foz—PloO = Alg + A2g + Blg + BQg + 2Eg +
+A1u + A2u + B2u + 2Eu~

Two modes (As, and E,,) are active in the IR spec-
trum, and four vibrational modes (A14, B14, and 2E)
manifest themselves in the Raman spectra.

Orthorhombic 5-PbO belongs to the space group
Pbem (D3}), which has four formula units in the unit
cell. There are 3 x 8 = 24 phonon modes: 3 acoustic
and 21 optical vibration modes [26],

FB—PbO = 3BQu + 4B1g + 4Aq + 2329 +
+ 3B3u + 2Au + Blu + 2B3g~

The 3B, 3B3,, and By, vibrational modes are ac-
tive in the IR spectra of -PbO, whereas the 45,
2By, 2Bsg, and 44, vibrational modes reveal them-
selves in the Raman spectra. The 24, vibrational
modes are the so-called “silent modes” because they
do not appear in the IR and Raman spectra [27, 28].

In Fig. 3, the micro-Raman spectra of Pb-4 and Pb-
5 powders are shown. They were registered at a low
optical excitation power level (P = 50 kW /cm?). Se-
veral phonon bands were registered in the Raman
spectrum of specimen Pb—4: in particular, these are
the bands at 70, 141, 285, and 381 cm ™!, which cor-
respond to the B;, phonon mode of orthorhombic
B-PbO; the bands at 86 and 355 cm™! are associ-
ated with the By; modes; the weak and broad band
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Fig. 4. Raman spectra of (a) Pb-4 and (b) Pb-5 powders
at various optical excitation powers: 50 (P), 100 (P/2), and
200 kW /cm? (P/4); Aexc = 488.0 nm. T = 300 K

at 168 cm™! is attributed to the Bs, mode; and the
weak bands at 97 and 279 cm ™! are associated with
the A, vibrational mode [28].

In the Raman spectrum of specimen Pb-4, in ad-
dition to the bands indicated above, an a-PbO mode
at 84 cm™! (it corresponds to A, vibrations) and the
Bs,, vibration band at 337 cm~! are also observed.
They are quite close to the Bsg bands of 5-PbO (at
about 86 and 355 cm™1) 27, 28].

The nature of the bands at 116, 131, and 184 cm ™!
is unknown. Most probably, they are related to the
scattering bands of lead carbonate nanoparticles. In
paper [28], the authors studied natural PbCOj3 crys-
tals and found Raman bands with rather close fre-
quency positions. Indeed, the results of X-ray struc-
tural analysis testify to the presence of lead car-
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bonate in the researched specimens. The unknown
phonon bands described in work [29] may probably
be of a similar origin, but this issue requires a further
research.

The two- and fourfold growth of the optical exci-
tation power (to 100 and 200 kW /cm?, respectively)
leads to changes in the shape, half-width, and po-
sition of the fundamental vibrational bands of pow-
dered specimens (Fig. 4). Such a transformation may
testify to a transition from orthorhombic S-PbO,
which is unstable at room temperature, to stable
tetragonal a-PbO. Simultaneously, the most inten-
sive B, band in the spectra of both specimens be-
comes shifted: from 140 to 131 cm™! for specimen
Pb-5, and from 141 to 134 cm™! for specimen Pb-4.

The frequency ratio between the Raman band ob-
served at 286 cm ™! for the 3-PbO phase and the band
with a maximum at 337 ecm™! for the a-PbO phase
[27] is a good indicator for determining the phase mix-
ture of the studied material. This ratio can be used
to obtain a qualitative information about the phase
composition of researched specimens. It is worth not-
ing that, besides the fundamental vibrational bands
of «(B)-PbO appearing in the Raman spectrum of
specimen Pb-5, additional bands are also observed in
the high-frequency spectral interval. These are an in-
tensive band at 966 cm~! and a weak broad band at
1044 cm™!, both being associated with scattering in
lead carbonate [28].

4. Conclusions

In this work, we have demonstrated a simple and ef-
fective method of open-cell electrochemical synthesis
of PbO nanoparticles of two different modifications
(a-PbO and B-PbO). It is demonstrated that the ap-
plication of the NaCl solution as an electrolyte leads
to the formation of a mixture of lead carbonate and
two modifications of lead oxide, irrespective of the
synthesis temperature. It is found that, as the syn-
thesis temperature increases, the volume fraction of
lead oxides in the examined specimens also increases.
At the same time, the temperature growth leads to
the formation of larger lead oxide nanoparticles and
smaller lead carbonate nanoparticles. The results ob-
tained for the phase distribution in the synthesized
material from the study of Raman and PL spectra
correlate well with the X-ray diffraction data. It is
shown that the combination of the Raman and X-

ISSN 2071-0194. Ukr. J. Phys. 2024. Vol. 69, No. 5



Optical and Structural Properties of Nanopowders

ray diffraction methods to analyze a mixture of two
PbO phases is more informative than the application
of the X-ray diffraction alone owing to the overlap of
the X-ray reflexes of the a- and 8-PbO phases.
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OIITUYHI TA CTPYKTVYPHI
BJIACTHBOCTI HAHOIIOPOIIKIB
CIIOJIVK CBUHIIIO, OTPUMAHUIX
EJIEKTPOJIITUYHUM METOJJOM

JocniizKeHO BIIMB TeMIIEpaTypH Ta CKJIaJy eJeKTPOJIHTY Ha
[POIeC OTPUMAHHS HAHOMIOPOIIKIB CIIOIYyK CBHHIIIO €JIEKTPO-
JITUYHAM METOJIOM 3 BUKODHUCTAHHSIM CBUHIIEBUX €JIEKTPO-
nis. IIpoBeieHO PEHTIeHOCTPYKTYPHI JOCTII>KEHHS, pe3yIbTa-
TU AKHX OyJI0O BUKODUCTAHO JJIsi BUBHAYEHHS CKJIAJly OTpHMa-
HUX 3pa3KiB Ta PO3MipiB HAHOKPHUCTAJIB 3a JONOMOIoK (Gop-
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mymnu lebas—I1leppepa. O6roBopooTbCa MOXKIUBOCTI yTBOPE-
HHsI OKCHJIB CBHHIIO i KapOOHATY CBHHIO IIPU BHKOPHUCTAHHI
€JIEKTPOJIITUYHOIO METOJY OTPUMAHHSI HAHOYACTHUHOK. [loka-
3aHO, III0 HE3aJIEXKHO BiJl TeMIepaTypu €JIEKTPOJITY OTpHMY-
IOTHCSI HAHOKPUCTAIN OKCHAY i KapboHary cBuHIO. Pesysbra-
TH PEHTI'€HOCTPYKTYPHHX JOCJIi/I?KEHb IIMX 3Pa3KiB IIOPiBHIO-
OTBbCS 3 Pe3yJIbTaTaMU KOMOIHAI[IHOIO pPO3CiIOBaHHS CBITJIA
(KPC). IIposeneno anamniz cmyr doromominecuenmii copmo-
BaHHUX CIIOJIYK.

Kawwoei caosa: a-, B-OKCHJ CBUHIO, KApOOHAT CBHUH-
[0, PEHTI'€HOCTPYKTYPHI JOC/I?KEHHs, PO3MIpU HAHOYACTH-
HOK, dopmyna [lebas—Illeppepa, kombGiHaIiiiHe po3ciroBaHHS
cBiTJ1a, POTOIIOMIHECIIEHITis.
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