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ARTICLE INFO ABSTRACT
Avrticle history: This work focuses on the photoelectrochemical and semicondictrise study of
Received January 4, 2024 the corrosion layer formed in the dark on Lead and lead-tin alloys in a 0.5M
Accepted October 20, 2024 sulfuric acid solution: Electrochemical Impedance Spectroscopy (EIS), Linear
Keywords: Sweeping Voltage (LSV), Mott-Schottky plots and photocurrent measurements.
The composition was determined respectively by XRD diffraction and SEM
Pb-Sn alloy, electron microscopy. The findings indicate that the incorporation of tin leads to
Lead Oxide, a reduction in the corrosion layer thickness while significantly enhancing its
corrosion, electrical conductivity. This effect is attributed to the formation of conductive,
Rengwable Energy, non-photoactive tin oxides and the development of a compact interfacial the
Semiconductor. layer separating the grid from the positive active material.

1. INTRODUCTION

Since the early 19th century, scientists and researchers have explored various types of semiconductors,
driven by their remarkable industrial properties and diverse range of applications. In recent decades,
their interest has increased further due to their penetration in most of the industries that form the
backbone of the world's economic and commercial life. Due to its unique properties and wide range of
applications, lead oxide (PbO) has been the subject of extensive research as a semiconductor. PbO is
commonly utilized in battery production (Liu et al., 2017), gas sensors (Srivastava et al., 2011),
solarcells (D B Patel and | Mukhopadhyay, 2015), optical X-ray detectors (Cimek et al., 2017; Mohamed
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et al., 2018; El-Mallawany et al., 2018; Zentai et al., 2013; Semeniuk et al., 2017), radiation
shieldingmaterials (Mohamed et al., 2018; El-Mallawany et al., 2018), photonics (Cimek et al., 2017,
Zheng et al., 2014), photocatalytic applications (Liu Shao-you et al., 2018) and many others by
incorporating traces of grafting atoms. Proposal to use lead oxides as compounds abundant on earth for
photovoltaics (Foroughi & Ranjbar, 2017; Zhuravlev & Korabel’nikov, 2017).

The effect of tin addition on grid passivation has been studied. Tin removes the transition from Pb to a-
PbO according to Giess (Pavlov et al., 1984). Pavlov et al. (1969) obtained related results. The
integration of Sn into the PbO/PbOx crystal lattice is suggested. In research by Takahashi et al. (Pendry,
1999), Tin promotes the growth of a-PbO,, thereby inhibiting the development of a lead sulfate layer
on the grid surface. However, Carter et al. (1986) found that Pb-Ca-Sn anode alloys lose 20% of their
original capacity after undergoing 50 deep discharge cycles. Attributed to the high rate of substance
forming at the surface, the observed reduction in capacity is due to the lack of interaction between the
grid and the active material. Nelson and Wisdom (1991) found that the incorporation of tin during a
shallow discharge contributes to the formation of discontinuous oxide films on the grids. The authors
also observed that Pb-Sn alloys at the grid/electrolyte interface exhibit intensified corrosive attack along
the grain boundaries.

At a buffer charging regime of the battery with Pb-Ca-Sn plates, Weiniger and Siwek (1976) did not
notice any concentration of PbSQO,4 around the Pb-Ca-Sn grid. The authors confirmed that tin slows down
the reduction of the corrosion layer. Using electrochemical techniques and metallographic research,
Rocca and Steinmetz (1999) reported that to prevent the formation of an electrical barrier on the grid
surface, the concentration of Sn must be carefully controlled. The researchers only grouped the Pb-Sn
alloys into three distinct courses according to their Sn content.

There are many previous studies that have dealt with the subject of the photoelectrochemical properties
of lead oxide and have dealt with it from various, including: The studies of Pavlov et al. (1977) and
Pavlov (1978, 1981), who concluded that when an electrode is illuminated, it has three types of photo-
electrochemical processes and a high optical response to the negative film on Pb in H,SO., which goes
back to the PbOy stage according to (Barradas et al., 1981). Peter (1983) have experimented with anodic
oxidation of lead in H.SO4 under the influence of visible white light at different wavelengths, the most
prominent of which was that repeated illumination leads to an increase in the light current, but the light
sensitivity threshold remains unchanged. Buchanan & Peter (1988) and Bullock et al., (1983) also
demonstrated by optical current spectroscopy that lead oxide is quadrangular. The results of Buchanan
& Peter (1988) when using pomegranate spectroscopy indicated that lead oxide was formed above the
valence PbO.. The results of the photocurrent by researchers Campbell & Peter (1991) indicate that the
deposited aPbO film is In ethanoate solution it leads to tetrahedral precipitation of PbO within the oxide
pores.

Our study builds on these findings by examining how tin substrate modifications enhance PbO’s
photoelectrochemical efficiency in energy systems. Unlike prior work, we specifically address the role
of tin in reducing the thickness of the corrosion layer and improving the photocurrent response under
light exposure. This study provides new insights into PbO's application in photoelectrochemical cells
(PECs) and lead-acid batteries for renewable energy storage, focusing on the effects of varying tin
content (0.2% and 2% Sn) on these properties.

By advancing the understanding of PbO’s electrochemical stability, light absorption, and charge
separation efficiency, our work contributes to the development of more efficient energy storage and
conversion devices within the renewable energy sector.
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The findings of this study carry important implications for renewable energy technologies, especially in
relation to energy storage and conversion systems. Lead-acid batteries, which are widely used for energy
storage in solar and wind power systems, can benefit from the findings of this study. Enhancing the
efficiency and durability of PbO-based anodes through tin substrate modifications can lead to improved
battery performance, making them more suitable for large-scale renewable energy applications.

Additionally, the enhanced photoelectrochemical properties of PbO demonstrated in this study open up
new possibilities for its use in photoelectrochemical cells (PECs), which are critical components in solar
fuel generation and water-splitting technologies. PECs convert sunlight into chemical energy by driving
reactions such as splitting water into hydrogen and oxygen. By optimizing the PbO substrate
composition, we can improve the efficiency of these devices, contributing to the development of
sustainable hydrogen production systems.

These findings highlight the broader impact of PbO in renewable energy technologies, from efficient
energy storage in lead-acid batteries to advanced solar cells and hydrogen generation technologies.

The objective of this study is to elucidate the influence of the substrate on the photoelectrochemical and
semiconductive properties of lead oxide in a 0.5 M H,SO, solution, employing various analytical
techniques.

2. EXPERIMENTAL

2.1 Alloy preparation (Pb-Sn)

Lead and 99.98% pure tin were used in the experiments to produce samples. For the preparation of the
following alloys, sufficient quantities of Pb and Sn were weighed (0.2 % and 2 % Sn). The melting of
the weighed masses was carried out in a porcelain crucible which was placed in a furnace as shown in
Fig. 1 (a). When the temperature was about 340 °C (above the lead melting temperature of 237 °C), the
crucible was then removed from the furnace and its contents were poured into a cylindrical steel mold
with a diameter of 1 cm as shown in Fig. 1 (b). When the mould was discarded, the cylindrical steel was
removed from the mould.

(@) (b

Fig 1. (a) Muffle furnace (b) Mold used for making alloys.
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2.2 Mechanical preparation

An abrasive paper with a grit size ranging from 800 to 4000 was utilized in this process to eliminate
surface impurities and achieve a smooth finish. Following the polishing step, the specimens were
cleaned with acetone to remove grease, rinsed thoroughly with distilled water, and rapidly dried with a
dryer.

2.3 Electrochemical cell

It should be noted that the electrochemical experiments were carried out in a commercial
electrochemical corrosion cell (Fig. 2) which was built in the laboratory using Teflon. The description
of the cell shows that it is cubic in shape. It was produced by PV C-type plates. Moreover, it was observed
that the electrode under test lifted by accumulating on a cell wall.

Fig 2. Electrochemical cell

2.4 Electrodes

In our study, we employed a three-electrode electrochemical cell, with the working electrode being a
PbSn alloy sample. The alloy was formed into cylindrical pellets with dimensions of 1 cm in diameter
and 0.5 cm in thickness. The working electrode was laterally mounted on one of the cell walls. The
counter-electrode consisted of a pure Pb plate shaped into a pellet with a surface area of 2 cmz, positioned
opposite and parallel to the working electrode. A mercury sulfate electrode Hg/Hg.SO4/K;SO4, filled
with a saturated potassium sulfate solution, was used as the reference electrode to measure the potential
of the working electrode.

2.5 Electrolyte solutions
The electrolyte isa 0.5 M H,SO4 solution prepared from a pure solution for SIGMA-ALDRICH analysis
with a density of 1.84g / cm? and 96% purity using distilled water.

2.6 Principle and equipment

Initially, the electrochemical cell was placed inside a black box, with a potentiostat/galvanostat
(AUTOLAB PGSTAT302N) controlled via computer, using NOVA 2.1 software for data acquisition
and analysis. Hllumination was directed perpendicularly onto the electrode surface, ensuring that no
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external light entered the system by closing the black box's lid (Fig. 3). Before conducting
potentiodynamic experiments, the working electrode's potential was held at the hydrogen evolution
potential for 20 minutes to remove surface impurities. Following assembly, the working electrode
underwent potentiostatic anodization at 0.7 V with reference to the saturated Hg/HQ2SO4/K2SO4
electrode for 2 hours to develop a lead monoxide layer on the substrate. The working electrode surface
was subjected to repeated illuminations with white light for 30-second intervals, with 3-minute dark
periods between illuminations. Electrochemical impedance spectroscopy was conducted in
potentiostatic mode, covering a frequency range of 100 mHz to 100 kHz with a 10-mV amplitude
potential. Tafel plots were generated from linear sweep voltammetry (LSV) data. X-ray diffraction
(XRD) analysis was performed using a Bruker diffractometer (CuKo = 1.54 A) under a 40-kV voltage,
scanning from 26 = 10° to 70° at a rotation speed of 0.02°/s.

\d&““

Fig 3. The experimental setup.

3. RESULTS AND DISCUSSION

3.1 Photocurrent measurements

Fig. 4 shows the photocurrent variation during 5 consecutive light pulses of 30 seconds each, separated
by 3 minutes in the dark. The film was formed potentiostatically at 0.7 V for 2 hours in the dark. It can
be seen Upon exposure to light, the current spikes quickly but then decrease just as rapidly, reverting to
its initial value in a matter of seconds. This observation confirms the fast electron-hole recombination
properties typical of lead oxide. In addition, it can be observed that the current becomes cathodic and
that the current intensity is maximal for pure Pb.

Furthermore, it can be seen that the photocurrent lpnof pure Pb increases with the number of pulses, the
ones for Pb-0.2% Sn remain unchanged. Whereasfor2% Sn, it decreases with the number of pulses. With
each pulse, the photocurrent (len) decreases as the Sn content in the alloy increases from 0 to 2%. This
suggests that the addition of Sn introduces energy levels within the band gap that function as electron
traps. These energy levels are influenced by the concentration of tin, and as the Sn content rises, the
energy levels shift closer to the valence band. At 2% Sn, these levels are most negatively shifted, further
reducing the photocurrent.
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Another feature (character) was observed (recombination current). When the light is turned off, this
oxygen and part of the PbO, are reduced, which causes a cathode current iq. At the beginning, this current
is ig°. After As the number of pulses increases, the id° photocurrent decreases after several ignitions of
the Pb-Sn electrodes. Figure 4 illustrates that the Sn-containing electrode exhibits a higher photocurrent
during the initial pulses than the pure lead electrode. It is evident that Sn speeds up the oxidation of PbO
and enhances the electrical conductivity of the PbO, layer. In the available literature, the decrease in
photocurrent has been associated with the formation of an oxygen layer at the PbOy/solution interface
(Pavlov &al, 1977).
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Fig 4. Photocurrent analysis of passive surface films created on Pb and PbSnat0.7Vina 0.5 M
solution sulfuric acid for 2 hours

It can be seen that the current increases suddenly when the white light falls on the samples, the current
decreases rapidly during the thirty seconds except for the alloys rich in 2% Sn tin. The photocurrent
intensity of the pure lead alloy is the highest among the tested alloys and increases progressively with
repeated illuminations. In contrast, the photocurrent intensity of the 2% Sn alloy remains consistently
low and exhibits minimal variation throughout the series of illuminations.

The initial increase in current upon illumination is primarily attributed to the generation of electron-hole
pairs within the semiconductor. The number of electron-hole pairs is significantly higher for pure Pb
electrodes. The incorporation of tin into the alloy introduces energy levels above the Fermi level, located
between the conduction and valence bands. These energy levels act as electron traps, thereby reducing
the photocurrent. As the tin content increases from 0 to 2%, this effect is further amplified due to the
formation of more conductive oxides, which enhance the trapping behavior.

At the end of each illumination (30 seconds), a reverse current is produced as a result of the
recombination of electron-hole pairs proportional to the number of electron-hole pairs previously
created during the previous illumination.

3.2.1 Curves Cp =1 (V)

Fig. 5 shows the Cp = f (V) curves for each alloy. In addition, it should be noted that as the tin content
increases, the potential value of the flat bands decreases.

Figure 6 illustrates the variation in the flat band potential as a function of the concentration of electron
donor atoms. The resulting curve demonstrates a decreasing trend, and its mathematical representation
is as follows:

Vip = -0,05256 logNp+0,57785 (1)
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Fig 5. Analysis of the differential capacitance of anodic films generated on Lead and lead-tin alloys
at 0.7 V over a 2-hour formation period.

It is worth noting that the structure of the semiconductor/electrolyte interface is easier to describe in the
case of sufficiently doped semiconductors than in the case of low doping. Indeed, electronic exchanges
are much easier at the interface because of the high charge carrier migration in solid and liquid media
(J. Schefold, 1992). The potential drop across the Helmholtz layer is primarily dependent on the
composition of the electrolyte and is largely unaffected by the space charge region of the semiconductor.
When the potential of the semiconductor electrode is altered through the application of an external
voltage, the influence remains concentrated on the Helmholtz layer, it alone varies the potential drop
across the solid. Consequently, the potential of the flat stripes decreases as the concentration of the
electron donor atoms (responsible for the exchange at the interface) increases (Feiner et al., 1987,

Guyomard, 1986).
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Fig 6. Evolution of Vy,, as a function of the number of electron donors.

3.2.2 Space charge layer thickness

The space charge layer is an area that forms on the side of the semiconductor when it is brought into
contact with an electrolyte. This layer contains the charges associated with the semiconductor, as
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reported by (Sato, 1998). The thickness of the space charge layer was calculated using the following

equation:
_ |2ego(E—-EFB)
Wsc= ’OETDFB (2)

Based on the results, it can be observed that the thickness of the space charge layer increases as the
concentration of mobile charge carriers decreases. This observation is consistent with findings reported
by (1998). The values for the thickness of the space charge layer are presented in Table 1.

Table 1. Refined measurements of space-charge layer thickness Wsc

Alloys The space charge layer's thickness Wsc (um)
Pb 0.919
Pb alloy with 0.2 wt.% tin 0.810
Pb alloy with 2 wt.% tin 0.465

3.3 Analysis of Data from Electrochemical Impedance Spectroscopy

Fig.7 shows the results obtained at the Nyquist level. At a voltage of 0.7 V, the resistance of the wear
layers formed on different alloys was measured to understand the mechanism of sulfate and a-PbO
formation. Furthermore, the resistance was measured again at different polarization potentials: 0.2 V,
0.4V, 0.6V and 0.7 V, respectively. According to results, For all samples, the arc of the impedance
loop (representing corrosion resistance) increases with the applied potential at 0.2 V, 0.4 V, 0.6 V, and
0.7 V, respectively. This increase is attributed to the growing formation of PbSO,4 and PbO, which
significantly enhance the corrosion layer's resistance, particularly when the substrate is pure and the
potential is close to 0.7 V. Additionally, it is observed that at 0.7 V, the polarization resistance decreases
as the tin content increases in all alloys.

1,4x10°

= 0.2v 1,2210" n 0.2v
2,0x10" 0.4y 1,2x10" ® D4y
0.6v 1,0x10" = 0.2V 0.6v
v Oy e 0.4y  1,0x10° ¥ 0.7
1,5x10" - Pb Pb-2wt% Sn

8,0x10" 4 0.6v

v 0.7v
Pb-0.2 wt% Sn

8,0x10°

Z,, (0 cm?)
Z, (eem

¥ 1,0010" 6,0x10°

Z,(nem?)

6,0x10° v,

4,0x10° 4,0x10° T =

-
r‘ L] - . Al FI*fv ™
5,0x10° ¥ ..:.I -, A b -, n

N 2,0x10° o o~ . 2.0016 4 "t Ty
LS 2 T A\ Y

T T T
0,0 5,0x10° 1,0x10° 1,5x10° 2,0x10° 25x10"

T T T T T - -
0,0  20x10° 40x10° 6,0x10° 80x10 1,000  12x10° 0.0 200" 40x10° 60x10° 80x10° 1,0x10° 1.2x10° 14x10’
Z_lacm?) Z,_ (nxem?) 7, (em?)

Fig 7. Nyquist representations of the experimental results for anodic layers on Lead and lead-tin
alloysat 0.2, 0.4, 0.6, and 0.7 V in a 0.5 M sulfuric acid solution at 25°C.

The EIS results further support these findings, showing that the corrosion resistance of PbO improves
with increasing tin content. The Nyquist plots demonstrate a clear increase in the arc of the corrosion
loop with applied potentials, indicating improved stability of the PbO layer, especially at higher tin
concentrations. This enhanced stability makes PbO an excellent candidate for use in renewable energy
applications where long-term durability is essential, such as in PECs and solar cells.
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3.4 Tafel polarization results

The Tafel plots (Fig. 8) were generated using a linear voltammetry procedure by scanning the working
electrode potentials from -1 V to 0.7 V relative to the saturated Hg/Hg.SO4/K,SO, reference electrode,
at a scan rate of 10 mV/s, ina 0.5 M sulfuric acid solution at 25°C. Table 2 presents the corrosion current
density values as a function of the tin content in the alloy, providing insights into the wear resistance of
the PbSn alloy. We can clearly notice that tin reduces the corrosion resistance, in other words, tin reduces
the polarization resistance of tin-lead alloys. The same finding was made in the EIS results.

Table 2 shows the parameters extracted from the Tafel curves obtained.
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Fig 8. Tafel polarization curves of films created on Lead and lead-tin alloys anodically at 0.7 V for 2h.

From Fig. 8 above and Table 3, we can deduce that the corrosion current of the tin-rich alloy is higher
than that of the Pb-0% Sn and Pb-0.2% Sn alloys. Among the tested alloys, the Pb-0.2% Sn alloy exhibits
the lowest corrosion current. This can be explained by the thickness of the layer formed. In this alloy
(Pb-2% Sn), we have shown that tin reduces this thickness and thus reduces the amount of PbSQO,
formed. This increases the conductivity of the layer formed. The polarisation resistance of tin-rich alloys
is reciprocally minimal.

Another point to note concerns the corrosion potential. This shifts cathodically as the tin content
increases. This can be explained by the fact that the standard potential of tin (-0.136 V/ENH) is lower
than that of lead (-0.126 VV/ENH). The tin especially segregated in the grain boundaries of the oxides
beforehand giving different oxides with different conductivities.

Table 2. Polarization parameter values of films created on Lead and lead-tin alloys anodically

at 0.7 V for 2h
ba b. . Polarization
Alloys ide) (videcy o) len@) G ance (@)
Pb 0.49515 0.82128 -0.42269 7.959E-6 16856
Pb alloy with 0.2 wt.% tin 0.5641 0.52887 -0.46303 2.1894E-6 54145
Pb alloy with 2 wt.% tin 0.085247 0.4594 -0.85916 5.2512E-5 594.67

The Tafel polarization curves indicate that, while increasing the tin content reduces the corrosion
resistance of the alloy, this reduction is offset by the formation of more conductive oxides, which
enhance the overall conductivity of the corrosion layer, resulting in enhanced photoelectrochemical
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activity. This trade-off between corrosion resistance and electrical conductivity is critical for optimizing
PbO's performance in energy conversion devices.

3.5 XRD results

Fig.9 shows the results of the X-ray diffraction test of films created on Lead and lead-tin alloys
anodically at 0.7 V in 0.5 M sulphuric acid at 25°C for 2 hours. The results show the presence of PbSOs,
PbO and Pb; the X-rays penetrate the film because the anodic layer is very thin, and the Pb layer is
shown in spectroscopy. Several peaks also appear. By comparing the peak intensities and the average
distances between the peak levels for the different alloys, using a JCPDS map (version 2.02, 1999), the
structural and compositional variations across the alloys can be analyzed effectively, it can be seen that
they are quite close together. The effect of tin in the reduction of sulphate and lead monoxide in the wear
layer can also be noted. Table 3 summarizes the most important results of X-ray diffraction (XRD) from
dna crystal distance and hkl directions. The values with a dark black color are taken from the
PCPDFWIN database (JCPDS, v. 2.02, 1999).

Ph-2wt.% Sn APH
" s PO
Ph-0.2 wt.% Sn S PhSOd
e P Ty
A
A A
0 oosg 0 s s

26(%)

Fig 9. XRD patterns of films created on Lead and lead-tin alloys anodicallyat 0.7V in 0.5MH,S0. at
25°C.

Table 3. Summary of results obtained from XRD of films created on Lead and lead-tin alloys
anodicallyat 0.7V in 0.5MH,50, at 25°C.

da(hkI) da(hkI) ds(hkI) da(hkl) ds(hkI)
2.77018 2.40964 1.72219 1.47242
Pb (111) (002) (022) (113)
2.84634 2.46500 1.74302 1.48645
3.10497 1.67559 1.59656
PbO (111) (311) (222)
3.10370 1.67100 155180
4.21076 3.35052 3.21590 3.03577 2.11402
PbSOL (020) (021) (210) (121) (040)
4.23792 3.33449 3.21902 3.00519 2.11807
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3.6 SEM results

Scanning Electron Microscopy (SEM) provides detailed insight into the surface morphology of the
samples. SEM images of the oxide films formed on Lead and lead-tin alloys after 2 hours of immersion
in a 0.5 M sulfuric acid solution reveal distinct differences in surface structure. As shown in Fig. 10, the
lead electrode develops a fine crystalline film, whereas the surface of the tin alloy exhibits coarser crystal
structures. These morphological differences suggest that the addition of tin influences the formation and
growth of oxide layers, leading to more pronounced, larger crystalline structures on the PbSn alloy,
which may increase the porosity of the film; this leads us to conclude that tin has an effect in the form
of PbO and PbSQ, crystals.

In Pb-0.2% Sn alloys, we see large, finely interconnected prismatic crystals of PbSO4. Small round
crystals, also known as rock-like crystals, can also be observed. The PbSQ, crystals in the layer obtained
on pure lead are superficially etched. It should be noted that the PbO under the PbSO4 membrane is
unstable in this type of electrolyte and spontaneously transforms into lead sulphate. Tin in excess of
0.2% thins the resulting layer, reducing the PbSO4 content.
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Fig 10. SEM analysis of oxide films produced on Lead and lead-tin alloys at 0.7 V in 0.5 M H,SO, at
25°C
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4. CONCLUSION

This study focused on investigating the impact of the substrate on the photoelectrochemical and
semiconductive properties of lead oxide in a 0.5 M H,SO, solution at 0.7 V, compared to a
Hg/Hg2S04/K,S0,4 saturated electrode for 2 hours. Through various analytical techniques, it was
observed that the addition of tin reduces the thickness of the corrosion layer while enhancing its
conductivity by forming conductive and photoactive tin oxides, as well as a dense layer between the
grid and the positive active mass. Moreover, a strong correlation between the results obtained from
Electrochemical Impedance Spectroscopy (EIS) and Tafel polarization methods was noted. The
modifications to lead oxide substrates, particularly with tin incorporation, offer substantial
improvements in renewable energy applications by enhancing the efficiency and durability of energy
storage systems. These advancements contribute to more efficient energy conversion technologies and
further support environmental sustainability efforts.
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