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Electrosynthesis and characterization of lead oxide thin films
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Abstract

Lead dioxide (PbO,) is an important oxide material used extensively as anode material in batteries and fuel cells and its study
has now taken new strides beyond the wide field of battery research. In the present study, lead dioxide films were
electrodeposited onto precleaned copper substrate from nitrate baths. The film composition, morphology and structure were
investigated using Energy Dispersive X-ray Analysis (EDX), scanning electron microscopy and X-ray diffraction techniques.
The oxidation and reduction potential regions and the mechanism of lead dioxide film formation are discussed using cyclic
voltammetry studies. X-ray diffraction results revealed tetragonal [a-PbO,+R-PbO,] structures of the films which are
influenced by bath temperature and solution pH value. EDAX studies show that the films deposited at higher bath temperatures
and low solution pH values are rich in lead content and low in oxygen content. The effects of bath temperature and solution pH
on the morphological features of lead dioxide films are also described.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction sensors [4], electro-winning of metals [5] and battery

electrodes [6]. The substantial growth in new avenues

During the past decade, lead dioxide (PbO,) anodes
have sparked a worldwide interest because of their
structural, morphological, optical, and mechanical
properties and their potential applications in waste
water treatment [1,2], ozone generation[3], analytical
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such as telecommunication networks, electronics,
computers etc., has raised new challenges for PbO,
batteries. PbO, electrodes are also applied in industrial
processes such as an energy conversion process,
recycling and environmental treatment [7]. It is well
known that PbO, exhibits excellent chemical stability,
high conductivity, large over potential and chemical
inertness for electrolysis in an acid medium. Recently,
the deposition behavior of lead oxide thin films
prepared by metal organic chemical vapor deposition
was reported by Zhao et al. [8]. Eftekhari reported the
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fabrication of a pH sensor based on a lead oxide thin
film prepared by chemical deposition [9]. The
influence of ultrasonic frequency on the electro-
crystallization of lead oxide was reported by Saez
et al. [10]. Devilliers et al. [11] have studied the
selective electrodeposition of PbO, on anodized
titanium substrates. Shen and Wei [12] studied the
morphological behavior of electrochemically grown
PbO, thin films. In the present study, PbO, films have
been prepared by electrodeposition techniques because
of the following reasons: easy control of thickness and
morphology of films, low cost, easily maintainable
equipment, and relatively uniform film which can be
formed on substrates of complex shapes, and the
method is more environmentally friendly. Even though
several reports are available in the literature of PbO,
films, systematic studies of deposition parameters on
the film properties are scarcely reported. In the present
study, a systematic investigation of cyclic voltammetry
and the effects of solution pH and bath temperature on
the structural and morphological properties of PbO,
thin films are given.

2. Experimental details

Lead dioxide thin films were prepared by potentio-
static electrodeposition using an aqueous electrolyte
bath. The experiments were performed in a conven-
tional three-compartment electrochemical cell and a
potentiostat [EG&G, model 362, USA] with a
Saturated Calomel Electrode (SCE) as the reference
electrode, a graphite electrode as the counter electrode
and copper substrate as the working electrode. We
have used copper substrates for the preparation of lead
dioxide films because of their low cost and high
electrical conductivity suitable for electrodeposition of
thin films. Prior to the deposition, the substrates were
polished mechanically with silicon carbide emery
paper and then chemically treated in 10% sulfuric
acid for 1 min. After each of these pretreatment steps,
the substrates were subjected to acetone cleaning in an
ultrasonic bath to remove the chemical contaminants
on the surface before subsequently rinsing in double
distilled water. The substrates were immediately
transferred to the deposition bath. Analytical grade
chemicals and reagents (Merck) were used for all the
experiments. PbO, films were prepared from a 0.1 M
Pb(NO3), solution with triple distilled water and 1 M
HNO; was used as the supporting electrolyte. The
deposition cell consisted of a 100 ml beaker containing
the deposition solution. The pH values of the
electrolyte bath were adjusted from 2.0+0.1 to 5.0+

0.1. The deposition potential and bath temperature
during the depositions were maintained as —1100 mV
vs. SCE and 32 °C to 80 °C+2 °C, respectively.
During the depositions, the electrolyte was not agi-
tated. The deposition time and scan rate were 20 min
and 50 mV/s, respectively. In the present study, other
methods to prepare lead dioxide thin films were not
attempted.

Cyclic—Voltammetry (CV) studies were carried out
on well cleaned copper substrates in an aqueous bath
potentiostatically in a conventional three compartment
electrochemical cell. The deposited films were
analyzed using an X-ray diffractometer (Philips
Model PW 1710) using Cuk, radiation with
A=0.1542 nm. Surface morphological and composi-
tional analyses were carried out using a scanning
electron microscope and an energy dispersive X-ray
analysis (EDAX) set up attached to an SEM (Philips,
Model XL 30).

3. Results and discussion
3.1. Cyclic—Voltammetry studies

A typical cyclic voltammogram of electrodeposi-
tion of PbO, from 0.1 M Pb(NO;), solution onto
copper substrate is shown in Fig. 1. During the CV
studies, the scan rate was kept as 50 mV/s. Different
cathodic and anodic peaks are observed on this cyclic
voltammogram. The elucidation of the PbO, electro-
deposition mechanism is very important for electro-
catalytic activity applications. Cyclic voltammetric
studies of PbO, material have been reported earlier on
tin oxide (SnO,) [13] and gold (Au) [14] electrodes.
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Fig. 1. A typical cyclic voltammogram of electrodeposition of PbO,
from 0.1 M Pb(NOs), solution onto a copper substrate.
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The oxidation mechanism of the Pb (II) ion may be
expressed by the following equations:

Pb. " + H,0—Pb(OH),, + H - (1)
Pb(OH),, + H,0—Pb(OH); +H" +e— (2)
Pb(OH); —Pb(OOH)" + H' +e— (3)
Pb(OOH) " —PbO,H"— (4)

In the above scheme, reaction (1) is an equilibrium
reaction of hydration in an aqueous solution and
reaction (2) leads towards a Pb(OH), intermediate
phase on the substrate surface. Reaction (3) produces a
Pb(OOH)+ intermediate product from the Pb(OH);
and reaction (4) is a dehydration reaction. In Fig. 1,
two cathodic current peaks at Ez =0.9 V and
Eg,=0.41 V are observed on the negative scan of the
voltammogram, corresponding to Pb (III) and Pb (IV)
species reduction. Here Ep and Ep refer to the
reduction potentials. In the positive scan of the cyclic
voltammogram, two anodic current peaks at £, =
+1.1 Vand E,,=+1.46 V are observed. The dips 4,
and A, correspond to the oxidation potentials of Pb(II)
species (reaction (1)) and Pb(III) species (reaction (3)),
respectively. The over potential of oxygen evolution is
higher than that of PbO, formation on a Pt substrate
[15]. Hence, it can be suggested that the anodic
process in the A, peak potential is mostly due to Pb
(ITI) species oxidation. The reduction peak of PbO, on
the copper (Cu) substrate was feeble but it is clearly
observed in the reverse cycle.

3.2. Crystallographic analysis

The X-ray diffraction patterns recorded on PbO,
films deposited onto copper substrates at various bath
temperatures (32 °C, 55 °C and 80 °C) are shown in
Fig. 2. The X-ray diffraction pattern for the film
deposited at room temperature reveals a mixture of «-
PbO, and 3-PbO, phases with a tetragonal structure.
The XRD pattern reveals several peaks corresponding
to both «-PbO, and (-PbO, phases [9,16,17].
However, as the deposition temperature is increased
to 55 and 80 °C, the number of peaks corresponding to
the a-PbO, phase is reduced and most of the peaks
correspond mainly to the 3-PbO, phase. Moreover, the
preferred orientation of the (110) peak corresponding
to the B-PbO, phase is found to increase with the
deposition temperature. The phase composition of
PbO, depends upon parameters such as bath temper-
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Fig. 2. X-ray diffraction patterns recorded on PbO, films deposited
onto copper substrates at various bath temperatures (32 °C, 55 °C and
80 °C).

ature, current density, mass transport conditions etc.
During the rise in bath temperature, the mass transport
increases. Consequently, recrystallization to the more
stable 3-PbO, takes place from the metastable a-PbO,
[18]. It has been reported earlier that PbO, films which
were electrodeposited at higher bath temperature
consist mainly of 3-PbO, [19]. Although several peaks
of a-PbO, and P-PbO, are significant, essentially
two distinct preferred orientation peaks of a-PbO, and
B-PbO, are a(111) and B(110), respectively. As ob-
served in Fig. 2, the locations of the measured diffraction
peaks do not change significantly by increasing the
bath temperature of the PbO, electrolyte. However,
with an increase in bath temperature, the intensities of
the p-PbO, peaks become more intense whereas the
intensities of the a-PbO, peaks are diminished. At a
higher bath temperature (80 °C), especially the (111)
peak corresponding to a-PbO, diminishes whereas the
(110) peak of 3-PbO, is sharply enhanced.

X-ray diffraction spectra of the films deposited at a
bath temperature of 80 °C at various pH values (2, 3
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and 5) are shown in Fig. 3. It is observed that the films
deposited at various solution pH values are polycrys-
talline in nature with a tetragonal structure and also
with a preferential orientation along 3 (110). The film
deposited at a solution pH 2.0+£0.1 reveals a mixture
of a-PbO, and P-PbO, phases with a preferred
orientation along (3 (110). As the solution pH increases
to 3.0£0.1, the film exhibited predominantly 3-PbO,
peaks with only one peak corresponding to a-PbO,.
As the pH is further increased to 5.0%+0.1, the
deposited film reveals only peaks for B-PbO, and
the peaks corresponding to a-PbO, disappeared. The
increase in pH value alters the conductivity of the
electrolyte and seems to result in the growth of a PbO,
film with mainly the p phase. The disappearance of the
a-PbO, phase at a relatively higher pH (5.0£0.1)
value may be partly attributed to the higher deposition
temperature (80 °C). By the proper choice of the
pH value, a mixture of o and 3-PbO, or a single phase
3-PbO, could be achieved.

3.3. Structural studies

The compositional analyses of the PbO, electro-
deposits were performed at various bath temperatures
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Fig. 3. X-ray diffraction spectra of the films deposited at a bath
temperature of 80 °C at various pH values (2, 3 and 5).
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Fig. 4. EDAX spectra of PbO, films deposited at various bath
temperatures.

and solution pH values using Energy Dispersive X-ray
Analysis (EDAX). EDAX spectra of PbO, films
deposited at various bath temperatures are shown in
Fig. 4. It is found from the figure that as the bath
temperature increases, the Pb content also is found to
increase. The compositional variation of PbO, films
with solution pH was also estimated and shown in
Table 1. It is found from the table that as the solution pH
in the bath is increased from 2.0 to 5.0, the lead (Pb)
content decreases and consequently, the oxygen (O)
content increases.

Table 1
Compositional analysis of PbO, films deposited at various solution pH

S. no Solution pH Atomic percentage

Pb O
1 2.0+0.1 33.50 66.50
2 3.0+0.1 32.08 67.92
3 5.0+0.1 05.87 94.13
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3.4. Surface morphological studies

Fig. 5 shows scanning electron micrographs of PbO,
electrodeposited onto copper substrates at a solution pH
2.0£0.1 and at various bath temperatures (32 and 80 °C)
at different magnifications (A) 32 °C (B) 80 °C and (C)
80 °C. PbO, electrodeposited at a low bath temperature
(32 °C) exhibited irregular-shaped morphology as
shown in Fig. 5A. At a higher bath temperature
(80 °C), the morphology of electrodeposited PbO,
films was characterized by cubic-shaped grains as
shown in Fig. 5B and C. However, some flaws are
observed between grains in the SEM. The change of
morphologies of the deposits with bath temperature is
interesting and may be explained as follows: the
deposition process of PbO, film occurs in two phases.
The first phase is the formation of nuclei and the second
phase is their growth into crystals. Once the electrode is
fully covered by a few PbO, layers, cubic-shaped
macroscopic deposits begin to grow. The mechanism of
the oxide growth process is quite different from that of
the metal deposit. At a low bath temperature (32 °C), the
mass transport process is quites low and the deposited
structure could not be formed well. Hence, the deposit

formed will be less ordered with unshaped grains
leading to the outward growth of the PbO, layer. At a
higher bath temperature (80 °C), the mass transport
process is fast compared with electron transfer and well-
developed cubic-shaped crystals are formed. The
average grain size of the PbO, film deposited at 80 °C
is in the range between 1.1 and 1.3 um. Fig. 5D shows a
scanning electron micrograph of a typical PbO, film
deposited at a solution pH 5.0£0 and at a bath
temperature of 80 °C. The grains appeared to be cloudy
and spongy shaped.

This may be due to the increased pH in the solution
bath which leads to reduced mass transport resulting in
spongy shaped grains. The surface morphology is found
to be not as good as in the films deposited at pH=2.0+
0.1. Tt is also to be noted that the preferential orientation
of PbO, films along the 3 (110) orientation is larger for
films deposited at a solution pH=2.0+£0.1 at various
temperatures (Fig. 3).

4. Conclusions

Lead dioxide thin films were electrodeposited from
an aqueous bath of lead nitrate electrolyte to

Fig. 5. Scanning electron micrographs of PbO, thin films electrodeposited onto copper substrates at various bath temperatures (32 and 80 °C) at

different magnifications (A) 32 °C (B) 80 °C, (C) 80 °C and (D) 80 °C.
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investigate the dependence of the structural, compo-
sitional and morphological properties at various bath
temperature and solution pH values. The properties of
PbO, films are found to be influenced by the bath
temperature and solution pH. CV studies revealed the
oxidation and reduction potential regions and also the
mechanism for the formation of PbO, films. X-ray
diffraction results of PbO, electrodeposits exhibited a
mixture of a and B-PbO, phases at room temperature
deposition and at higher bath temperatures the
contribution of B-PbO, phase increases. The bath
temperature and the solution pH are found to influence
the composition of the deposited films. Surface
morphological studies exhibited irregular-shaped fea-
tures at a low temperature deposition and at higher
bath temperatures and a low solution pH a cubic-
shaped morphology is observed. The studies carried
out here suggest that thin films of lead dioxide may be
considered for the fabrication of stable PB-PbO,
anodes.
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