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a b s t r a c t
Through electroplating and thermal decomposition by annealing at various temperatures in an oxygen
environment, ﬁlms of PbO2 , Pb3 O4 and PbO have been synthesised on transparent conducting substrates
of indium tin oxide coated glass. Of these ﬁlms, Pb3 O4 , ˛-PbO and ˇ-PbO have a phase pure crystal
structure. These ﬁlms are formed as either nano-scale particles or complete ﬁlms depending on the
electroplating conditions. The complete ﬁlms demonstrate excellent surface coverage with a thickness of
the order of a few microns. The ﬁlms have been characterised through a combination of x-ray diffraction,
scanning electron microscopy and surface proﬁlometry.
© 2015 Elsevier Ltd. All rights reserved.

1. Introduction
Lead oxide exists in two oxidation states, Pb4+ (PbO2 ) and Pb2+
(PbO), and also with multiple mixed valence states in between
(Pb12 O19 , Pb12 O17 , Pb3 O4 ) [1]. In both the 4+ and 2+ oxidation states
lead oxide takes two crystalline polymorphs, tetragonal (ˇ-PbO2 ,
˛-PbO) and orthorhombic (˛-PbO2 , ˇ-PbO) [2–5].
PbO2 has, since 1860, found wide-spread use as an electrode
material in the lead acid battery [6], which is utilised world-wide
in the ignition process of the internal combustion engine in motor
vehicles. PbO2 is a well studied material from an electrochemical
point-of-view with the various phases and surface morphologies
comprehensively reviewed [7]. Recent work, undertaken through
a combination of photoemission, neutron diffraction and density
functional theory has identiﬁed the metallic nature of PbO2 to be
due to partial ﬁlling of conduction band states due to oxygen vacancies [8–11].
PbO has been demonstrated as a photoactive layer in Schottkytype photovoltaic devices [12,13] and as a surface modiﬁcation
layer in inverted polymer solar cells [14]. ˛-PbO is a material that
has potential in photovoltaic application due to its band gap of
1.9 eV [15,16] whilst ˇ-PbO has suitability as a surface modiﬁcation
layer for lowering work functions [14]. The main issue associated
with the incorporation of lead oxide in photovoltaic devices is
the fabrication of the lead oxide layer. In the work to date the
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PbO has been evaporated onto substrates, this however is not a
favourable technique due to the health concerns when volatilising lead. Evaporating lead and lead oxide results in contamination
of the evaporation system, and hence lead contaminants being
present in subsequently synthesised materials. To circumvent this
issue it is necessary to have an evaporation system solely for the
purpose of lead-based material synthesis, this approach however
is certainly not a cost-effective one. Whilst the electrochemical
preparation of PbO2 has been thoroughly studied [7], very little
work has been undertaken on the electrochemical synthesis of PbO
ﬁlms [17,18]. In this report we present a novel, low-cost method
for the synthesis of PbO and Pb3 O4 ﬁlms on transparent conducting substrates by electroplating ﬁlms of PbO2 and then annealing
in an air. We have produced ﬁlms of various oxidation states and
polymorphs of lead oxide. Through careful control of the initial
electroplating conditions, and the annealing temperatures, we have
successfully synthesised ﬁlms of PbO2 , Pb3 O4 and PbO on indium
tin oxide (ITO) coated glass, of these ﬁlms Pb3 O4 , ˛-PbO and ˇ-PbO
demonstrate phase purity.
2. Experimental
PbO2 ﬁlms have been electroplated onto ITO (8-12 /square,
Sigma-Aldrich) from a solution of 375 mM Pb(NO3 )2 + 6.25 mM
HNO3 , which has previously been shown to be suitable for the
electrodeposition of PbO2 [8,9,19,20], maintained at 60 ◦ C using a
water bath. The Pb(NO3 )2 (≥99.0% purity) and HNO3 were used
as supplied from Sigma-Aldrich and diluted with ultra-pure MilliQ water. The ITO electrode, assigned as the anode, was prepared
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through ultrasonic cleaning in acetone, isopropanol and ultra-pure
Milli-Q water and dried with N2 gas, a Pt electrode was used as
the cathode. A current density of 10 mAcm−2 was applied for various plating times using a Keithley 2200-30-5 DC power supply.
This current density was chosen as it provided ﬁlms with optimal
surface coverage. Following the electroplating the PbO2 ﬁlms were
rinsed of any residual solution using Milli-Q water and dried with
N2 gas. The ﬁlms were then thermally decomposed using a tube
furnace at various temperatures in air for 6 hours.
The crystal structure and oxidation state of the ﬁlms was studied using x-ray diffraction (XRD) with a Panalytical X’Pert Pro
X-Ray Diffractometer. The assignment of diffraction peaks has been
undertaken using the Inorganic Crystal Structure Database (ICSD)
(icsd.cds.rsc.org). Scanning electron microscopy (SEM) images have
been recorded with a JEOL JSM5610LV electron microscope and
high-resolution scanning electron microscopy (HR-SEM) images
with a LEO Gemini 1525 electron microscope. Film thicknesses have
been measured using a Dektak proﬁlometer.

(a)
1 second

α-PbO2
β-PbO2
In2O3

(b)
2 seconds

(c)
5 seconds

3. Results and Analysis
PbO2 ﬁlms were electroplated for incremental time periods of 1
second, 2 seconds, 5 seconds and 5 minutes. The ﬁlms were visually smooth and demonstrated excellent surface coverage. The ﬁlm
colour ranged from a translucent very light brown colour following 1 second of growth through to a dark brown colour following
extended growth time. Films grown for 5 minutes were a dark grey
/ black colour and opaque in appearance. The XRD patterns of these
ﬁlms are presented in Fig. 1.
It can be seen that following 1 second of growth only minimal PbO2 is present, which appears in the ˇ-phase, however as
the growth time continues through 2 and 5 seconds these ˇ-PbO2
peaks become more intense. The observed In2 O3 peaks are present
due to the ITO substrate. Following 5 seconds of growth, as well as
there being ˇ-PbO2 present, there is additionally ˛-PbO2 beginning
to appear. After 5 minutes of growth the ﬁlm has a mixed phase of
both ˛- and ˇ-PbO2 , with the ˇ-PbO2 dominating the diffraction
pattern, at this point there are additionally no diffraction peaks
from the In2 O3 , suggesting a thick and complete surface coverage.
The ﬁlm thicknesses, measured by proﬁlometry, were determined to be 99 ± 10 nm, 134 ± 6 nm, 200 ± 14 nm and 3.2 ± 0.2 m
for the ﬁlms grown for 1 second, 2 seconds, 5 seconds and 5 minutes
respectively. The thicknesses were measured at multiple points on
each ﬁlm with the average then calculated. The uncertainty represents the standard error in the mean. SEM and HR-SEM images of
the ﬁlms are presented in Fig. 2, it can be seen that for the shorter
plating times (1, 2, 5 seconds) the ﬁlms are structured as a series of
PbO2 particles on the ITO substrate, however following the longer
5 minute electroplating a complete ﬁlm of micro-scale crystallites
has formed.
The particles appearing in the HR-SEM images can be attributed
to PbO2 , as when recording a control image of bare ITO these were
not present. The PbO2 particles can be seen to grow with increased
electroplating time. This result suggests that it is more energetically favourable for the PbO2 to deposit on PbO2 nucleation sites
rather than directly onto the ITO. The presence of In2 O3 in the XRD
patterns in Fig. 1 for the ﬁlms electroplated for 1 second, 2 seconds
and 5 seconds is clearly due to incomplete surface coverage and
large areas of ITO still being exposed. By 5 minutes however there
is complete coverage and the ﬁlms are considerably thicker. The
XRD patterns of the PbO2 distinctly demonstrate polycrystalline
ﬁlms, the SEM images reﬂect this with the large volume of crystal
grains observed with lots of variation in their orientations.
It is well known that ˇ-PbO2 reduces to ˛-PbO at 572 ◦ C for powdered samples [9,22,23]. It is also reported that PbO2 can be reduced
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Fig. 1. XRD patterns of PbO2 ﬁlms electroplated from 375 mM Pb(NO3 )2 +
6.25 mM HNO3 with a current density of 10 mAcm−2 on ITO for (a) 1 second, (b)
2 seconds, (c) 5 seconds and (d) 5 minutes. The XRD peak assignment has been
undertaken using the ICSD with reference patterns of ˛-PbO2 [2], ˇ-PbO2 [3] and
In2 O3 [21].

to multiple other oxidation states (Pb12 O19 , Pb12 O17 , Pb3 O4 and
PbO) at temperatures in the range of 293 ◦ C to 605 ◦ C [1]. In the
work presented here PbO2 ﬁlms electroplated for 5 minutes have
been reduced in a tube furnace under an air environment at 500 ◦ C,
515 ◦ C, 540 ◦ C, 572 ◦ C, 600 ◦ C and 620 ◦ C for 6 hours. The resulting
ﬁlms ranged in colour from red through to pale yellow, photographs
of these can be seen in Fig. 3.
Fig. 4 shows the XRD patterns of the ﬁlms reduced at each of the
temperatures in the range 500 ◦ C to 620 ◦ C. It can be seen that the
ﬁlms annealed at 500 ◦ C, 515 ◦ C and 540 ◦ C all reduce from PbO2
to Pb3 O4 , those reduced at 572 ◦ C and 600 ◦ C reduce to phase pure
ˇ-PbO, and the ﬁlm annealed at 620 ◦ C reduces to a mixed phase
of ˛- and ˇ-PbO. The oxidation state of these ﬁlms corresponds to
the colours observed in Fig. 3, Pb3 O4 is often referred to as “red
lead” due to its red colour and ˇ-PbO is often yellow. Previously
this reduction method has been applied to the synthesis of ﬁlms
of Pb3 O4 on nickel substrates [25,26], and recent work has demonstrated the electrochemical reduction of PbO2 ﬁlms on transparent
substrates [27], however to our knowledge this is the ﬁrst reported
observation of the synthesis of PbO ﬁlms by this technique, as well
as being the ﬁrst reported observation of Pb3 O4 and PbO ﬁlms being
produced on a transparent conducting oxide by thermal reduction
of PbO2 ﬁlms.
SEM images of the PbO and Pb3 O4 ﬁlms synthesised by the
reduction of PbO2 ﬁlms at 515 ◦ C, 540 ◦ C, 572 ◦ C and 600 ◦ C are
presented in Fig. 5. The ﬁlms appear similar to that of the PbO2
ﬁlm electroplated for 5 minutes presented in Fig. 2 (d), with the
ﬁlms being structured as a series of micro-scale grains with various
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Fig. 2. SEM images of PbO2 electroplated on ITO from 375 mM Pb(NO3 )2 + 6.25 mM HNO3 at 10 mAcm−2 for (a) 1 second (b) 2 seconds, (c) 5 seconds recorded with HR-SEM,
and with standard SEM for (d) 5 minutes of electroplating.

orientations. Much like for the PbO2 ﬁlm, this explains the multiple
diffraction peaks for each material. On closer inspection it can be
seen that the grains in the Pb3 O4 and PbO ﬁlms are not as sharply
deﬁned as those in the PbO2 ﬁlms, the edges of the grains appear
smoother. This is likely due to the elevated temperature relaxing
the shape of the grains. The grains of the ﬁlm annealed at 600 ◦ C
appear to be smoothed more than those of the ﬁlm annealed at
515 ◦ C, suggesting that as the temperature increases further so does
the relaxation of the grain structure. On the micro-scale, as well
as the macro-scale (demonstrated by the photographs and SEM
images respectively) the ﬁlms can be observed to have excellent
coverage with minimal fracturing and degradation.
Films of PbO2 electroplated from 375 mM Pb(NO3 )2 +
6.25 mM HNO3 for 1 second, 2 seconds, 5 seconds and 5 minutes have been thermally reduced at 572 ◦ C for 6 hours to study
the effect of electroplating time on the reduced ﬁlms. XRD patterns
of these ﬁlms are presented in Fig. 6. Annealing a PbO2 ﬁlm at
572 ◦ C which has been electroplated for 5 minutes leads to a
phase pure ˇ-PbO ﬁlm, however PbO2 ﬁlms which have been
electroplated for 2 seconds and 5 seconds form ˛-PbO when

annealed at this temperature. The PbO2 ﬁlm that had been electroplated for 1 second showed no evidence of any phase of PbO
following reduction at 572 ◦ C, the only peaks visible were those
of In2 O3 from the ITO substrate, suggesting the lead oxide has
been lost during the annealing process. The difference in phase of
˛-PbO and ˇ-PbO between the reduced ﬁlms electroplated for 2
seconds and 5 seconds, and those electroplated for 5 minutes can
be understood when considering the XRD patterns of the PbO2
ﬁlms electroplated for these times, pre-annealing, in Fig. 1 (b),
(c) and (d). It can be seen that the PbO2 ﬁlms electroplated for 2
seconds and 5 seconds are predominantly of the tetragonal ˇ-PbO2
phase, with only a negligible orthorhombic ˛-PbO2 contribution
in the ﬁlm electroplated for 5 seconds. However, the PbO2 ﬁlm
electroplated for 5 minutes contains signiﬁcant quantities of both
˛- and ˇ-PbO2 . The difference in phase of the reduced ﬁlms with
respect to the deposition time could be explained by it being
an energetically favourable process for the tetragonal ˇ-PbO2 to
reduce to the tetragonal ˛-PbO, whereas in the ﬁlm electroplated
for 5 minutes the signiﬁcant orthorhombic ˛-PbO2 could be acting
as “seeding” sites for the formation of orthorhombic ˇ-PbO. The

Fig. 3. Photographs of PbO2 ﬁlms (electroplated for 5 minutes) reduced for 6 hours in air at (a) 500 ◦ C, (b) 515 ◦ C, (c) 540 ◦ C, (d) 572 ◦ C, (e) 600 ◦ C and (f) 620 ◦ C.
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Fig. 4. XRD patterns of PbO2 ﬁlms, electroplated for 5 minutes from
375 mM Pb(NO3 )2 + 6.25 mM HNO3 then thermally reduced for 6 hours in air
at (a) 500 ◦ C, (b) 515 ◦ C, (c) 540 ◦ C, (d) 572 ◦ C, (e) 600 ◦ C and (f) 620 ◦ C. The XRD
peak assignment has been undertaken using the ICSD with reference patterns of
˛-PbO [4], ˇ-PbO [5] and Pb3 O4 [24].

Fig. 6. XRD patterns of PbO2 ﬁlms electroplated from 375 mM Pb(NO3 )2 +
6.25 mM HNO3 for (a) 1 second, (b) 2 seconds, (c) 5 seconds and (d) 5 minutes then
thermally reduced at 572 ◦ C for 6 hours. The XRD peak assignment has been undertaken using the ICSD with reference patterns of ˛-PbO [4], ˇ-PbO [5] and In2 O3
[21].

Fig. 5. SEM images of PbO2 ﬁlms, electroplated for 5 minutes from 375 mM Pb(NO3 )2 + 6.25 mM HNO3 following 6 hours of thermal reduction in air at (a) 515 ◦ C, (b) 540 ◦ C,
(c) 572 ◦ C and (d) 600 ◦ C.
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Fig. 7. SEM images of PbO2 ﬁlms which have been thermally reduced in air for 6 hours at 572 ◦ C following electroplating from 375 mM Pb(NO3 )2 + 6.25 mM HNO3 for (a) 1
second, (b) 2 seconds and (c) 5 seconds recorded with HR-SEM and for (d) 5 minutes recorded with standard SEM.

ﬁlm electroplated for 5 seconds may reduce to a phase of pure
tetragonal ˛-PbO as there is not enough orthorhombic ˛-PbO2
present before the annealing to act as a seeding site for ˇ-PbO
growth. The result of this is that by carefully controlling the
electroplating conditions of the PbO2 , ﬁlms of phase pure ˛-PbO
and ˇ-PbO can be selectively produced.
SEM and HR-SEM images of the PbO2 ﬁlms electroplated for 1
second, 2 seconds, 5 seconds and 5 minutes and reduced for 6 hours
in air at 572 ◦ C are shown in Fig. 7. Very little PbO is observed for
the ﬁlms electroplated for 1 second, this is consistent with the XRD
pattern in Fig. 6 (a) which shows no evidence of PbO. This result
suggests that the small amounts of PbO2 observed in the SEM image
in Fig. 2 (a) are lost when the ﬁlm is annealed. The SEM images of
annealed ﬁlms which have been electroplated for 2 and 5 seconds
are consistent with the pre-annealing images in Fig. 2 where the
ﬁlms are comprised of a series of particles. Much like the annealed
ﬁlms in Fig. 5, the particles in the ﬁlms electroplated for 2 seconds
and 5 seconds visually relax when annealed, from the sharply edged
particles in Fig. 2 to smoother particles.

4. Conclusions
Through careful consideration of initial electroplating conditions, and thermal reducing temperatures, ﬁlms of phase pure
Pb3 O4 , ˛-PbO and ˇ-PbO have be grown on ITO substrates. These
ﬁlms are polycrystalline in nature, and the thicker grown ﬁlms offer
excellent surface coverage. This technique provides a method for
lead oxide ﬁlm synthesis without needing to use evaporation systems, thus providing a potentially low-cost route to incorporating
lead oxide into device structures.
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