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� Nanostructured PbO2 was synthe-

sized by electrodeposition in the

presence of PVP.

� The morphology and size of samples

were controlled by altering PVP

concentration.

� CV and EIS showed that PVP improve

reversibility of the oxide layer in

H2SO4 solution.

� Composite with 3% PVP as the cath-

ode material, enhanced discharge

capacity >10 times.
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a b s t r a c t

Micro- and nano-structured lead dioxide (PbO2) have been synthesized by electrodeposition at constant

current on Ti substrate. The size and morphology of the PbO2 particles have been tuned by altering the

concentration of polyvinylpyrrolidone (PVP) as the surfactant. The prepared samples (PbO2-PVPx, x refers

to the percentage of PVP) were characterized using X-ray diffraction, scanning electron microscopy, and

energy dispersive X-ray analysis. Based on the compositional characterizations, the samples were found

to be composed of a- and b-PbO2 with ionic and organic additives incorporated into their structure.

Morphological studies revealed that the particle size and morphology of PbO2 can be controlled by

altering PVP concentration. Electrochemical behavior of the prepared samples were investigated in

H2SO4solution by cyclic voltammetry and electrochemical impedance spectroscopy (EIS) techniques. EIS

results revealed that the charge transfer resistance significantly decreased in the presence of PVP (48%

for the PbO2-PVP3 sample). Based on the obtained results, the presence of PVP during the synthesis

greatly influences the electrochemical behavior of the resulting PbO2 film and improves reaction kinetics.

The prepared electrodes have been evaluated as cathode materials in H2SO4 electrolyte. Discharge ca-

pacity of the optimized sample (in the presence of 3% PVP) was 10 times of that synthesized in the

absence of PVP.

© 2015 Published by Elsevier B.V.

1. Introduction

Due to its low cost, ease of synthesis, and stability in acidic
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media, lead dioxide (PbO2) [1] has attracted great interest in a wide

range of technological applications such as oxidation of organic

materials in waste water treatment [2], stationary phase in solid

phasemicro-extraction [3], sensors [4], energy storage devices such

as batteries [5e7], and in supercapacitors [8e10]. So far, PbO2 has

been synthesized using various chemical [11,12] and electro-

chemical [13e15] methods. It has been already found that elec-

trochemically synthesized PbO2 possesses higher electrochemical

activity due to the presence of OH groups in the PbO2 lattice as well

as nonstoichiometric and amorphous structures [16]. Various

electrochemical methods including cyclic voltammetry (CV) [17],

pulse current [7,18], constant potential [19e21], and constant cur-

rent [9,17,22]techniques have been employed to synthesize PbO2.

Moreover, it has been found that electrochemical behavior of PbO2

depends on various parameters including particle size [11,23],

morphology [24e26], phase composition [27,28], and the presence

of additives such as ionic species, oxides, surfactantsor poly-

electrolytes in its structure [29e32]. Morphology and particle size

strongly influence the electrochemical activity of the materials [23]

by affecting their active surface area [7] and interparticle contacts

[20]. Morphology of the electrodeposited PbO2 depends on various

parameters such as type of the substrate, the electrodeposition

method used [17], and the synthesis conditions including the

presence of additives in the medium [32,33].

Following our previous studies on the synthesis of different

nanostructured materials and investigation of their application in

energy storage devices [34,35], herein, we report on the synthesis

of nanostructured PbO2 via electrodeposition on Ti substrate. Pre-

viously, we and others have shown that experimental parameters

including concentration of additives, type of substrate, and applied

current density greatly influence the size and morphology of the

electrodeposited oxides [14,17,36]. In the present work, size and

morphology of PbO2 have been tuned by using various concentra-

tions of PVP as the surfactant. The electrochemical behavior of the

synthesized samples were characterized by CV and EIS methods,

and their possible application as cathode material was evaluated in

H2SO4 electrolyte.

2. Experimental

2.1. Materials and methods

The chemicals including Pb(NO3)2, HClO4, NaF, and H2SO4from

Merck and PVP (Mw ¼ 30,000) from Aldrich were used without any

purification. Fresh double distilled water was used throughout the

study. All of the experiments were performed at 25 �C.

Micro- and nano-structured PbO2 were prepared on Ti sub-

strates by electrodeposition at a constant current density of

10 mA cm�2 for a period of 900 s. The electrodeposition was per-

formed on Autolab PGSTAT 30 using a three-electrode configura-

tion including a Ti substrate (1 � 4 cm) as the working electrode,

Ag/AgCl (KCl, saturated) as the reference electrode, and two stain-

less steel plates (1.5 � 4 cm) as the counter electrodes. Prior to use,

the Ti plates were cleaned by polishing with alumina powder

(0.05 mm), followed by ultrasonicating in ethanol for 10 min and

rinsing with double distilled water. The deposition bath composed

of an aqueous 0.1 M Pb(NO3)2, 0.1 M NaF, and 0.2 M HClO4 solution,

in the absence and presence of different concentrations of PVP (1, 3,

5, and 7 wt.%). It should be mentioned that a white precipitate is

formed by adding NaF to Pb(NO3)2solution, probably due to for-

mation of PbF2. The precipitate dissolves by addition of HClO4, and

the clear solution is stable for several months. The electrodeposited

samples are denoted as PbO2-PVPx, where x refers to the concen-

tration of PVP used during the synthesis. At concentrations of PVP

higher than 7% (x > 7), the substrate is not completely and

uniformly covered by the deposited film. The treated substrates

were weighed before and after electrodeposition to calculate the

mass loading of PbO2. The loadings were found to be 18.1, 16.1, 15.1,

14.1, and 13.2 mg for the PbO2-PVPx samples with x ¼ 0, 1, 3, 5, and

7, respectively.

2.2. Characterization

The prepared samples were carefully scraped from the substrate

surface and characterized by X-ray diffraction (XRD) using a Philips

X'pertdiffractometer with Co Ka radiation (l ¼ 0.178897 nm). The

morphologies of the deposited samples were characterized by

scanning electron microscopy (SEM, Philips XL30). The samples

were also characterized by energy dispersive X-ray (EDX) analysis.

After electrodeposition, the prepared electrodes were rinsed

several times with distilled water and their electrochemical

behavior was investigated in a three-electrode configuration

including the Ti substrate with the electrodeposited films as the

working electrode, Ag/AgCl (KCl, saturated) as the reference elec-

trode, and a bright Pt plate as the counter electrode, using CV and

EIS measurements in a freshly prepared 0.5 M H2SO4 electrolyte.

Galvanostatic discharge measurements were done in 4.8 M H2SO4

at a discharge current density of 70 mA g�1.

3. Results and discussion

3.1. Synthesis

A constant current density of 10 mA cm�2 was used to electro-

deposit PbO2 on Ti substrates at various concentrations of PVP (0, 1,

3, 5, and 7 wt. %). The current efficiency (CE) for PbO2 deposition

was calculated using the following equation:

%CE ¼ 100ðQPbO2=QtotÞ (1)

where QPbO2 is the amount of charge, which was used for PbO2

formation and can be calculated from mass loading of the oxide.

Qtot is the total charge used during the synthesis. Accordingly, the

current efficiencies of 90, 80, 75, 70, and 66% were obtained for

PbO2-PVPxwith x¼ 0,1, 3, 5, and 7, respectively. Therefore, it can be

concluded that the current efficiency decreases by increasing

concentration of the surfactant during synthesis. This may be

attributed to blocking effect which occurs at higher concentrations

of PVP [30].

3.2. XRD studies

XRD was employed to characterize the structure and phase

composition of the synthesized samples. Fig. 1 shows the XRD

patterns of PbO2-PVPx (x¼ 0, 1, 3, 5, and 7) samples, indicating that

the samples are composed of both a- and b-PbO2 phases. This

finding is in agreement with previous reports on the formation of a

mixture of a- and b-phases of PbO2 in acidic media [30]. Percentage

of the a-form (Wa) can be obtained by using the following equation

[37]:

Wa ¼ 2Ja
�

K
�

Jb1 þ Jb2
�

(2)

where Ja is the most intense line of the a-phase (111, at 2q of 33.3�),

Jb1and Jb2 are the lines with highest intensities for the b-phase and

K is a constant equal to 0.14. Based on the calculations, samples are

majorly composed of b-PbO2 and no significant changes in

composition of the phases were seen for different samples.

Further investigation of the XRD spectra, indicates that the peak

intensities are decreased with increasing the surfactant
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concentration. This can be attributed to incorporation of the sur-

factant into the PbO2 structure to form of a composite [30]. The XRD

pattern also reveals that crystallinity of the composite material

decreased by incorporation of the organic compound.The average

crystallite size of the PbO2 particles was estimated using Debyee-

Scherrer equation:

d ¼ Kl=b cos q (3)

where l is the x-ray wavelength, b is the full width at half

maximum (FWHM) of the selected peak, q is the Bragg angle, and K

is the shape factor, which is taken to be 0.9 for spheres. The

calculated results are summarized in Table 1, indicating that the

average crystallite sizes of the PbO2 nanostructures in different

samples range from 17 to 22 nm.

3.3. SEM studies

Size and morphology of the synthesized films were investigated

using SEM. Fig. 2 shows SEM images of the electrodeposited PbO2-

PVPx (x ¼ 0, 1, 3, 5, and 7) samples. It can be seen that the syn-

thesized particles in the absence of PVP are remarkably larger

(microstructures) than those prepared in the presence of the sur-

factant (nanostructures). It can be clearly observed that PVP con-

centration has a significant effect on the morphology of the micro

(rock-shaped) and nanoparticles (rice and sphere-shaped). The

sample with no PVP consists of large spheres (Fig. 2a), which are

themselves composed of smaller non-uniform particles in the

range of 100e700 nm (Fig. 2a, inset). The PbO2-PVP1 sample

(Fig. 2b) composed of sphere-like particles with relatively smaller

diameter and more clear boundaries. The Micrograph of this sam-

ple with higher magnification shows that the spheres have rice-

shaped morphology (Fig. 2b, inset), consisting of aggregated

nanoparticles with a size distribution in the range of 35e85 nm

(average particle size ¼ 59 nm). In the case of PbO2-PVP3 sample

(Fig. 2c), the sphere-like microparticles are more separated, and

composed of uniform and fine nanoparticles in the range of

20e60 nm (Fig. 2d). Fig. 2e shows that PbO2-PVP5 sample also

composed of microspheres, but the nanoparticles are agglomerated

with vanished boundaries. For PbO2-PVP7 sample (Fig. 2f), the

microspheres can be still observed and nanoparticles have almost

the same shape and size as those of PbO2-PVP 5 sample.

Table 1 presents average particle size and crystallite size of the

samples obtained from SEM and XRD, as well as their morphol-

ogies. It can be seen that the particle sizes calculated from the SEM

images are strongly affected by the concentration of PVP used

during the electrodeposition. For example, increasing the concen-

tration of PVP in the electrodeposition from 0 to 3%, reduces the

grain size from 280 to 30 nm, respectively, as shown in Fig. 2.

Additionally, it was found that the rock-shaped grains change into

rice- and/or sphere-shaped particles. The average crystallite sizes

calculated from DebyeeScherer equation for the samples prepared

in the presence of PVP are smaller than that in the absence of PVP

(Table 1). According to previous works [38,39], when the concen-

tration of PVP is low, it plays a decisive role in controlling the metal

oxide grain size and morphology by reducing reaction rate of the

metal cation and decreasing grain aggregation due to adsorption on

the metal oxide crystal face. It is supposed that high PVP concen-

tration causes lower crystal growth and aggregation rate, resulting

in smaller crystal size in a definite growth time. However, at too

high concentration (>7%), PVP prevents formation of the metal

oxide due to blocking effect [30]. This is the reason why PbO2does

not completely and uniformly cover the substrate at PVP concen-

trations higher than 7%. The average crystallite size of PbO2-PVP0

sample calculated from XRD is highly different from its particle size

obtained from the corresponding SEM image. This is also the case

for other PbO2samples, indicating that each nanoparticle is

composed of several nanocrystallites.

Further characterization of the prepared samples was per-

formed by EDX analysis to determine their chemical composition.

The EDX spectra, shown in Fig. 3, show the presence of C, N, O, and F

elements, indicating the existence of both ionic and organic (PVP)

additives together with PbO2in the structure of the electro-

deposited composite, in agreement with the results obtained from

XRD. The presence of F atoms, originated from fluoride ions

incorporated during the synthesis of the samples, is in agreement

with previous reports on formation of F-doped PbO2 in such con-

ditions [30].

3.4. Electrochemical behavior of the samples

Electrochemical behavior of the prepared samples was investi-

gated by CV, EIS, and galvanostatic discharge measurements.

3.4.1. CV studies

The CV measurements were performed in 0.5 M H2SO4solution

as the electrolyte in a three electrode configuration using. Fig. 4

shows CVs of bare and PbO2-PVPx coated electrodes (the 2nd cy-

cle is shown in each case). As it can be seen, there is no distin-

guishable peak for the bare Ti substrate in the potential range of

0.5e2.2 V, except oxidation of water which begins at about 1.65 V

(inset i in Fig. 4). However, for the electrodes based on PbO2-PVPx

(x > 0), two anodic peaks appeared in the forward scan which can

Fig. 1. XRD patterns of the PbO2-PVPx samples on Ti substrate, electrodeposited from

solutions containing 0.1 M Pb(NO3)2, 0.1 M NaF, 0.2 M HClO4 and various concentra-

tions of PVP (x ¼ 0, 1, 3, 5, and 7%) at 25 �C.

Table 1

Average crystal size (c), average particle size (d), and morphology of the elc-

trodeposited samples.

PVP% c (nm) from

DebyeeScherer

equation

d (nm) from

SEM images

Morphology

0 22.0 277.7 Rock shape

1 17.6 58.9 Rice shape

3 19.3 33.7 Sphere shape

5 20.8 53.4 Agglomerated spheres

7 20.1 53.1 Agglomerated spheres
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be attributed to formation of a-PbO2 and b-PbO2 [32,40]. Moreover,

the onset potential for oxygen evolution fromwater was changed to

about 2 V for these electrodes. These observations are in agreement

with previous reports [32,40]. It can also be seen that the anodic

peaks for PbO2-PVPx (x > 0) electrodes appear at less positive po-

tentials compared to those of PbO2-PVP0, revealing that the ki-

netics of the charge transfer reaction was facilitated at PbO2-

PVPxelectrodes with x > 0 (especially for PbO2-PVP3). This may be

due to increased surface area caused by smaller size of the particles

and increased hydrated gel layer of PbO(OH)2 on the oxide surface

[41]. In the reverse (reduction) sweep, a single broad peak is

observed, resulting from transformation of the outer layer of b-

PbO2 to a passivation layer of PbSO4 at the electrode surface. It

should also be mentioned that the peak currents for the samples

containing PVP are about twice that of PbO2-PVP0. This can be

attributed to smaller particle size and different morphology of the

samples containing PVP, which provide enhanced active sites for

redox reactions. Formation of different morphologies in the pres-

ence of different PVP concentrations dictates the surface accessible

by the electrolyte, and consequently depth of PbO2 involved in the

Fig. 2. SEM images of the PbO2-PVPxsampleson Ti substrate, deposited from solutions containing 0.1 M Pb(NO3)2, 0.1 M NaF, 0.2 M HClO4 and various concentrations of PVP (x ¼ 0, 1,

3, 5, and 7%) at 25 �C. The insets show the corresponding images at higher magnifications.

Fig. 3. EDX spectrum of the electrodeposited PbO2-PVP3 synthesized from a solution

containing of 0.1 M Pb(NO3)2, 0.1 M NaF, 0.2 M HClO4 and 3% PVP at 25 �C.
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redox reactions. Without PVP, the oxide layer is more compact and

reduction is limited to the surface, while in the presence of PVP the

layer is more porous, resulting in more available PbO2 sites for the

reactions (more reaction depth). From the CV curves, it can be seen

that the peak separation between anodic and cathodic waves is

reduced for the samples containing PVP, which illustrates that re-

action proceeds more rapidly (more reversibly) at the electrodes

based on PbO2-PVPx samples. Considering the incorporation of PVP

into PbO2 (EDX and XRD results), increased electrochemical

reversibility of the samples with x s 0 may be attributed to facil-

itated surface diffusion and enhanced reaction kinetics of the

composite materials.

The surface coverage for the samples was calculated from

following equation:

G ¼ Q=nFA (4)

where Q is the electrical charge transferred during CVs, n is the

number of the transferred electrons, F is the Faraday's constant, and

A is the surface area of the electrode. The calculated results are

depicted in Fig. 4b, which clearly shows that the surface coverage is

much higher in the presence of surfactant (PVP) in all cases (1e7%)

compared to the sample prepared in the absence of PVP. Maximum

surface coverage (10.5 mmol cm�2) was observed for PbO2-PVP3

composite. Variation of the surface coverage is mainly related to the

effect of PVP in reducing particle size and altering morphology of

the deposited material. The presence of 3% PVP, which provided

smallest particle size among all the samples (Table 1), resulted in

the highest surface coverage (Fig. 4b), and correspondingly highest

surface area.

3.4.2. EIS studies

In order to investigate the effect of morphology and size of the

prepared samples on the charge transfer resistance, EIS experi-

ments were performed on the electrodes in 0.5 M H2SO4 solution.

Fig. 5 shows the Nyquist plots for different samples, at open circuit

potential (OCP ¼ 1.37 V) and 25 �C. As it can be seen, two semi-

circles appeared for all of the samples. The following reaction oc-

curs at OCP [5]:

PbSO4 þ 2H2O4PbO2 þ 4Hþ þ SO2�
4 þ 2e� (5)

In all cases, the first semicircle at high frequency is clearly

smaller in diameter than the one at low frequency, especially in the

case of PbO2-PVP0sample. It can be seen that the diameter of the

second semicircle for PbO2-PVP3is smallest and for PbO2-PVP0 is

largestamong the samples, and therefore, these two sampleswere

selected for comparison at different potentials. Fig. 6a and b show

Nyquist plots for PbO2-PVP0 and PbO2-PVP3 samples at different

potentials. It should be noted that the potentials were selected

based on the CV curves to be far from the O2 evolution. It can be

seen from these figures that the first semicircle remains almost

unchanged but the second one is strongly decreased by increasing

the applied potential.

In order to obtain quantitative information, data analysis was

performed based on CNLS method using Z-view software (Scribner

Associates) considering the equivalent circuits as the one shown in

Fig. 6c. The Nyquist diagrams can be described by a two CPE model

shown in Fig. 6c, as previously described by Hute [42]. Rpcan be

attributed to porosity of the samples and Rct indicates the equiva-

lent series resistance which is the contribution from the electrode

material resistance, the interfacial resistance, and the ionic resis-

tance of the solution. The fitted parameters for PbO2-PVP0 and

PbO2-PVP3 samples are summarized in Table 2. As it can be seen,

for PbO2-PVP0 sample, the diameter of the first semicircles are

nearly constant close to 0.1, but that of the second semicircles (Rct)

strongly depends on the applied potential and decreases

Fig. 4. (a) Cyclic voltammograms of the prepared samples in 0.5 M H2SO4 as the

electrolyte at 25 �C; (inset i) enlarged CV for the bare Ti electrode; (inset ii), enlarged

CV for the PbO2-PVP0 electrode; (b) calculated surface coverage for the samples syn-

thesized at various concentrations of PVP.

Fig. 5. Nyquist plots of the prepared PbO2-PVPx samples in 0.5 M H2SO4at open circuit

potential (OCP ¼ 1.37 V) at 25 �C. The inset shows magnified lower part of the plots.
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dramatically with increasing the potential. A similar behavior can

be seen for PbO2-PVP3 sample. The first semicircle which is

completely independent of the applied potential can be attributed

to the electrode porosity and the second potential-dependent

semicircle is related to the charge transfer processes. Hence, it

can be concluded that the electrodes with xs 0 have lower charge

transfer resistance compared to the PbO2-PVP0 electrode (Rct is

108 U for PbO2-PVP3 and 209.5 U for PbO2-PVP0 at OCP). These

improvement is attributed to the effect of surfactant (PVP) on the

size and morphology of the composite nanoparticles, as well as on

the kinetic of the reactions.

3.5. Discharge studies

In order to assess the applicability of the synthesized PbO2-PVPx

samples, they were evaluated as the cathode material in a three-

electrode cell configuration. The galvanostatic discharge tests

were performed in 4.8 M H2SO4 solution with discharge current

density of 70 mA g�1 (~0.7 mA cm�2). Fig. 7aee compare the

discharge behavior of different PbO2-PVPxelectrodes (x ¼ 0, 1, 3, 5,

and 7). For each sample, the first three discharge profiles were

recorded. Three regions can be observed in the discharge profiles:

(1) a sharp decrease of the potential during the first few seconds of

the discharge from its no-load value (OCP) to the extended time

steady-state discharge level determined by internal cell impedance

and the resultant IR drop as well as polarization effects at the

electrodes; (2) a plateau in the middle part of the profile called the

potential discharge plateau related to conversion of PbO2 to PbSO4,

which declines slightly for most of the cell's discharge; the sloping

discharge is typical because the cell resistance increases due to

accumulation of the discharge products, activation and concen-

tration polarization, and related factors; (3) a sharp decrease of the

potential at the end of discharge, as a result of rapid increase in

ionic resistance (concentration polarization) through the electrode,

and blocking of the active areas of the electrode with lead sulfate

particles which causes depletion of the acid. The IR drop for PbO2-

Fig. 6. Nyquist plots of the electrodeposited samples at various potentials (a) in the absence of PVP and (b) in the presence of 3% PVP. (c) The equivalent circuit used for fitting the

results. The inset in (a) shows Nyquist plot of the PbO2-PVP0at 1.9 V and the inset in (b) shows Nyquist plots for the first semicircle.

Table 2

Calculated equivalent parameters for the electrodes based on PbO2-PVP0 and PbO2-PVP3 samples.

Parameter PbO2-PVP0 PbO2-PVP3

Potential (V) 1.37 1.6 1.7 1.8 1.9 1.37 1.45 1.55 1.65 1.75

Rp (U) 0.25 0.064 0.1 0.1 0.1 1.71 4.89 4.17 4.17 4.88

Rct (U) 209.5 3800 558.9 89.5 12.18 108 3168 2568 367 30.4
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PVP0 sample is almost twice that of the samples with x s 0. In all

the cycles, PbO2-PVP0 sample shows the shortest and PbO2-PVP3

sample provides the longest discharge times, giving rise to largest

capacity. Considering the characteristics of the composites depos-

ited at different conditions and discussions in previous sections, the

discharge behavior of PbO2-PVP3 indicates that the factors of

structure and morphology contribute significantly to the discharge

capacity of the deposited layer.

Another significant difference between the samples with and

without PVP is the sharp decrease of the discharge time for the

PbO2-PVP0 sample after the first cycle. The great effect of the using

PVP during the synthesis of the films on their discharge capacity

can be easily figured out by plotting the average discharge capac-

ities of the first three cycles for different PbO2-PVPx samples

(Fig. 7f). This plot clearly shows that the capacity of PbO2-PVP0

sample is much lower (1.08 mAh g�1) than that of samples with

x s 0. The discharge capacity increases by increasing the concen-

tration of PVP used during the synthesis up to 3% (4.72 and

12.30 mAh g�1 for PbO2-PVP1 and PbO2-PVP3, respectively), and

then decreases at higher PVP concentrations. Higher capacity of

PbO2-PVP3 sample compared to the others (especially PbO2-PVP0

sample) can be attributed to: (1) smaller size nanoparticles and

different morphology according to SEM results, which provides

more active sites for the reaction; (2) higher surface coverage of the

sample based on CV results; (3) smaller charge transfer resistance

according to EIS data.

4. Conclusions

Micro and nanostructured lead dioxide with different mor-

phologies (rock-, rice- and sphere-shaped) and sizes were prepared

by controlled electrode position in the presence of PVP on Ti as an

inert substrate. Based on the obtained results, the ionic and organic

additives that were present in the synthesis bathwere incorporated

into the PbO2 structure. The prepared electrodes were subjected to

various electrochemical measurements including CV, EIS, and gal-

vanostatic discharge methods in acidic media. The results indicate

that the presence of PVP during synthesis significantly affects the

electrochemical behavior of the deposit. The electrodeposited

PbO2-PVPx samples were used as the cathode material in a three-

electrode configuration in H2SO4 electrolyte. Galvanostatic

discharge measurements showed the strong effect of PVP on the

discharge capacity of the electrodeposited lead dioxide, so that the

discharge capacity of the sample synthesized in the presence 3%

PVP (PbO2-PVP3) enhanced 10 times over that prepared in the

absence of PVP.
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Fig. 7. Discharge profiles of the electrodeposited samples in 4.8 M H2SO4 solution (aee) and the corresponding bar chart of the calculated discharge capacities at 25 �C (f).
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