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Nano-structured lead dioxide was prepared by an easy and fast continuous cyclic voltammetric 

technique. The prepared nano-structured lead dioxide films were ultimately aimed at producing 

cathodes with improved electrocatalytic activity and stability for the lead acid batteries. During the 

measurements, the potential waveform, which consisted of the potential step for electrodeposition and 

potential ramp, was continuously applied on a glassy carbon disk electrode. Different parameters such 

as step potential and its duration time, and also scan rate of continuous cyclic voltammetry were 

optimized to obtain higher capacity. Results comparison of the voltammetric experiments previously 

reported and those from laboratory-designed test cells have confirmed a higher charge/discharge 

performance of our electrodeposited samples towards the PbO2/PbSO4 transformation in aqueous 

sulfuric acid solutions. The enhanced characteristics of  this sample is attributed to its special 

morphology due to formation of nano structure at high scan rates, as confirmed by SEM. Maximum 

current efficiency was observed when step potential and time were  equal to 1400mV and 1700ms, 

respectively, at a scan rate of 4000 mVs
-1

. Analysis of electrochemical impedance spectroscopy (EIS) 

data revealed that the charge transfer resistance is decreased by a change in scan rate as the FFT 

continuous cyclic voltammetric tests showed. A higher overpotential for oxygen evolution reaction 

was also observed for electrodes prepared in this electrochemical technique in sulfuric acid solution. 

The morphology of electrodeposited oxide are very different from those of oxide forming in lower 

scan rates, due to the high surface area obtained as well as high connectivity between particles resulted 

in increased discharge capacity. 
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1. INTRODUCTION 

Because of its commercial importance in lead-acid batteries, Lead dioxide electrodeposition is 

being an active research area [1–3]. Yet, the lead-acid battery system is more promising in applications 

to this field because of its low cost and vigorous nature [4, 5]. The PbO2 3-D nucleative growth pattern 

first studied on a Pt substrate [6] and then it has since been found to be similar on Pt [7], SnO2 [8-10], 

glassy carbon [11-13], Au [14, 15] and glassy carbon and Pt microelectrodes [16, 17]. The effect of 

different electrolyte media such as NaOAc/HOAc [6], HBF4 [7], HNO3 [8] and HClO4 [14], and even 

alkaline KOH [18] have been investigated for the PbO2 deposition.  PbO2 electrodeposition can still be 

described, for nitrate solutions, by the following scheme [19]: 

 

H2O  OHads +H
+
+e

-                                                                                                                                                     
(2) 

 

PbO
2+

+OHads   Pb(OH)
2+

                                                                                                       (3) 

 

Pb(OH)
2+

+H2O  Pb(OH)2
2+

+ H
+
+e

-
                                                           

                                     
(4) 

 

Pb(OH)2
2+

 PbO2+2H
+
                                                                                                            (5) 

 

The first stage is the formation of oxygen-containing particles such as chemisorbed OH, 

followed by a chemical stage in which these species interact with the lead particles to form a soluble 

intermediate product, likely to contain Pb(III), which is then oxidized electrochemically creating a 

Pb(IV) soluble intermediate. Then, it is transformed into PbO2 in a final chemical stage.  According to 

this mechanism the growing rate of lead dioxide particles depends on the amount of the intermediate 

product formed during reaction (3) at the electrode surface. Correspondingly, any changes applied to 

the system should change the rate of PbO2 electrodeposition probably due to an effect on the coverage 

by oxygen containing particles. There are many ways to produce oxide materials of this type are 

known, e.g., sol–gel techniques, plasmochemical method, etc. The electrochemical method should be 

distinguished as one of the most promising, which enables wide control over the composition and 

properties of composites because of its simple implementation and possibility of smoothly varying the 

technological parameters of the process [1,20–24].  It has been studied that the phase composition and 

morphology of lead dioxide formed electrochemically depend on various parameters such as substrate 

material, the electrochemical technique used and deposition conditions including acidic or basic media 

and presence of forming agent. Discharge performances of lead acid batteries are strongly limited by 

the positive plate and the related aging mechanism [25]. For instance, PbO2 degradation could cause 

irreversible formation of lead sulfate in the active mass, short-circuits and grid corrosion processes. 

One of problems in charging/discharging of the electrode is decomposition of water which results to 

hydrogen and oxygen evolution through overcharging. Risk of explosion, corrosion of the grid alloys 

and water consumption will be increased by gas evolution enhancement. In order to reduce water 

consumption in maintenance free batteries the gas evolution overpotentials must be increased by 

different strategies reported in the literature [26–29]. Some of the electrochemical methods used to 
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fabricate lead dioxide include pulse current [30] constant current, constant potential [1] and cyclic 

voltammetry [1, 31]. As the influence of step potential on the electrochemical behavior of different 

systems is an active field of research [32-35], we decide to study the effect of this parameter on PbO2 

electrodeposition. Thus, Nano-structured lead dioxide was prepared by an easy and fast continuous 

cyclic voltammetric technique. The prepared nano-structured lead dioxide films were able to produce 

cathodes with improved electrocatalytic activity and stability for use in the lead acid batteries. 

Electrochemical step (Es) permits the surface to be ready to form initiative nuclei and make the 

surface active for long periods of time. Additionally, in this method, the most important ability is 

applying a potential sweep at higher rate to increase the oxygen over potentials. The presented 

experiments describe a fundamentally different approach to PbO2 synthesis on glassy carbon surface, 

in which the electrodeposition efficiencies are improved.  Also, a preliminary study of the 

electrodeposition of lead dioxide as a function of scan rate at different step potential values has been 

carried out by means of a fast Fourier transformation continuous cyclic voltammetry (FFTCCV) 

analysis, with the results compared to those found in the literature [35]. The EIS and SEM techniques 

are, also, used to investigate the electrochemical properties of the prepared layer..  

 

 

 

2. EXPERIMENTAL 

All solutions used in the experiments were analytical reagents with the highest available purity 

and used without further purification. Lead nitrate (Pb(NO3)2), nitric acid (HNO3, 65%) and Sulfuric 

acid (H2SO4, 98%) were obtained from Merck Co. and all used as received. Double distilled water was 

used throughout all experiments. Lead dioxide was electrochemically deposited onto the disk area 

(diameter 1mm) of glassy carbon rod. The electrodes were polished to mirror finish with alumina 

powder (0.05 µm) and then rinsed with double distilled water several times before each experiment. 

After each experiment, the lead dioxide deposit was removed with 1:1 H2O2/Acetic acid followed by 

rinsing thoroughly with water. FFTCCV experiments process were performed in the solution, with the 

aid of a setup of a PC PIV Pentium with a data acquisition board (PCL -818 HG, Advantech. Co.) and a 

custom made potentiostat described in our previous works [32-34] using a three-electrode arrangement 

of a glassy carbon (GC) working electrode, platinum wire auxiliary  electrode and Ag/AgCl (KCl, 

saturated)  reference electrode at a scan rate of 20 to 15000 mVs
−1

.  A Luggin capillary with its tip set 

at a distance of 2mm from the surface of the working electrode was used to minimize the iR drop in the 

electrolytes. All data acquisition and data processing programs were performed in Delphi 6® program 

environment. The diagram of potential waveform applied during cyclic voltammetric measurements is 

shown in (Figure 1).  

The potential waveform, which continuously applied on the electrode, involves two sections. 

First section is consisted one step applied before each potential ramp for electrodeposition of lead 

dioxide. Finally the current is measured during the potential ramp. Electrodeposition of the lead 

dioxide was performed on gc electrode from 10 ml electrolyte comprised 1M HNO3+ 0.1M (Pb(NO3)2, 

first at different time and potential of steps. The single-potential-step method of deposition involved 

stepping the potential to value nearby PbO2 electrodeposition voltage which was held constant for a 
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very short time; typically 50 to 2500 ms, and subsequently the potential ramp is applied while the 

current was recorded. Then the electrodeposition of PbO2 was carried out under applying optimum step 

potential with varying values of scan rates. All experiments were carried out at ambient temperature. 

As mentioned above, the current passing through the electrode was measured only during the potential 

ramp. At first, an electrode CV was recorded and then by applying FFT on the obtained data, the 

existing high frequency noises were pointed out. Finally, using this information, the cutoff the 

frequencies of the analog and digital filters were set at a specific value. This kind of filtration and also 

integration of the net current charges significantly reduces the noise level in the data obtained [36-41]. 

The current efficiency of the PbO2 (CEPbO2
) and the   PbO2 electrodeposition current (IPbO2

) was 

obtained from equations:   

 

CEPbO2
= Qred/Q                                                                                                        (6) 

 

IPbO2
= Qred/t                                                                                                           (7) 

      

Where Q is the total charge passed during the anodic polarization, Qred is the charge passed on 

PbO2 reduction at E≈1300 mV and, t is the total time of the anodic polarization [19]. The electrodes 

prepared above were removed from their plating solution and carefully rinsed. These series of obtained 

electrodes, were introduced to FFTCCV experiments in a three-electrode cell containing H2SO4 (0.5M) 

solutions. FFTCCV voltammograms were recorded at a scan rate of 100 mVs
−1

 in the PbO2/PbSO4 

couple potential window of 500–2000 mV (e.g. 500 cycles were performed consecutively). The 

potential sweeps were initiated at the cell rest potential and scanned towards positive potentials versus 

reference electrode.  

The AC impedance measurements were made as a function of frequency using an AUTOLAB 

system with PGSTAT30 and FRA2 boards (Eco Chemie, Utrecht, and The Netherlands). The system is 

run by a PC through FRA and GPES 4.9 software. The working electrode was prepared from a thin 

layer of PbO2. The same three electrode cell was used.  

EIS tests were carried out in sulfuric acid 0.5 M, in the range of 100 kHz to100mHz, at open 

circuit voltage (OCV) and 5mV potential amplitude. The impedance results was acquired and fitted by 

Zplot/Z-view software. Some charge/discharge experiments of PbO2 samples were carried out in the 

same small undivided beaker cell using (an in-house developed, computer controlled charge–discharge 

and automated logging system) a laboratory constructed galvanostat controlled by a PC with an A/D 

interface and in-house written software.  

During the “cycling series”, the cell was subjected to one charge/discharge cycle for electrodes 

prepared in both constant current and FFTCCV in an optimum potential step and scan rate. The cell 

voltage was measured directly using a data acquisition system. In the discharge experiments, the cell 

was discharged to a cut-off voltage of 1750 mV at a current density of 12 mAcm
−2

. Morphological 

studies of prepared samples were performed by means of SEM (Philips XL 30). 
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Figure 1.  Diagram of the applied potential waveform for FFTCV method 

 

As mentioned above, the nucleative process of PbO2 electrodeposition was conclusively 

established in an acidic media depends on some pretreatment applying on the surface. During the 

experiments, the current passing through the electrode was sampled only during the potential ramp and 

data processing operation is carried out in parallel with data acquisition during experiments. The 

integration of net current changes is applied over the selected scanned potential range.  

 

 

 

3. RESULTS AND DISCUSSION 

3.1. Investigation of applying step potential effect on thin film PbO2 synthesis 

(Figure 2a) shows the recorded cyclic voltammograms of GC electrode in 1 M HNO3 and 0.1 

M Pb(NO3)2 by applying various step potentials (for 1700 ms in the scan rate of 100 mVs
-1

). These 

voltammograms shows the effect of initial potential step (before potential scan) on formation of the 

oxide layer on the electrode surface. The fairly large number of electrodeposition methods for 

preparing the lead dioxide film reported earlier [1, 30, 31] along with some measurements carried out 

on different media. It is worth to note this fact  that the medium with all its variation of pH and anions 

just was used as a source of Pb
2+

 ions and that it does not affect nucleation process by adsorption or 

any related surface process [42]. So the medium of HNO3 and PbNO3 in their mentioned concentration 

was chosen to allow comparison of our results with those was obtained on the same surface [35]. The 

changes in the both chatodic and anodic peaks, suggests that  the potential step can improve the oxide 

layer formation by the building up of a compact PbO2 deposit consisting of PbO2 nuclei, which can 

strongly adhered to the electrode surface.  Consequently, the exposed surface area of PbO2 for cathodic 

dissolution decreases and hence the peak current of PbO2 reduction increases. This may indicates the 

increase in effective surface area for further growth also causes lower nucleation overvoltage and shift 
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of peak potential (curves 1 to 3), again to more negative values at steady-state conditions (curve 4). 

However, in the absence of step potential within the same media, the smaller crystallites and 

amorphous phases continue to dissolve chemically. Hence, small-sized crystallites would not be 

available for further growth during the anodic potential ramp, only a few large-sized crystals that 

escaped chemical dissolution would be available for growth and therefore a lower Q is obtained.  

For achieving the best time and potential step, the amount of total charge (for potentials 400 to 

2000 mV) at is calculated and time steps of 50 to 2500 ms (potential range of 1100 to 1300 mV). 

(Figure 2b) shows the effect of the step parameters (time duration and potential) on the Q of the 

cathodic peak current. As shown in Fig. 2a the rising portions of the cathodic current correspond to a 

process of growth taking place during the application of the step potential. It can be noticed that by 

increasing the potential and time of the potential step the cathodic peak increases, which is of 

indication of lager amount of  oxide layer (so the charge under this peak used for optimizing the 

deposition parameters). Furthermore, the graph shows that the time of the potential step up to 1700 ms 

improves the deposition process, and seems to have no significant effect at longer time on the process. 

Also, the best potential step is 1400 mV. In fact, since the potential of zero charge of lead dioxide in 

1M HNO3 is around 0.91±0.1V [43], at the deposition potentials (E > 1400 mV) the electrode surface 

will be positively charged, and may the latter deposition leads to a more unstable layers.  

(Figure 2c) and d, shows SEM images of the surface morphologies at 1600 and 1400mV 

potential of the step and it can be concluded that with the deposit forms at potential scan rate of 100 

mVs
-1

, there are many holes and cracks on the prepared layer making the surface nonuniform. This 

appearance is presumably the result of gas evolution damage (Figure 2c). In fact, the damage is minor 

by applying step potential at 1400 mV (and is very significant at potential near 1800 mV). 

Consequently it can be observed that under optimum condition of applied step potential, the deposits 

were uniform and compact enough to strongly adhere on the GC electrode surface with an almost 

„ceramic‟ appearance as confirmed by obtained cyclic voltammograms and the calculated cathodic 

charge is represented in (Figure 2b). At step potential of 1800 mV, there would be an increase in labile 

oxygen creation and it may hold back the chemisorbed OH production,  which is indirectly can be 

responsible for producing PbO2 [44]. Therefore, such defects could be observed within the bulk of 

active material in the form of large cracks and pores due to evolution of bigger oxygen bubbles and 

dissolution of PbO2 within the active material resulting in nonuniformity of the obtained the oxide 

layer. Also,  some electrochemical failures such as, decrease in the effective electrical conductivity of 

the layer (which may inhabit a good electron flow across these huge fractures) can have contribution in 

creating these defects. This may hlpe to interpret the decrease in Q at step potentials higher than 1600 

mV shown in (Figure 2b).  

Moreover, it can be say that by applying the step potential at the optimum value, the surface 

concentration of the oxygen species is increased enough that are more strongly bonded to the electrode 

surface [35]. This speculation is consistent with equations 2 to 5, showed that the rate of lead dioxide 

formation will increase with an increase in the (OH)ads bond strength with electrode surface or, with a 

decrease in the amount of labile oxygen particles. As a result, by going to higher potentials those 

species are oxidized to O2 and gas evolution carried out on the electrode as well as PbO2 

electrodeposition.  
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Figure 2.  a) Cyclic voltammograms of GC electrode in 1 M HNO3 and 0.1 M Pb(NO3)2 by applying  

step potentials (for 1700 ms)  in the scan rate of 100 mVs
-1

 (shown in Fig.1): (1) 1400 mV, 2) 

800 mV,(3) 1200mV, (4) 1600mV, (5) without applying any potential step,  b: The effect of 

step time and potential on formation of the oxide layer, which was used for optimization; c) 

SEM of deposited PbO2 at step potential of 1600 mV and, d) 1400 mV. 

 

3.2. Study of residual nuclei and their growth by varying the potential scan rate. 

3.2.1. FFTCCV study. 

(Figure 3a) shows single FFTCCVs of GC electrode in solution nitric acid (1M) and lead 

nitrate (0.1 M) at two different potential scan rates for PbO2 formation (at optimum values of the time 

and potential step). This figure shows the enhancement of the cathodic current increases by increasing 

the scan rate, which is an indication of a better electrodeposition of PbO2. This, also, conformed by 

measuring current efficiency of PbO2 electrodeposition (Figure 3b), which suggests the optimum value 

for the scan rate is 4000 mVs
-1

. As previously reported [42], the  charge  consumed  during  the  

cathodic  process (Qc) is always  less  than  the  charge  consumed  during  the  anodic  process  (Q). 

Consequently the  Qc/Q  is  found to  be  around  0.8 or  even  less  in  all  previous  experiments. The  

Qc/Q value  rise  to  tremendously  high  values  (around  0.9 and more) in this work, at  optimum 

applying conditions and after 500 cycles. It is established that in this the voltammetric measurements 

the reduction of PbO2 crystallites is always incomplete [42].  However, chemical dissolution of PbO2 

formed in acidic medium may be the main cause for the extremely low Qc/Q values at low scan rates. 

 The residual PbO2 growth was created by using continuous cyclic voltammetry experiments. 

In  (Figure 4) the three dimensional graphs show FFTCCV in potential range of 0 to 2000 mV at two 

scan rates, during PbO2 electrodeposition on the GC electrode, in which the cycled up to about 5000 at 

optimum potential step. These three dimensional graphs more clearly shows the influence of residual 

PbO2 crystals formed from the applied potential step on the further growth of PbO2 on second and 

subsequent sweeps in comparison with data reported before [35]. It was found that low scan rate (100 
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mVs
-1

)
 
by cycling the electrode, the cathodic peaks decline significantly, in contrast, at potential high 

scan rate (4000 mVs
-1

), the cathodic peak increases and then it grows very slowly. This phenomenon 

can be attributed to particles instability at the electrode surface at low scan rates as a result of the 

particles aggregation during potential sweeps. Moreover, increasing the scan rate can be the result of 

enhance of the surface sites that able to absorb hydroxyl, according to the mechanisms mentioned in 

last section (equ. 2-5). 

 

 

(a) 

 

(b) 

 

Figure 3.  FFT cyclic voltammogram of GC electrode in 1 M HNO3 and 0.1 M Pb(NO3)2 at two scan 

rates of  (1) 100 (2) 4000 mVs
-1

; b)  Lead dioxide yields at GC electrode in the same solution at 

different scan rates after 500cycles. 
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The large cathodic peak current at 4000 mVs
-1

 suggests the fact that the growing phase on the 

electrode surface consists only of more uniform layer made up crystallites, which is similar to porous 

layer essentially in its nature and the electrolyte can move through the pores during the potential ramp. 

Electro-reduction proces in the porous inner regions is still possible and hence higher cathodic currents 

are noticed in the subsequent sweeps as well [35, 43, 45]. For that reason, the cathodic peak area for 

electrodeposition of lead dioxide increases. Since the surface area available for growth slowly 

increases with the number of sweeps, the steady-state peak current also increases steadily (Figure 4) to 

reach a maximum value after a number of potential scans.  

 

 

 

Figure 4.  FFTCCV of GC electrode in 1 M HNO3/0.1 M Pb(NO3)2,  scan rate 4000 mVs
-1

 . 
 

 Figure 5a shows the layer deposited at 4000 mVs
-1 

is well oriented and has nanostructure. This 

can explain the larger value of Qc that observe at the voltammetric response at this scan rate. Existence 

of such nanoparticles on the electrode indicates the formation of PbO2 nuclei at the potential step with 

less oxygen gas interference. It seems that presence of a large number of PbO2 nuclei at 4000 mVs
-1 

acts as substrate for its further electrodeposition with less energy consumption. One can observe  

during subsequent voltammetric sweeps results cathodic current improvement From the micrographs 

can be seen that the nuclei are growing close to cylindrical shape, and the size distribution suggests 

varying ages of the nuclei. The small apparent distortion from sphericity can be due to the angle of the 

sample.  

At low scan rate with formation of unstable PbO2 deposit due to the intense effect of oxygen 

evolution, the surface becomes nonuniform and finally there would not remain an uniform layer on the 

surface because of the dissolution.  Figure 5b is PbO2 layer with very uniform structure compare to 

(Figure 5a). As is noticeable from Figure 5b, the obtained samples by FFTCCV method, at high 
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potential scan rate, are  relatively same size and distributed along the observed uniform PbO2. These 

features are in agreement with the evidence from current transients, which correspond to progressive 

nucleation and growth of three-dimensional cultures [13, 42]. On the other hand, figure 5b shows that 

the deposit is mainly localized in two circular regions and some areas near the edges, where the 

crystallites appear to be aligned along preferential directions, and a notable feature is the absence of 

faceting at this stage of growth.  

A close-up view of the circular region showed random nucleation and growth of spherical 

nuclei. Thus, from the results obtained two important effects should be noticed in the multisweep 

cyclic voltammograms, which are responsible for an increase in value for Qc at high scan rate in the 

process of PbO2 deposition. It can be propose that at high scan rates (or at low windows times) a small 

number of tiny oxygen bubbles can be created at the electrode surface (at very positive potentials), 

which can results fine pores in the electrodeposited PbO2 layer.  In this case, nano pores can surround 

the deposited lead dioxide particles and limit their further growth and, consequently, the particle's 

dimension is decreased.  

  

 

 

 

 

 

 

 

 

 

 

(a) 

 

 

 

 

 

 

 

 

 

 

 

(b) 

 

Figure 5. SEM images of lead dioxide samples synthesized by (a) continuous cyclic voltammetry at 

the scan rate of 4000 mVs
-1

. and (b) 100 mVs
-1

.  



Int. J. Electrochem. Sci., Vol. 7, 2012 

  

868 

In addition, it seems that there would lack of time for the growth of PbO2 nuclei at higher scan 

rates than 4000 mVs
-1

, consequently, Qc becomes smaller due to limitations in kinetic process of PbO2 

reduction. These observations lend support to the influence of residual nuclei, which are remained on 

the surface from previous potential steps. It can be suggested that, at high scan rates, the nucleation 

rate exceeds the rate of nuclei growth. Also, at this scan rate, nucleation rate is suitable in order to 

synthesize nanoparticles in a uniform pattern. In contrast, at low scan rates,  nuclei  growth is high and 

the lead dioxide crystals grow irregularly to make the surface less effective. 

 

3.2.2. EIS study. 

As it has been clarified elsewhere [45, 46], EIS was a convenient technique to characterize the 

electrical properties of coatings and their adhesion to metal surfaces conforming the battery results. 

This way is helpful to give information about potential dependence of coverage by adsorbed PbO2 

electrodeposition intermediate. The obtained Nyquist plots PbO2 film in 0.5M H2SO4 solution at open 

circuit potential (performed at 1300 mV) formed electrochemically are shown in Figure 6. PbO2 was 

electrodeposited on GC electrodes from a solution containing 0.1M Pb(NO3)2, 1M HNO3, in three 

conditions.  EIS was employed to evaluate the electrochemical performance of the obtained layers.  In 

the Nyquist plots, there is a straight line at low frequencies, which is almost dependent on the scan rate 

used for depositing PbO2 and also applying step potential. The high frequency region of the spectra is 

characterized by a semicircle, which is slightly depressed. These results show a porous electrode 

[46,47].  

The impedance spectra for PbO2 prepared at a scan rate of 100 mVs
-1

 is shown in (Figure 6a). 

The result can be fitted well by the equivalent circuit included. Semicircle diameter is a measure of 

charge transfer resistance at the kinetic controlled zone of Nyquist plot. Accordingly, it is revealed that 

the charge transfer resistance for PbO2 forming at high scan rate is lower than that of formed PbO2 at 

lower scan rates (both by applying the same step potential), as expected by regarding of discharge 

capacities of these batteries (see the next section). These EIS results are, also, consistent with the 

results obtained from the FFTCCV studies. They conform that PbO2 prepared with the optimal potentia 

lstep  (1400mV) at low scan rate, possess a lower internal resistance and so higher redox peak current 

(capacity) compare to the layer obtained by applying no step potential at the same scan rate. This 

figure, also, indicates that the resistance of the electrolyte for PbO2 formed in conditions describing 

above, in H2SO4 solution is independent of the applied step potential and also the varying of scan rate. 

As mentioned above, the PbO2 nanoparticles are distributed homogeneously as the particles diffuse 

from high to low concentration regions. Increasing the scan rate yields a higher diffusion rate, which 

appears to beneficial to make more uniform PbO2 nanoparticles. A proposed equivalent circuit has 

been shown in (Figure 7) which is similar to those developed in some previous articles [46, 47,48]. 

The interpretation of the physical elements of the proposed equivalent circuit is similar to those 

reported in previous study [48]. As can be concluded from Nyquist plots in (Figure 6), three electrodes 

synthesized at different conditions consist of a semicircle part, which shows a kinetic controlled 

behavior of the system. The morphology of electrode prepared at optimum condition shows a high 

porous skeleton structure, which facilitate the penetration of electrolyte to sub layer active sites. In fact 
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a low capacity of lead acid battery can arise from the low connectivity between particles at low scan 

rates. As it has been shown by Petersson et al. [49], the observed resistance divided into two 

categories, one is ohmic resistance due to electrolyte resistance and degree of contact between the lead 

dioxide particles in the obtained layer. Another part of resistance is pore resistance, which can be 

observed because of porous structure of the oxide layer. Differences between the Nyquist plots arising 

from layer thickness values. Also, difference in semicircle diameter for these plots revealed different 

porosity of oxide layers obtained at dissimilar conditions. It is obvious that the oxide electrode 

prepared by applying the step potential of 1400mV for duration time of 1700 ms at the scan rate of 

4000 mVs
-1

 shows lower ohmic resistance. It is probably due to more porous and lesser thickness PbO2 

layer.  

 

 

 

Figure 6. EIS of samples prepared in 1 M HNO3/0.1 M Pb(NO3)2 at scan rates of a) 100 mVs
-1

 without 

applying any steps b) 100 mVs
-1

 at step potential and time of 1400mV and 1700msand c) 4000 

mVs
-1

 at step potential and time of 1400mVand 1700ms . Impedance experiments were carried 

out in 0.5M sulfuric acid at open circuit voltage vs. Ag/AgCl (KCl, saturated). 

 

This observation, also, verifies the interpretion of the effect of step potential applied within 

PbO2 electrodeposition and  FFTCCV measurments in previous section. In addition, decrease in 

semicircle radius due to porous structure of the oxide layer could be observed and described by a 

constant phase element, CPE [48,50]. Since there are PbSO4 crystals on the surface of prepared PbO2, 

a large charge transfer resistance was observed, which leads to a lower discharge capacity.  Complex 

plots are observed at figures 6a and b that are consisting of a semicircle at higher frequency with a 45◦ 

sloping line at low frequency indicating the presence of a kinetic and diffusion controlled process [48, 
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49]. For the PbO2 (prepared at high scan rate) the observed shape of the AC impedance spectra (Figure 

6c) indicates that the electrochemically processes are more kinetically controlled, rather than diffusion 

controlled. The gradual increase in the value of Cdl from conditions described in (Figure 6a) to c, can 

be due to solution penetration between the coating and GC surface. This penetration can be through 

small breakdown sites of the coating. 

 

 

 

Figure 7.  Equivalent circuit used to obtain impedance parameters for (the PbO2) with the ZView
®

 

software. 

 

3.3. The behavior of obtained PbO2 in H2SO4 and discharge capacity 

Cyclic voltammetry has been used extensively to characterize the behavior of lead dioxide in 

sulphuric acid [51-55], but there is no comparison of successive behavior of obtained PbO2 in this 

media. Nevertheless, it is useful to compare the current densities observed with PbO2 surfaces prepared 

by two different methods in long period of time. During the reverse sweep, an anodic current is 

observed for E > 1700 mV (recovery of lead dioxide by the oxidation of the lead sulfate formed during 

the previous reduction step).  Also by comparison the FFTCCV of obtained electrodes in H2SO4, it can 

be concluded that after 6000s the cathodic peak current (I ≈ 8 mA) for the electrode prepared by the 

FFTCCV method is higher than cathodic peak current (I ≈ 0 mA) of PbO2 prepared by the constant 

current method (for PbO2 that prepared at constant current of 10 mAcm
-2

). For PbO2 prepared in 

constant current, the cathodic current excursions observed in the PbO2/PbSO4 region on the reverse 

sweep appear only on the first few cycles. The FFTCCV voltammograms of PbO2 obtained at higher 

scan rate shows not only a decrease in cathodic peak due to sulphate formation, but also typical 

structure in the region where PbO2 is formed and subsequently reduced is always available.  

In the case of lead dioxide obtained at 4000 mVs
-1

, the porosity of the PbO2 layers due to 

evolution of very small size of O2 bubbles during electrodeposition mentioned earlier can help H2SO4 

to penetrate to the interior layers, which can cause more active sites are available to interact.  As 

results, the intensity of the corresponding oxidation and reduction peaks increase until a significant 

steady state peak appears, which is as a result of saturation of nano pores by H2SO4 as shown in 

(Figure 8b) [31, 48].  Therefore, the total amount of active mass involved in the electrochemical 

reaction increases in the first few scans [31, 49]. Consequently, the service life of the film obtained by 

FFTCCV mode at optimum high scan rate and step potential will be much longer than that in the other 

method.  

As obvious from (Figure 8a) the following strong current suppression seems to be due to 

reduced diffusivity of the protons into the PbO2 crystal lattice (less porosity in the layers by the 
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constant current electrodeposition method) and/or more passivation of electrode through the formed 

PbSO4 [45,56]. Then the prepared electrodes were used as cathode of the lead acid batteries. 

 

 
(a) 

 
(b) 

 

Figure 8.  a) FFTCCV of PbO2 sample carried out in H2SO4 solution (0.5M), scan rate, 100mVs
-1

. 

Lead dioxides were electrodeposited in 1 M HNO3/0.1 M Pb(NO3)2 a) at constant current of 

10mA cm
-2

 and b) by FFTCCV method  at scan rate of 4000 mVs
-1

 

 

The effect of discharge current density on the capacity of the battery prepared with sample 

obtained at optimum condition was examined (the inset of (Figure 9). This figure shows maximum 

capacity was observed when a current density of 12mAcm
−2

 was applied for discharge of the battery. 

At higher current densities, only the outer layer of the electroactive material can contribute to the 

discharge process and a lower capacity was achieved [45, 52]. As a result, this current density was 
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selected for discharge of the battery. The battery with positive electrodes obtained by two different 

methods was discharged at constant current of 12mAcm
−2

.  The time-voltage behaviors of the battery 

during discharge process were shown in (Figure 9). As it is obvious, the discharge time for the battery 

assembled with cathode obtained by FFTCCV at high scan rate is more than other. It can be concluded 

that this battery has higher capacity, energy density and power.  

Based on the results obtained from figures 8 and 9, it can be concluded that there is a good 

correlation between the FFTCCV of obtained PbO2 layer in H2SO4 and discharge behavior of the 

samples examined in the same media. The significant factor involved in producing a cathode with high 

discharge capacity is access to sites of reaction [45-48]. Therefore, the electrodes containing enough 

porosity and large surface area can provide these conditions. These obtained data are in consistent with 

FFTCCV data achieved of PbO2 electrodeposited at high scan rate by applying step potential at its 

optimum value. Thus, the electrodeposition technique studied can be recommended for use as 

electrodeposition method with a prolonged service life. Further studies would be worthwhile. 

 

 
 

Figure 9. Time-voltage behavior of the batteries which prepared in 1 M HNO3/0.1 M Pb(NO3)2 a) at 

constant current of 10mA cm
-2

 and b) by FFTCCV method  at scan rate of 4000 mVs
-1

, 

discharge current is 12mAcm
−2

. The inset is effect of discharge current density on capacity of 

samples prepared at the scan rate of  4000 mVs
-1

 at step potential and time of 1400 mVand 

1700 ms respectively in the electrolyte of 4.8M H2SO4. 

 

 

4. CONCLUSION 

In this work, FFTCV technique was used for the preparation of nano-structured lead dioxide at 

GC electrode. The lead dioxide films prepared were ultimately aimed at producing cathodes with 

improved electrocatalytic activity and stability for lead acid batteries. Different parameters such as step 

potential and its duration time, and also scan rate of FFTCCV were optimized to obtain higher 
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capacity. The enhanced characteristics of this sample is attributed to its special morphology due to the 

formation of nano-structure at high scan rates, as confirmed by SEM. Maximum current efficiency was 

observed when step potential and time were  equal to 1400mV and 1700ms, respectively, at a scan rate 

of 4000 mVs
-1

. Analysis of EIS data revealed that the charge transfer resistance is decreased by a 

change in scan rate.  
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