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Abstract: Alpha-lead dioxide was deposited by anodization of alkaline solution containing HPbO2
− anions. Scanning electron 

microscopy (SEM) results show that the morphology is remarkably affected by the current density, concentration of HPbO2
− anions, 

bath temperature and electroplating time. Compact and well adherent layers are possibly obtained under conditions of current 
densities ≤3 mA/cm2, electrolyte containing 4 mol/L NaOH and 0.12−0.14 mol/L lead ( )Ⅱ , bath temperature of 40 ℃, and 
electroplating time of 2 h. EDS analyses show that the PbO2 deposited in alkaline condition is highly non-stoichiometric at high 
current density. 
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1 Introduction 
 

Lead dioxides have been used frequently in industry 
because of their excellent properties such as good 
conductivity, low cost, high stability and relatively high 
service life. A great number of applications have been 
reported for lead dioxide as positive active material in 
lead acid batteries[1], oxidation of organic compounds in 
waste water[2−4], oxidation of glucose[5], ozone 
evolution[6−7], oxidation of phenol[8−9] and Cr3+[10]. 

The lead dioxide from electrodepositing is known to 
exist in two polymorphs: orthorhombic α-lead dioxide 
and tetragonal β-lead dioxide[11]. It is well known that 
the crystal structure of PbO2 deposits depends on the pH 
of the electroplating solution. Alpha-PbO2 is obtained 
from bases and β-PbO2 from acids[11]. Alpha-PbO2, 
which results in better contact between particles, has a 
more compact structure than β-PbO2. The more compact 
structure makes α-PbO2 more difficultly discharged 
compared with β-PbO2[12]. However, results from the 
work by RÜETSCHI[13] and FENG and JOHNSON[14] 
showed that α-PbO2 had a higher catalytic activity than 
β-PbO2 in dilute H2SO4 solution. 

A new type of PbO2-coated metal anode has been 
widely used in electrolysis[10, 15]. This electrode is 
made up of four layers: the base is made of titanium plate, 
and covered with a conductive undercoating(being 
necessary for protecting the substrate from passivation) 
as bottom; the intermediate coating is composed of 
α-PbO2 and plated wit β-PbO2 as surface layer. Titanium 
is not a viable substrate for practical electrodes in 
electrodepositing of nonferrous metals. Aluminum is 
relatively cheap and has good conductivity. The electrode 
material by electrodepositing lead dioxide on A1 
substrate has huge market prospects. A stress-free 
intermediate α-PbO2 coating is produced by 
electrodeposition from an alkaline lead bath[16], which 
plays the role of binder on the top β-PbO2 coating and 
can improve the serve life of electrode. However, the 
α-PbO2 films deposited from basic solution were highly 
porous[17−18] and the research work was confined to 
the internal stress measurement[16]. 

Most of the previous studies on the morphology has 
concerned β-polymorph[2, 19−20]. However, there is 
little research about the morphology of α-PbO2 coating, 
and the structure of the intermediate coating is likely to 
be important for the lead-acid battery and as an electro- 
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catalytic material for oxygen transfer reactions. In this 
work, α-PbO2 films with different morphologies 
electrodeposited on aluminum substrate in alkaline bath 
were discussed. An analysis of cyclic voltammetry 
experiments with α-PbO2 electrodes in alkaline and acid 
bath was also given, respectively. 
 
2 Experimental 
 
2.1 Preparation of PbO2/A1 anode 

The PbO2/A1 anode was produced by applying 
α-PbO2 to an A1 substrate with a conductive 
undercoating, followed by an intermediate coating 
consisting of α-PbO2 deposit. 
 
2.2 Application of coatings 

The substrates were aluminum (or aluminum alloy) 
rods of d9 mm×60 mm, which were roughened by 
sand-blasting, degreased and chemically etched firstly, 
then coated by a conductive coating. The procedure was 
described as follows: firstly, the conductive solution was 
applied to the substrate by brushing; secondly, the 
substrate was surface dried under ultraviolet lamp, and 
finally dried in electricity box at 423 K for 2 h. The 
undercoating produced in this study was about 20−30 µm 
thick, and the details were presented in Ref.[21]. 
Thereafter, the composition and process conditions of the 
PbO2 plating bath were shown as follows: 4 mol/L 
NaOH with litharge PbO(s) (the soluble Pb( ) species Ⅱ

were HPbO2
− anions), pH＞14, anode current density of 

1−5 mA/cm2, mild stirring using a magnetic stirrer, bath 
temperature of 25−55 , and electroplating time ℃ of 1−3 h. 
 
2.3 Characterization of PbO2/A1 electrode 

The electrochemical performance was measured by 
the three-electrode cell: A1/conductive coating/PbO2 
anode as the working electrode, Hg/Hg2Cl2 (KC1, 
saturated) as the reference electrode, and a graphite as 
the auxiliary electrode. Cyclic voltammetric curves were 
measured in an alkaline and acid lead bath, respectively. 
The alkaline bath (called S1) contained 4 mol/L NaOH 
solution saturated with litharge PbO(s) at 25  in the ℃

potential range of 0−1.4 V. The acid bath (called S2) 
contained 30% Pb(NO3)2 (pH=1.5). The bath temperature 
was kept at 25  in the potential range ℃ of 0−2.1 V. 

The surface morphology of the coatings was 
examined by SEM (XL30 ESEM, Philip, Holland). 
EDS(PHOENIX, EDAI,USA) was employed to analyze 
the crystalline composition of the films. The crystal size 
and structure of the films were analyzed by X-ray 
diffraction (XRD) with Co Kα radiation in a standard 
X-ray diffractometer. The thickness was measured by 

XJP−6A metalloscope. 
 
3 Results and discussion 
 

The cyclic voltammograms of A1/conductive 
coating/α-PbO2 electrode in basic solution S1(Fig.1(a)) 
and acid solution S2(Fig.1(b)) at a scan rate of 50 mV/s 
are shown in Fig.1. As shown in Fig.1(a), the potential of 
the beginning deposition of α-PbO2 is higher than 0.25 
V[10]. Two anodic current density peaks at φp1=0.29 V 
and φp2=0.49 V are observed on the positive branch of 
the cyclic voltammogram. These peaks probably 
correspond to the formation of Pb3O4 and PbO2, 
respectively. The cathodic current density peak is 
observed at approximately φp3=0.10 V on the negative 
potential scan due to cathodic dissolution of PbO2 
deposited during the previous positive scan[14]. The 
exponential growth of the anodic current density at 
potential over 1.0 V is due to oxygen evolution. 
 

 
Fig.1 Cyclic voltammograms performed in different solutions 
with working electrode of A1/conductive coating/α-PbO2 at 50 
mV/s: (a) Solution S1; (b) Solution S2 
 

It is obvious from Fig.1(b) that the potential of the 
beginning deposition of β-PbO2 is higher than 1.60 V. 
The anodic current density peak at φp4=1.66 V is 
observed on the positive branch and the cathodic current 
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density peak at φp5=0.90V is observed on the negative 
branch. The anodic peak corresponds to the formation of 
surface lead dioxide or oxygen evolution and the 
cathodic peak is probably due to the formation of the 
oxidation of a soluble Pb(Ⅱ). 
 
3.1 Effect of current density 

Fig.2 shows SEM images of deposited α-PbO2 on 
A1/conductive coating electrode from solution 
containing 4 mol/L NaOH saturated with litharge PbO(s) 
at different current densities. The surface of PbO2 
deposited at 1 mA/cm2 consists of crystals with large size 
and surface uniformity(Fig.2(a)). At current density of 2 
mA/cm2 (Fig.2(b)), the PbO2 surface becomes more 
uniform, consisting of rod-like grains of 50−60 nm. 
Further increasing the current density, there are a large 
number of small crystals without clear crystal 
edges(Fig.2(c)). The film exhibits a fibre texture with 
good orientation and recrystallizes into the oriented fibre 
texture standing on surface layer of the formed film[18]. 
At current densities of 4 mA/cm2 or higher, however, the 
PbO2 films of the fibre texture are randomly oriented and 

are highly porous. A comparison between Fig.2(d) and (e) 
reveals that the clear crystal edges appear at current 
density of 4 mA/cm2. It is interesting that increasing 
current density from 1 to 5 mA/cm2 causes the decrease 
of the diameter of fibres by approximately 20 nm. 

This phenomenon may be explained as follows. The 
structure of the α-PbO2 deposit maybe result from 
complexation of lead cation in the electrodeposition 
solution. It has been reported[18, 22] that PbO dissolves 
in alkaline solutions with the formation of HPbO2

− and, 
to a less extent, polynuclear complexes. It seems 
probably that oxidation of such complexes can lead to 
polynuclear complexes containing PbO3

2−. The 
hydrolysis of such species, following oxidation at the 
electrode to precipitate α-PbO2, is slow. At higher current 
densities, the solid oxide may precipitate at some 
distance from the electrode surface due to the increased 
concentration of the complexed Pb(Ⅳ) cation. The 
agglomeration of such precipitates on the surface 
coatings can lead to a randomly oriented deposit. Also, a 
higher current causes the domination of oxygen 
evolution and, consequently, the formation of a series of  

 

 

Fig.2 SEM images of α-PbO2 prepared

from 4 mol/L NaOH saturated with litharge

PbO(s) on A1/conductive coating electrode

at 40 ℃ for 2 h with different current

densities: (a) 1 mA/cm2; (b) 2 mA/cm2; (c)

3 mA/cm2; (d) 4 mA/cm2; (e) 5 mA/cm2 
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pores on the surface of anodic coating. At lower current 
densities, precipitation will take place near the electrode 
at a slower rate. There is enough time for the fibre 
texture to find the most suitable position and to form 
equilibrium state with the α-PbO2 particles. The 
adsorption of anions on the crystallites may lead to the 
stability of ordered fibre structure. In addition, at lower 
current densities, most of current is used for the 
formation of α-PbO2[23]. 
 
3.2 Effect of variables on electrodeposition of α-PbO2 

Fig.3 shows the effect of HPbO2
− concentration on 

the morphology of α-PbO2 coatings. The coatings were 
prepared from solutions containing 4 mol/L NaOH and 
0.10−0.14 mol/L HPbO2

−. As shown in Fig.3(a), a 
structure in leaves shape has been obtained at lower 
concentration of HPbO2

− (0.10 mol/L). With increasing  
 

 
Fig.3 SEM images of PbO2 prepared at various concentrations 
of HPbO2

− in solution containing 4 mol/L NaOH and 1.8 
mA/cm2 on A1/conductive coating electrode at 40 ℃ for 2 h: (a) 
0.10 mol/L; (b) 0.12 mol/L; (c) 0.14 mol/L 

concentration up to 0.12 mol/L, a well-structured 
morphology has been obtained and the pore has not been 
found (Fig.3(b)). A further increase in HPbO2

− 
concentration up to 0.14 mol/L results in the formation of 
larger PbO2 particles with clear crystal edges(Fig.3(c)). 
At lower HPbO2

− concentrations, it seems that the mass 
transfer is a limiting step and the concentration 
polarization occurs on the electrode surface. At higher 
HPbO2

− concentrations, mass transfer process is quick 
enough compared with electron transfer and a 
well-formed structure of electrodeposited surface has 
been obtained[24]. Also, with increasing HPbO2

− 
concentration, the nucleation rate is correspondingly 
increased. 

Fig.4 shows SEM images of PbO2 prepared from 
solution containing 4 mol/L NaOH solutions saturated 
with litharge PbO(s) at 2.5 mA/cm2 on A1/conductive 
 

 
Fig.4 SEM images of PbO2 prepared at different temperatures 
in solution containing 4 mol/L NaOH solutions saturated with 
litharge PbO(s) at 2.5 mA/cm2 on A1/conductive coating 
electrode for 2 h: (a) 30 ℃; (b) 40 ℃; (c) 50 ℃ 
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coating electrode for 2 h at different temperatures. At a 
lower temperature(30 ℃), a loose structure consisting of 
a big fibre texture with obvious boundaries is deposited 
on the surface of the electrode. At a higher 
temperature(40 ℃ ), a higher adherence coating is 
obtained with a pronounced change in the morphology. 
Further increasing temperature to 50  result℃ s in the 
structure of similar pattern with well-distributed fibre 
textures and more clearly crystal edges. However, either 
very low temperature or very high temperature gives a 
lump deposit[25]. Therefore, the effect of temperature is 
probably due to a decrease of the potential for the onset 
of electrodeposition[26]. At relatively low potentials, the 
formation of polycrystalline assemblies is less probable 
and disorder effects are less common. Considering that 
the growth rate along different crystallographic 
directions may depend only slightly on temperature, 
preferred crystallographic orientations can become more 
pronounced at higher temperature, which is mainly due 
to the fact that the number of the polycrystalline 
assemblies on the electrode surface is small. 

Fig.5 shows the SEM images of lead dioxide 
deposited on A1/conductive coating electrode from 4 
mol/L NaOH solutions saturated with litharge PbO(s) at 
3 mA/cm2 for different plating time. As shown in 
Fig.5(a),  rod-like grains of the fibre texture are 
obtained in a shorter deposition time(1 h). However, with 
the prolonging of time to 2 h(Fig.5(b)), a number of 
crystals with clear crystal edges and a few pores have 
been found. Further prolonging time to 3 h(Fig.5(c)) 
results in a great number of small crystals without clear 
crystal edges and many small pores. It is also found that 
the process of electrodeposition of a new phase at 
A1/conductive coating electrode involves the laying 
down of a number of nucleation centers followed by the 
growth of centers, which coalesce to form a complete 
layer of the new phase[11]. It is interesting to note that 
H+ ions are generated at the anode during PbO2 
deposition. At the imposed current densities and under 
forced mass-transfer conditions, local pH in the basic 
solution is unlikely to become markedly lower than the 
original solution with the prolonging of time. However, 
the HPbO2

− concentration decreases with increasing the 
plating time, and the nucleation rate is relatively 
decreased. A lower HPbO2

− concentration is not high 
enough to contribute effectively in surface modification. 
The PbO2 coating with a few pores is obtained in a very 
long time of electrodeposition. 
 
3.3 Compositional analysis 

EDX was used for identification of each sample by 
liner sweep scanning of sample. The compositional 
analysis of α-PbO2 electrodeposits was performed under 

 

 
Fig.5 SEM images of PbO2 prepared in solution containing 4 
mol/L NaOH solutions (40 ) saturated with litharge PbO(s) at ℃

3 mA/cm2 on A1/conductive coating electrode for different time: 
(a) 1 h; (b) 2 h; (c) 3 h 
 
different experimental conditions using energy dispersive 
X-ray analyzer (EDAX). EDAX spectra of PbO2 films 
deposited under different conditions are shown in Table1 
and Fig.6. It is found from Table 1 that Pb contents also 
increase with the increase of HPbO2

− concentration and 
the prolonging of the plating time. However, a 
remarkable change is obtained about the Pb content of 
α-PbO2 film at different current densities. The Pb 
contents increase from 32.17% to 40.42% with current 
density form 1 mA/cm2 to 4 mA/cm2, and then decrease 
to 33.59% at the current density of 5 mA/cm2. It is also 
found the Pb content of α-PbO2 film is higher at 40 . ℃

These results prove that the anodic layer is 
non-stoichiometric PbO2. This phenomenon may be 
explained as follows. H+ ions are generated at the anode 
during PbO2 deposition, which results in a decrease of 
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Table 1 Compositional analysis of PbO2 films deposited under different conditions（molar fraction，%） 

x/% 
Solution composition Electrical parameter Temperature/℃ 

Pb O 

 J=1 mA/cm2, t=2 h 40 32.17 67.83 

 J=2 mA/cm2, t=2 h 40 34.47 65.53 

4 mol/L NaOH saturated with PbO(s) J=3 mA/cm2, t=2 h 40 38.86 61.14 

 J=4 mA/cm2, t=2 h 40 40.42 59.58 

 J=5 mA/cm2, t=2 h 40 33.59 66.41 

4 mol/L NaOH +0.10 mol/LHPbO2
− J=1.8 mA/cm2, t=2 h 40 34.17 65.83 

4 mol/L NaOH +0.12 mol/LHPbO2
− J=1.8 mA/cm2, t=2 h 40 37.26 62.74 

4 mol/L NaOH +0.14 mol/LHPbO2
− J=1.8 mA/cm2, t=2 h 40 37.48 62.52 

  30 33.30 66.70 

4 mol/L NaOH saturated with litharge PbO(s) J=2.5 mA/cm2, t=2 h 40 35.22 64.78 

  50 30.32 69.68 

 J=3 mA/cm2, t=1 h 40 35.54 64.46 

4 mol/L NaOH saturated with litharge PbO(s) J=3 mA/cm2, t=2 h 40 38.08 61.92 

 J=3 mA/cm2, t=3 h 40 38.65 61.35 

 
 

 
Fig.6 EDAX spectrum of PbO2 film 
 
the local pH at the interface. DELAHAY et al[22] 
showed that the solubility of Pb(Ⅱ) exhibited a 
minimum at pH=9.4. Therefore, the local decrease of pH 
from a highly alkaline solution induces a decrease of the 
solubility of Pb(Ⅱ) at the interface, and precipitation of 
lead hydroxide is possible from the concentrated 
plumbite solution[27]. On the other hand, a common 
feature should be noted that a porous morphology is 
favorable to increasing Pb contents of the PbO2 films. 
And highly porous film is normally formed at large 
current density or potential polarization. Such highly 
porous structure greatly increases effective area of PbO2 
film. 
 
3.4 XRD identification 

Since PbO2 can exist in two phases, XRD is used to 

identify the structure of electrodeposited PbO2. A typical 
XRD pattern of PbO2 deposited on A1/conductive 
coating electrode at constant current density of 2 
mA/cm2 for 2 h in solution containing 4 mol/L NaOH 
solutions (40 ) saturated with litharge PbO(s) is shown ℃

in Fig.7. In Fig.7, α-PbO2 can be identified from its 
intense lines (002, at 38.16˚), (200, at 42.28˚) and (132, 
at 71.54˚) and PbO from its intense line (320, at 68.2˚). 
The XRD pattern of α-PbO2 prepared from alkaline 
solution indicates the presence of PbO, but the 
characteristic peaks of β-PbO2, remarked by Miller 
number, have not been observed. The impurity is 
attributed to the co-deposition of an insoluble Pb(Ⅱ) 
compound from the alkaline plating solution containing  
 

 
Fig.7 Typical XRD pattern of PbO2 prepared in solution 
containing 4 mol/L NaOH solutions (40 ) saturated with ℃

litharge PbO(s) at 2 mA/cm2 on A1/conductive coating 
electrode for 2 h 
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lead hydroxide Pb(OH)2 or the oxide PbO. 
 
4 Conclusions 
 

1) The current density during the deposition of PbO2 
has a strong influence on the morphology of the prepared 
film. A compact and uniform layer of lead dioxide is 
obtained at the current density not higher than 3 mA/cm2. 
A further increase in current density results in a smaller 
particle with a high porosity. The optimum current 
density is 2 mA/cm2. 

2) The morphology and particle size distribution can 
be improved when the HPbO2

− concentration is 0.12 
mol/L and the bath temperature is 40 . However, ℃

α-PbO2 coating with a few pores is obtained in a very 
long plating time. 

3) It is found from EDS that the PbO2 deposited in 
alkaline conditions is highly non stoichiometric, which 
can be attributed to a porous behavior of deposited films. 
XRD pattern reveals that α-PbO2 is dominated in the 
deposit. 
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