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Abstract  

The electrode construction is the key factor for the efficient electrocatalytic 

degradation of organic contaminants. However, it is still a challenge to construct 

electrode architecture with large diffusion coefficient and high efficiency. Here, we 

used a facile method to successfully fabricate the three-dimensional macroporous 

foam architecture of PbO2 electrode that possesses the same framework as the kitchen 

low-cost macroporous sponges. This 3D architecture is monolithic and possesses 

continuously through macroporores with high interconnection. Compared with the 

traditional planar PbO2 electrode, 3D macroporous PbO2 foam has greater 

electrochemical roughness (184 versus 4.05), significantly lowered electrochemical 

impedance (29.2 versus 410 ohm), and greater diffusion coefficient (41.8×10-6 versus 
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2.29×10-6 cm2 s-1). Moreover, the electrocatalytic dye decolorization experiments 

show that 3D macroporous PbO2 foam possesses much larger first-order kinetics 

constant (40.2×10-3 versus 10.0×10-3 min-1 for highly concentrated orange II). Higher 

specific surface area, significantly enhanced mass transport, and excellent 

electrocatalytic activity of as-fabricated PbO2 foam can make it as a promising 

electrocatalytic electrode for the wastewater treatment.  

 

Key words: PbO2 foam; macroporous; monolithic; enhanced mass transport 

 

Introduction  

With the rapid development of industry, varieties of toxic organic substances, such as 

phenolic compounds, azo free/azo dyes and other biologically refractory organic 

pollutants, have been widely used and have been quite hazardous to the environment 

and humans1-3. Conventional physical-chemical processes and biological treatments 

have not always been achieving satisfactory results; therefore, disposing organic 

pollutants efficiently has become an urgent problem4-6. In recent years, 

electrocatalytic oxidation technology, as one of advanced oxidation technologies, has 

been an attractive alternative for removing bio-refractory organic pollutants because 

of its easy operation, high efficiency, fast degradation rate and environmental 

friendliness7-9. It has been known that the effectiveness of electrocatalytic oxidation 

process largely depends on the properties of electrode materials10. Among all kinds of 
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metal oxide electrodes, PbO2 anode has been widely used in electrocatalytic oxidation 

technology due to its low cost, long lifetime, and good stability11-12. To further 

enhance its performance, many researchers have made a great deal of research on the 

electrode modification. Thereinto, CNT modified electrodes have been proved to have 

excellent performance. For example, Duan et al. reported that the doping of CNT 

could effectively enhance the electrochemical activity and service time of PbO2 

electrode13-14. Ghasemi et al. also confirmed this result15.  

Up to date, two-dimensional electrodes have been most extensively employed, 

such as carbon electrodes, noble electrodes and varieties of dimensionally stable 

anodes; however, some drawbacks including mass transfer limitation, small 

space-time yield and low area-volume ratio have intrinsically existed in conventional 

two-dimensional electrodes16-17. The emerging of three-phase three-dimensional 

electrodes has provided a good solution to the above disadvantages, and the 

introduction of fragmental materials can provide high specific surface area and 

enhance the mass transfer for catalytic reactions, bringing about higher removal 

efficiency18-20. However, the obvious free-interconnection and large consumption of 

granular materials are inevitable and the re-collection is still a problem.  

The origination of three-dimensional (3D) porous architectures has given a new 

sight, and three-dimensional arrangements have been recently able to solve these 

limitations by establishing 3D porous frameworks as the structural backbone. And 

ideal 3D architecture electrodes can follow the characterizations: i) it has a porous 

framework with high interconnection and good electronic conductivity; ii) the 
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material ensures an improved electrode kinetics and mass transport and provides high 

accessible surface area; and, iii) the material as a whole is monolithic or 

self-supported so that no organic binder is needed for electrode fabrication21-24.  

In this work, we used a facile method to fabricate successfully 3D macroporous 

PbO2 foam electrode that totally meets above requirements. The easy construction of 

3D macroporous network architecture is the key to our fabrication process. The 

macroporous structure is very helpful to the access of electrolyte to the electrode 

surface and providing high specific surface area. The structure features of this 

electrode can be expected to provide superior catalytic performance for efficiently 

degrading organic contaminants.  

 

Experimental  

Carbon nanotube (CNT) sponge substrate was synthesized according to the 

Reference25. A macroporous commercially available sponge was cleaned by ethanol 

for several times, followed by completely drying and cutting into small pieces with a 

size of 2mm×10mm×15mm. Tailored sponges were dipped into CNT ink with sodium 

dodecylbenzene sulfonate as a surfactant, then removed and dried. The dipping-drying 

process was repeated for several times to increase CNT loading. Finally, the CNT 

sponges were dried in an oven at 100 °C for 24 h.  

The 3D macroporous PbO2 foam electrode was prepared by the electrodeposition 

method. The as-prepared CNT sponge and stainless steel plate served as the anode 
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and cathode, respectively. The composition of electrodposition bath was 150 g L-1 

Pb(NO3)2 and 0.5 g L-1 NaF, and the pH was adjusted to 0.5~2 through dropping the 

concentrated nitric acid. The electrodeposition process was conducted at room 

temperature with a constant current of 40 mA for 2 h. Finally, the 3D PbO2 foam 

electrode was washed by distilled water and dried. Titanium-based PbO2 electrode 

with the same apparent area was prepared as the control sample in the same condition 

except the CNT loading process. The fabrication process of 3D PbO2 foam electrode 

is schematically illustrated in the following Figure 1.  

Electrodes were characterized by scanning electron microscope (SEM, INSPECT 

S50, MAKE FEI, America) and X-ray diffractometer (XRD, Cu Kα radiation, 40 kV 

and 150 mA; X’Pert PRO, Netherlands).  

The electrochemical dye decolorization experiments were performed in 50 mL 

500 mg L-1 dye solution with the supporting electrolyte of 0.25 M Na2SO4 solution. 

The operating condition was the room temperature and the galvanostatic condition of 

80 mA with a stainless steel plate as the counter electrode. The decolorization 

processes of dyes were monitored by a UV-vis absorbance spectroscope (Agilent 

UV-Vis 8453, America), and dye solution concentrations were measured by the 

absorbance intensity at the characteristic wavelengths of 552 nm for rhodamine B, 

664 nm for methylene blue, and 484 nm for orange II.  

 

Page 6 of 15RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



7 
 

Results and discussion 

 

Figure 1 SEM images of (a) and (b) bare sponge, (c) and (d) CNT sponge, and (e) and (f) 3D PbO2 

foam electrode; (g) the schematic illustration of the fabrication process of 3D PbO2 foam electrode. The 

insets are the corresponding high magnifications.  

 

Sponge with appropriate aperture was employed as the matrix skeleton network for 

PbO2 anode. The network structure of sponge provides with continuously through 

macropores and high specific surface area: connectivity of macropores can provide 
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the convenience for liquid flowing, thus benefits the fast mass transport; high specific 

surface area can increase the loading capacity per unit area and is helpful to enhancing 

the catalytic ability of catalysts. Comparing with other kinds of 3D framework, 

sponge is smoothly constructed by three-dimensional polyester fibers and has no 

knots; this distinct 3D architecture is advantageous to acting as the continuous 

supporter for catalyst materials and guarantees the continuity and connectivity for the 

prepared three-dimensional materials. Additionally, sponge has the feature of low 

costs. Hence, sponge matrix is one of ideal templates to construct three-dimensional 

materials. The SEM image of sponge is shown in Figure 1a and displays a uniform 

and smooth network. After immersion-coating carbon nanotube, the branch of sponge 

displays a rough surface. The flexibility of carbon nanotube and the strong adhesion 

of the sponge provide an ease to wrapping carbon nanotube around the sponge 

framework, just as the skin wraps tightly onto the fiber surface. And after 

electrochemically loading PbO2, sponge is completely covered with PbO2 and 

displays a compact grain layer. Different from planar PbO2 electrode (Figure S1 

shows its SEM image), 3D PbO2 foam displays refined compact grains with no cracks. 

This result can be due to the effects of sponge substrate and carbon nanotube. 

Furthermore, 3D PbO2 foam possesses highly-through three-dimensional channel 

framework and large specific surface area: highly-through 3D structure can provide a 

convenience for fast mass transport; large specific surface area can provide lots of 

contacts catalytic active sites for contaminant removal and hence enhances the 

catalytic activity of electrode.  
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Figure 2 XRD patterns of CNT sponge and 3D macroporous PbO2 foam electrode.  

 

Figure 2 shows the XRD patterns of CNT sponge and 3D PbO2 foam electrode. 

The diffraction peak positions for PbO2 electrode coincide with those of tetragonal 

PbO2 (PDF#41-1492) with the diffraction peaks at (110), (101), (200), (211), (220), 

(310), (112), and (301), clearly showing the characteristic reflection of β-PbO2. The 

three strongest peaks are at (110), (101) and (211) planes, respectively, suggesting the 

preferred orientation along the (110), (101) and (211) crystallographic directions. The 

XRD pattern of plate PbO2 electrode is shown in Figure S1 and has three strongest 

diffraction peaks at (110), (211) and (301) planes, respectively, which is different 

from that of 3D PbO2 foam. This result can be ascribed to the induced effect of carbon 

nanotube templates. Furthermore, the cell parameters of both electrodes were 

evaluated according to Bragg’s formula. The results are a=b=4.956 Å and c=3.388 Å 

for standard PbO2, a=b=5.697 Å and c=4.030 Å for plate PbO2 electrode, and 
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a=b=4.909 Å and c=3.373 Å for 3D PbO2 foam. This result shows that 3D PbO2 foam 

possesses decreased cell parameters. Some literatures suggested that nano-carbon 

materials such as grapheme and CNT have an inductive effect on the growth or 

deposition of metal oxides, increases the forming of crystal nucleus and inhibits the 

grain growth13-14, 26-27. Thus the introduction of CNT can benefit the crystal grain 

refinement, and the result confirms this. Furthermore, the result shows that 3D PbO2 

possesses decreased cell parameters. It is considered that the lattice contraction 

induces the lattice defects, and these defects can provide active sites and enhance the 

catalytic activity.  

 

 

Figure 3 Variations of (a) adsorption efficiency, and (b) decolorization efficiency with time.  

 

To investigate the electrocatalytic ability of 3D PbO2 foam electrode, two kinds of 

dyes, azo free dyes (rhodamine B and methylene blue) and azo dye (orange II), were 

selected as the target contaminants. Firstly, dye adsorption experiments were 

performed on 3D PbO2 foam to exclude the effect of carbon nanotube on dye 

adsorption. Figure 3a shows the variation of dye adsorption with time, the adsorption 
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equilibriums are reached just within 40 min and the efficiencies are only around 9%. 

This result indicates that the carbon nanotube sponge is closely covered with amounts 

of lead oxides and that a good adhesion between sponge substrate and active oxide 

layer is realized. Electrochemical dye (rhodamine B, methylene blue and orange II) 

decolorization processes were performed in a galvanostatic condition of 20 mA cm-2 

with the initial dye concentration of 500 mg L-1 and the supporting electrolyte of 0.25 

M Na2SO4, and the results are shown in Figure 3b. High concentrations of dyes are 

decolored efficiently on 3D PbO2 foam, exhibiting the high catalytic activity of 3D 

PbO2 foam. The inset of Figure 3b shows the semi-log relationship of dye 

concentration with electrolysis time, demonstrating that the catalytic decolorization 

processes follow the first-order kinetics model. The decolorization processes on plate 

PbO2 electrode are shown in Figure S4. Compared with plate PbO2 electrode, the 3D 

PbO2 foam exhibits a much higher catalytic efficiency. Figure 4 shows the stability 

test results of 3D PbO2. The cyclic stability results show that the decolorization 

efficiency of 3D PbO2 electrode still reaches 99 % after use for five times, and 

confirm a high efficiency for the electrocatalyitc dye decolorization. Meanwhile, the 

cell potential is stable during the decolorization process; this result shows a good 

long-term stability. Figure 4b shows the SEM image of 3D PbO2 electrode after 

stability test, and most of the parts exhibit a good coverage with the active PbO2 layer.  
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Figure 4 (a) Stability test of 3D PbO2; (b) SEM image of 3D PbO2 after stability test. 

 

Some reaction parameters between planar PbO2 and 3D PbO2 foam were 

calculated (their calculation procedures are shown in the Supporting Information) and 

a comparison is shown in Table 1. The electrochemical impedance results suggest a 

significantly improved electrochemical activity for 3D PbO2, and this improved 

activity can be ascribed to both the construction of 3D sponge-like structure and the 

effect of CNTs. And the calculated results of diffusion coefficients also confirm the 

faster mass transfer on 3D PbO2. All these results demonstrate the excellent 

advantages of 3D PbO2 foam.  
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Table 1 Reaction Parameters on planar PbO2 and 3D PbO2 foam.  

 Planar PbO2 3D PbO2 foam 

Electrochemical impedance / ohm 410 29.2 

Diffusion coefficient / cm2 s-1 2.29×10-6 41.8×10-6 

First-order kinetics 

constants for dye 

decolorization / min-1 

RhB 6.91×10-3 25.2×10-3 

MB 9.39×10-3 35.5×10-3 

O II 10.0×10-3 40.2×10-3 

 

Conclusions  

In summary, we have developed the three-dimensional macroporous framework to 

facilely construct the novel structured PbO2 electrode. This PbO2 electrode exhibits 

the structure of three-dimensional uniform foam and high catalytic efficiency for dye 

treatment in wastewater. Furthermore, we expect that the three-dimensional PbO2 

foam approach described in our work may provide new opportunities to develop the 

three-dimensional electrocatalytic electrode.  
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