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A novel Ti/Sb-SnO2-GO/PbO2 electrode was prepared for the water treatment technology. The Sb-

SnO2-GO layer was successfully prepared by thermal deposition on Ti substrate, and the PbO2 film 

was loaded as the working surface by electrodeposition method. Both of the preparation process of the 

interlayer Sb-SnO2-GO and PbO2 coatings were optimized. The electrochemical degradation of 

hydrazine hydrate was investigated in different conditions using the optimized electrode. The results 

showed that the electrochemical oxidation was so efficient that the ultralow-concentrated hydrazine 

was almost completely removed from water. 
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1. INTRODUCTION 

With the development of the technologies, the requirement of newer chemicals has been 

increasing. Some of the chemicals turn into pollutants in water, so a number of researchers have 

devoted into the development of water treatment to seek the technology that takes advantage of high 

efficiency and low energy consumption. Electrochemical oxidation is a potential water treatment 

technology to solve this environmental problem [1-4]. By this way, the pollutants are destroyed by 

directly or indirectly electrochemical oxidation, and no additional chemical is required, which may 

cause the secondary pollution [5-7]. Therefore, this technology gains increasing attention because of its 

mild reaction conditions, relatively low energy consumption, simple operations, and easy to combine 

with other technologies [8-10]. 

Hydrazine hydrate is an important chemical, which is widely used in pharmaceutical, dyes, 

military, aerospace and other fields
 
[11]. But it is worth noting that the hydrazine hydrate seriously 

injures human’s internal organs, blood system and nervous system [12, 13],
 
and its toxicity can be 
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accumulated. At present, hydrazine hydrate has been recognized as one of the important harmful 

substances as a carcinogen [14]. According to the national standard of China, the maximum allowable 

concentration of hydrazine hydrate in surface water is 0.01mg/L. The treatment of hydrazine in 

wastewater has attracted much attention [15].
 
 

The electrochemical degradation is a safe, efficient and convenient water treatment method. 

DSA (Dimensional Stable Anode) electrode is a type of high efficiency and energy saving electrode 

that had been developed since 1950s. Titanium is usually used as the substrate, and a metal oxide such 

as IrO2 [16], RuO2 [17], Pt [18], SnO2 [19] or PbO2 [20] is coated on the surface. It is an ideal anode 

material for electrochemical treatment of wastewater for its high oxygen over-potential, stability and 

relative low cost [21]. But the service life of Ti/ Sb-SnO2-GO electrode is short which limits its further 

applications [22]. Lead oxide electrode is widely used in electro-synthesis [23, 24], lead-acid battery 

[25, 26] and organic wastewater treatment [27] because of its high oxidation potential, good 

electrochemical stability and low cost. However, some defects of PbO2 electrode limit its further 

application in industry [28, 29]. The adhesion of the oxides active layer (PbO2) and the substrate isn’t 

strong enough and the internal stress is great, so the PbO2 coating layer is easy to detach [30]. This 

may lead to the collapse of active layer. Therefore, various ways have been explored to improve the 

PbO2 electrode, such as modifying the titanium substrate [31] or adding metal or nonmetal ions (F
-
, 

Fe
3+

, Ce
3+

, CO
2+

) [32-35] in the PbO2 films. 

In this work, we integrated graphene oxide (GO) to decrease the inner stress of the PbO2 

electrode. Graphene oxide (GO) is a non-traditional soft material with a very high tensile strength and 

mechanical strength [36], which has been widely applied in polymer and inorganic composite 

materials [37]. It has the characteristic likeness of polymers, colloids and thin films, and as an 

amphiphilic molecular structure that can remarkably reduce the interfacial energy. Moreover, it has 

specific surface area and abundant surface functional groups [38], which makes it easy to disperse in 

solvents and coordinate to metal oxide. In this study, graphene oxide was doped into the interlayer (Sb-

SnO2) of Ti/Sb-SnO2-GO/PbO2 electrode as a buffer component to reduce the distortion of the 

electrode, and increase the affinity between the substrate and the surface layer.  

 

 

 

2. EXPERIMENTAL 

2.1 Reagents  

All chemicals were reagent grade. Pb(NO3)2, N2H4·H2O, HNO3, SnCl4·5H2O, SbCl3 and other 

reagents were obtained from Sinopharm Chemical Reagent Co. Ltd, China. All reagents were used 

without further purification and all solutions were prepared with de-ionized (DI) water.  

2.2 Preparation of Ti/Sb-SnO2-GO/PbO2 electrode  

The graphite oxide was prepared by improved Hummers method [39]. 1g graphene oxide was 

added into 200 mL deionized water and ultrasonically dispersed for 3h to obtain a homogeneous GO 

aqueous solution (5 mg/mL). High-purity (99.7%) titanium plates (10 mm×60 mm×0.5 mm) were used 
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as the substrate materials. The titanium sheets were pre-treated by mechanically polishing, ultrasonic 

cleaning, degreasing with 5% NaOH solution, soaking in 10% H2SO4 for 1 h, and then etching in 10% 

oxalic acid for 2 h. Finally, it was washed with DI water and kept in 1% oxalic acid solution.  

After pretreatment, a Sb-SnO2-GO interlayer was fabricated on the titanium substrate by 

repeated coating and pyrolysis that can be described as following. A mixture of hydrochloric acid (10 

mL) and n-butyl alcohol (30 mL) containing SnCl4·5H2O、SbCl3 and 1 mL of as-prepared graphene 

oxide solutions was configured. The pretreated Ti substrate was dipped in the solution using a dip 

coater, and dried at 130 
o
C for 10 min, at last calcinated for 15 min in a muffle furnace at 450 

o
C. This 

procedure was repeated for the specified times. This gave the Ti/Sb-SnO2-GO that was directly used 

for electrodeposition of PbO2.  

Electrodeposition of β-PbO2 was carried out in a single electrochemical cell that was filled with 

0.15 M HNO3 + 0.5 M Pb(NO3)2 + 0.04 M NaF and by the constant current method. Ti/Sb-SnO2-GO 

substrate with an effective working area of 10 mm×10 mm was used as the anode, while the counter 

electrode was a graphite plate with a geometric size of 20 mm×10 mm. The electrode gap was 15 mm, 

and magnetic stirring was used to enhance the electrolyte diffusion. The preparation of electrode was 

optimized by varying deposition current densities, deposition times and deposition temperatures, which 

were specified in each discussion section. Scheme 1 shows the preparation of Ti/Sb–SnO2-GO/PbO2 

electrode. 

  

Scheme 1 Schematic illustration for the preparation of Ti/Sb-SnO2-GO/PbO2 electrode. 

 

2.3 Morphological and electrochemical characterization 

The morphology was studied by a scanning electron microscope (SEM, Carl Zeiss AG Ultra 

Plus). X-ray diffraction data was characterized by a PAN analytical X'Pert Pro X-ray diffractometer 

with Cu Kα (λ=0.15418 nm). All the electrochemical behavior of the electrodes is tested on a CS150 

electrochemical workstation (Corrtest, Wuhan). In this work, a three-electrode system was used. The 

as-prepared electrode was used as the working electrode with a test area of 10 mm×10 mm, while the 

platinum electrode worked as the counter electrode, and the saturated calomel electrode (SCE) worked 

as the reference electrode. Electrochemical degradation experiments of N2H4·H2O were carried out 

using a solution of 100 mL of 4.74 mg/L hydrazine hydrate solution. The potential was referred to the 

reference electrode. The residual concentration of hydrazine was determined according to the reported 

method [40, 41]. The removal efficiency was calculated as following: 

Removal efficiency = ×100% 

A0 is the initial sample’s absorbance at 458 nm of the hydrazine that was colorized by p-

dimethylaminobenzaldehyde. At is the absorbance of the sample at a given time. 
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3. RESULTS AND DISCUSSION 

We investigated the Influence of preparation processes on structure and properties of the 

electrode, including the coating numbers of Sb-SnO2-GO, and the electrodeposition conditions of 

working layer PbO2. 

3.1 The coating numbers of interlayer Sb-SnO2-GO 

 

 
 

Figure 1. Cyclic voltammograms for Ti/Sb-SnO2-GO of different coating layers with sweep rates from 

5 to 200 mV s
-1

 in 0.25 M Na2SO4 solution: (a) 5 layers; (b) 10 layers; (c) 15 layers; (d) 20 

layers. 

 

The effect of coating numbers on the substrate was estimated by the relative roughness factor, 

which was deduced from measuring the cyclic voltammetry (CV) of Ti/Sb-SnO2-GO electrodes. Fig.1 

illustrates the cyclic voltammograms of electrodes with different coating times in 0.25 M Na2SO4 at the 

sweep frequency from 5mV/s to 200mV/s within 0.6-0.8V. Because the surface of the electrode is 
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conductive oxides, the double layer charging current is linearly relied on the sweep rate. The insets are 

plots of the current densities at 0.7 V towards the sweep rates. The actual capacitances of the 

electrodes are calculated from the slope. Comparing the capacitances with that of smooth oxide surface 

(60 μF·cm
-2

) gives the roughness factor [42], which reflects the real surface area of the electrode. 

The roughness factors of the various layers of the electrodes are shown in Fig. 2. As the number 

of layer increase, the relative roughness factor raised. The value of a substrate coated with 15 layers of 

metal oxide was 17.6, while the 5-layered one was only 4.3. However, the roughness factor of 

electrode coated with 20 layers was not significantly higher than the 15-layered one. Thus, increasing 

coating times can enhance the roughness and the actual surface area of the metal oxide [43], which 

enhances the binding strength between the oxides active layer and the interlayer. 

 

 

Figure 2. The relative roughness factors of Ti/Sb-SnO2-GO with different coating layers. 

 

3.2 Effect of Electrodeposition Conditions on Electrode Performance 

3.2.1 Effect of deposition current density 

The PbO2 films were deposited on the optimized Ti/Sb-SnO2-GO substrate under various 

deposition current density at 50 
o
C for 60 minutes. The microstructure of the PbO2 coatings were 

observed by SEM. Fig.3 shows the surface morphology of the PbO2 coatings deposited at different 

current densities. The PbO2 coating obtained at 5 mA/cm
2
 demonstrate a close pyramid shape, and the 

interface between the crystallites is regular and clear. With the increasing of the current density, the 

shape of the crystallite gradually changes from the original Pyramid-like structure to a mixture of 

Pyramid-like and spherical structure, and the size of the crystals become smaller.  
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Figure 3. SEM of PbO2 coatings at various deposition current densities: (a) 5 mA/cm
2
; (b) 10 mA/cm

2
; 

(c) 15 mA/cm
2
; (d) 20 mA/cm

2
; (e) 25 mA/cm

2
. 

 

In order to further investigate the influence of deposition current density, the depolarization of 

methylene blue (MB) solution was carried out in a three-electrode cell system, in which 250 mL of 

MB solution (50 mg﹒L
-1

) was electro-oxidized under the current density of 20 mA/cm
2
. The removal 

ratio of MB at different time is shown in Fig.4. The degradation on the 5 mA/cm
2
 deposited electrode 

reached 70% within 120 minutes, while other electrodes gave lower value. All the degradation 

processes are fitted according to the pseudo-first-order reaction model [44] with good linear 
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relationship. The kinetics constants of degradation for 5, 10, 15, 20, 25 mA/cm
2
 deposited electrode 

are 1.05 × 10
-2

 min-1, 9.85 × 10
-3 

min
-1

, 7.19 × 10
-3

 min
-1

, 6.78 × 10
-3

 min
-1

, 7.71 × 10
-3

 min
-1

, 

respectively. The results showed that the electrode prepared at 5 mA/cm
2
 deposition gave the fastest 

degradation rate.  

Considering the microstructure and CV of the electrode, it can be explained that electrode 

prepared at 5 mA/cm
2
 gave the fastest degradation rate, and the reaction rate is related to the electron 

conduction velocity of different crystallites. The connectivity between the pyramid-shaped micro-

crystals is better than spherical structure [45]. We determined that the 5 mA/cm
2
 was the optimal 

deposition current density.  

 

 

Figure 4. Decolorization efficiencies of MB on Ti/Sb–SnO2/PbO2 electrodes deposited at different 

current densities. 

3.2.2 Effect of deposition time  

X-ray diffractions were employed to determine the crystal characteristics of the PbO2 coatings. 

Fig. 5(a) presents the XRD patterns of the PbO2 electrodes with various deposition time of 5, 30, 60 

and 90 min at the optimized current density that was 5 mA/cm
2
. When the deposition time is 5 min, the 

surface of the substrate is covered with the lead dioxide coating, but there is still a tiny diffraction peak 

of SnO2. It indicates that the coating of tin-antimony oxide is not completely covered. We can assign 

the diffraction peaks of (110) (200) (211) (301) (202) planes of the -PbO2, and the deposited crystals 

don’t show preferential orientation. The diffraction peak of undercoat SnO2 disappears when the 

deposition time is more than 30min. The peaks corresponding to (110), (310), (112) and (321) planes 

become weaker, while the peak of (101) and (301) planes grow continuously after 30 minutes coating. 

At the early stage of deposition, lead dioxide crystals grow randomly along the nucleuses that generate 

on the tin-antimony oxide to form a coating film. When the substrate is completely covered, the film 

grows along some certain orientations that favorite the crystal growth. The type or intensity of the 

diffraction peaks does not change obviously after depositing for more than 60 minutes.  
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Cyclic voltammograms of the electrodes with different deposition time are shown in Fig.5(b). 

The oxidation peak current density increases as the deposition time extends, but no improvement can 

be obtained when the deposition time is longer than 60 minutes. The best deposition time is 60min. 

；  

Figure 5. (a) XRD diffractograms (b) Cyclic voltammograms of the PbO2 coatings for different 

deposition time: (a) 5 min; (b) 30 min; (c) 60 min; (d) 90 min. 

3.2.3 Effect of deposition temperature 

Fig. 6 shows the SEM micrographs of the β-PbO2 coatings at different deposition temperatures 

(i.e. 35 
o
C, 45 

o
C, 55 

o
C, 65 

o
C and 75 

o
C). The electrodes were prepared at a deposition current 

density 5 mA/cm
2
 for 60 min. The results show that the temperature affects the nucleation and growth 

of β-PbO2 crystals. It can be deduced that the preferred orientations of the crystal growth are different 

at various temperatures, as a result the crystals show different morphology. When the deposition 

temperature is 35 
o
C, the crystals on the electrode surface show a worm-like structure. As the 

temperature raises, the crystallites of β-PbO2 coating begin to change to an angular pyramid shape. 

This explanation is supported by our results and others [46, 47]. When the temperature reaches 65 
o
C, 

the crystal of the electrode surface shows a compact pyramidal structure and presents a clear interface, 

which is highly conductive.  
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Figure 6. SEM of PbO2 coatings deposited at various temperature: (a) 35 
o
C; (b) 45 

o
C; (c) 55 

o
C; (d) 

65 
o
C; (e) 75 

o
C. 

 

Moreover, the size of β-PbO2 crystallites is larger under the higher electrodeposition 

temperature. However, the surface appears obvious fragmentation and holes at a deposition 

temperature of 75 
o
C. This may cause the infiltration of the electrolyte then decline the life of the 

working electrodes. So the 65 
o
C is chosen as the optimized deposition temperature. 

As shown in Fig.7, the degradation of MB was carried out to further evaluate the effect of 

electrolyte temperature on the electrocatalytic performance of the electrode. The degradation processes 

are fitted as the pseudo-first-order reaction model with excellent linear relationship. The kinetics 

constants of degradation for the 35, 45, 55, 65, 75 
o
C prepared electrodes are 7.99×10

-3
 min

-1、

9.18×10
-3

 min
-1、1.01×10

-2
 min

-1、1.18×10
-2 

min
-1

 and 1.31×10
-2

 min
-1

, respectively. This makes sure 

that the catalytic performance of the electrode benefits from the rising of deposition temperature. Thus, 

the optimized deposition temperature was determined to be 65 
o
C. 
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Figure 7. Electrochemical decolorization efficiencies of MB using Ti/Sb-SnO2-GO/PbO2 electrodes 

prepared at different deposition temperatures. 

 

3.3 Electrochemical degradation of N2H4·H2O in wastewater over Ti/Sb-SnO2-GO/PbO2 electrode  

3.3.1 Optimization of degradation potential 

 

Figure 8. The effect of electric potential on N2H4·H2O removal percentage (electrolyte concentration 

0.1 mol/L, initial concentration of N2H4·H2O 4.74 mg/L, pH =7, electrode gap 3 mm, room 

temperature) 

 

To prevent the chemical reduction of lead dioxide electrode, the electro oxidation potential was 

set at not lower than the oxidation potential of Pb
2+

 that is 1.67V. The optimization of reaction 

potential range for the hydrazine hydrate degradation was 1.67-1.69V. Fig.8 shows that after 

electrolyzed for 50 minutes, the degradation rates of hydrazine hydrate are 62.6%, 100% and 48.9% at 

the potentials of 1.67 V, 1.68 V and 1.69 V, respectively. The results indicate that the electrochemical 

oxidation of hydrazine at 1.67 V and 1.68 V fit to the pseudo-zero-order reaction. The kinetic constants 

are shown in Table 2 with good linear relationship. At potentials of 1.67 V or 1.68 V, the degradation 

rates of hydrazine hydrate don’t decline with the decreasing of the hydrazine concentration. However, 

when the electrolysis is performed at 1.69V, the degradation slows down as the reaction proceeds. The 
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possible reason is that 1.69 V reaches the splitting voltage of water on the β-PbO2 electrode [48], and 

the side reaction raises with the concentration of hydrazine hydrate gradually decreases. In summary, 

1.68 V is the optimal potential for the removal of N2H4·H2O on the PbO2 electrode. 

 

Table 2. Degradation kinetics constant (k/mmol·dm
-3

·min
-1

) of N2H4·H2O in different electric 

potentials. 

 

 

 

 

 

3.3.2 Effect of electrode distance  

The distance between the anode and the cathode is an important factor in electrolysis. An 

appropriate electrode gap is helpful to achieve better removal of hydrazine hydrate as well as lower 

energy consumption. The electrode was tested at the distance of 3 mm, 1cm and 1.5 cm, and the results 

are shown in Fig.9. Within 50 min, the degradation rate of hydrazine hydrate reaches almost 100%on 

the electrodes with 3 mm distance. All the degradation processes are fitted according to the pseudo-

zero-order reaction model and as listed in Table 3, the kinetics constants on different electrode spacing 

are 1.91×10
-3

,1.1×10
-3

 and 0.9×10
-3

 mmol·dm
-3

·min
-1

. The results show that the electrode spacing 

significantly affect the removal of hydrazine hydrate, and the efficiency decreases with the increasing 

of the distance between electrodes. This is because that small gap generates low resistance between the 

electrodes, and the electric field strength and the current are greater, the removal rates will be enhanced. 

However, shortening the electrode spacing will increase the real-time flow rate between the electrodes 

in the industrial application, which may cause a greater erosion of the electrode. Nevertheless, due to 

the addition of GO in the interlayer Sb-SnO2, the PbO2 electrodes with relatively flexible interlayer can 

show higher service life. 

Interestingly, we find that logarithm of electrode distances (ln ) fitted to the kinetics constants 

(k) with the good linear ship (figure 9, b). As the electrolysis cell is a parallel electrode system, this 

linearship means the reaction rate is related to the electric field strength between the anode and the 

cathode. The relationship may be valuable to be further investigated.  

 

Table 3. Degradation kinetics constant (k/mmol·dm
-3

·min
-1

) of N2H4·H2O in different electrode gaps. 

Electrode gap 3 mm 1 cm 1.5 cm 

k/mmol·dm
-3

·min
-1

 1.91×10
-3

 1.1×10
-3

 9×10
-4

 

R
2
 0.997 0.996 0.998 

 

Potential 1.67V 1.68V 1.69V 

k/mmol·dm
-3·

min
-1

 9.6×10
-4

 1.91×10
-3

 ﹨ 

R
2
 0.996 0.996 ﹨ 
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Figure 9. (a) The effect of electrode gap on N2H4·H2O removal efficiency (b) kinetic constant –lnδ, δ 

means the electrode gap (electrolyte concentration 0.1 mol/L, initial concentration of 

N2H4·H2O 4.74 mg/L, pH =7, electric potential 1.68 V, room temperature) 

 

4. CONCLUSION 

The influence of Ti/Sb-SnO2-GO coating times on the electrode performance is investigated. 

The results show that it is favorable to increase the roughness factor of composite metal oxide layer, 

which is beneficial to increase the surface area of the electrode and the deposition of the active layer. 

The important experimental parameters in the deposition process of lead oxide were discussed. The 

morphologies of electrodes prepared at various current densities are different. The electrodes with 

pyramid-shaped crystals have higher electrode activity. The crystals of the electrode prepared at 65 
o
C 

show a close pyramidal shape, and the electrochemical oxidation performance is the best. Increasing 

the deposition time in a certain range will increase the coverage of the oxides active layer, and improve 

electro-catalytic performance of the electrodes. 

The effects of potential, electrode spacing and electrolyte concentration on the degradation rate 

of hydrazine hydrate are discussed. The degradation process at constant potential conforms to zero-
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order kinetics. The Ti/Sb-SnO2-GO/PbO2 electrode prepared in this paper has good degradation effect 

on residual trace hydrazine hydrate in water. The initial concentration of N2H4·H2O 4.74mg/L, in the 

1.68V potential, the electrode spacing of 3mm, can be degraded completely within 15min.  
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