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Abstract: Highly ordered ZrO2 nanotube arrays (ZrO2-NTs) were prepared by anodic oxidation in PEG-200 electrolyte 

containing NH4F. The effects of oxidation voltage, oxidation time and water content of the electrolyte on the morphology 

and structure of ZrO2-NTs were investigated intensively. Furthermore, the growth mechanism of ZrO2-NTs in PEG-200 

electrolyte was discussed. Equivalent circuit model Rs(QfRf)(QdRc) was used to analyze the electrochemical impedance of 

ZrO2-NTs. The results show that the formation of ZrO2-NTs in this system experiences oxidation, hydrolysis-nucleation 

and oxide film dissolution processes. The oxidation voltage, oxidation time and water content in the electrolyte are 

important factors on the growth of ZrO2-NTs. Highly ordered ZrO2-NTs with tube diameters arranging from 100 to 120 

nm can be obtained in PEG-200 containing 1.0% NH4F (mass fraction) and 5% H2O (volume fraction) at potential of 20 

V for 3 h. The impedance analysis results indicate that the interface charge transfer resistance of the ZrO2 film is large.  
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Fig. 1  FESEM top view images of anodic zirconia prepared 

in PEG-200 containing 1.0% NH4F (mass fraction) and 5% 

H2O at potentials of 10 (a), 20 (b) and 30 V (c) for 3 h 
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Fig. 2  Current�time curves for anodization of zirconium in 

PEG-200 under different potentials 
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Fig. 3  SEM surface morphologies of anodic zirconia prepared 

in PEG-200 with different water contents (volume fraction) at 

oxidation potential of 20 V, oxidation time of 3 h and oxidation 

temperature of 30 : (a) 1%; (b) 5%; (c) 10% 
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Fig. 4  SEM surface morphologies of anodic zirconia 

prepared in PEG-200 containing 1.0% NH4F (mass 

fraction) and 5% H2O (volume fraction) with different 

oxidation times and EDS spectrum for zirconia sample 

anodized for 0.5 h (inset in Fig. (c) is cross-section image): 

(a) 0.5 h; (b) 1 h; (c) 3 h; (d) 5 h; (e) EDS spectrum 
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5  1.0% NH4F( ) 5% H2O( ) PEG-200 ZrO2-NTs  

Fig. 5  Schematic illustration of ZrO2-NTs grown in PEG-200 containing 1.0% NH4F (mass fraction) and 5% H2O (volume fraction) 

 

 

6  1 mol/L (NH4)2SO4 Nyquist  

Fig. 6  Nyquist diagram (a) and phase angle plots (b) of anodic zirconia prepared at different oxidation times in 1 mol/L (NH4)2SO4 

electrolyte 
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1  Rs(QfRf)(QdRc)  

Table 1  Fitting results derived with equivalent circuit Rs(QfRf)(QdRc) 

Oxidation 

time/h 
Rs/(�·cm2) Qd/(�F·cm�2) n1 Rc/(�·cm2) Qf/(�F·cm�2) n2 Rf/(�·cm2) 

0.5 1.761 0.5148 0.8002 6.693 9.728 0.9509 6.146 105 

1 2.856 3.515 0.8011 5.035 2.568 0.9225 8.935 105 

3 2.626 15.51 0.7969 3900 2.238 0.9198 2.56 106 
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Fig. 7  Equivalent circuit model of ZrO2-NTs in 1 mol/L 

(NH4)2SO4 solution 
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