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This paper presents growth of titania nanotubes by electrochemical oxidation (anodizing) approach of titanium foil in 
fluoride-based ion electrolyte. The ammonium fluoride (NH4F) concentration was varied from 0.6 to 1.5 wt.% and its effects 
on the morphology of titania  nanotubes were investigated. The inner diameters were affected by the concentration of 
electrolyte, it was observed that arrays of titania nanotubes with pores diameter ranging from 15 to 115 nm can be prepared 
by using NH4F electrolyte. The study showed that the titania nanotube arrays formed by anodization were more uniformly 
arranged at low concentration fluoride-based electrolyte.  In addition, from field emission scanning electron microscope 
(FESEM), a very interesting structure, i.e. small pores formed in bigger pore, was observed. 
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1. Introduction 
 
Recently, nanoscale structures of TiO2 have attracted 

interesting scientific and technological attention due to 
their potential applications in various fields. For examples, 
nanoscale structures of TiO2 are used in photocatalysts [1], 
dye sensitized solar cells [2], hydrogen sensor [3, 4] and 
water splitting [5]. Xiaobo Chen reported that the TiO2 
nanotube arrays photoanodes could generate H2 by H2O 
photoelectrolysis with a photoconversion efficiency of 
12.25% [5]. Much effort has been focused on the synthesis 
of titania nanotube arrays prepared by nano-imprint, sol-
gel coating, or electrochemical oxidation. In the 
anodization process, TiO2 nanotubes are formed by 
anodization of titanium foil in suitable electrolyte 
conditions [6-10]. 

In this work, the morphologies of TiO2 nanotube 
arrays fabricated by various electrolyte concentrations 
were investigated. TiO2 nanotubes on titanium foil have 
been successfully fabricated by using ammonium fluoride 
(NH4F) dissolved in a mixture of deionized water (DI) 
with glycerol to increase the smoothness of nanotube walls. 

 
 
2. Experimental details 
 
Ti foils (99.7% purity, Strem Chemicals) with 8.0 cm2 

surface area and thickness of 0.127 mm were polished to a 
mirror quality smooth finish using silicon carbide 
sandpaper of successively finer grits (600, 1200) and 
degreased ultrasonically in DI for 5 minutes followed by 
rinsing with ethanol and dried in nitrogen stream. After 
drying, the samples were anodized in NH4F (0.6-1.5 wt.%) 
with mixture of glycerol and DI. The anodization was 
performed in a two-electrode configuration bath with Ti 
foil as the anode and the platinum rod as the counter 
electrode. The electrolyte solution was generally not 

stirred during anodization. The electrolyte was maintained 
at room temperature. The anodization voltage was fixed at 
20V and duration of anodizing was 60 minutes. The 
distance between anode and cathode was kept at 3.5cm. 
The samples generated by 0.6, 0.8, 1.1 and 1.5 wt.% were 
denoted as S1, S2, S3 and S4, respectively.  

After anodization, the samples were cleaned again 
ultrasonically in DI and then rinsed with ethanol and dried 
in nitrogen stream. The effects of different electrolyte 
concentrations on the surface morphologies of TiO2 
nanotubes were analyzed by field emission scanning 
electron microscope (FE-SEM, Leo Supra 50VP) with an 
accelerating voltage of 15kV. 

 
 
3. Results and discussion 
 
Titania nanotubes formation mechanism has been well 

established and basically it could be summarized as [11, 
12] : (1) Oxidation of Ti metal to form TiO2; (2) formation 
of pit on the oxide layer; (3) growth of pits into pores; (4) 
oxidation and field-assisted dissolution of the metallic part 
between the pores; (5) nanotubes were formed.  

In this work, the effects of electrolyte concentrations 
on the formation of TiO2 nanotubes were investigated. 
When titanium samples were anodized in NH4F solution, 
structures of the anodized titanium samples changed 
remarkably along with the changing of electrolyte 
concentrations. Fig. 1 shows the low magnification FE-
SEM images of the top view TiO2 nanotube arrays, which 
were generated under different concentrations of 
electrolyte, i.e. 0.6 wt.%, 0.8 wt.%, 1.1 wt.%, and 1.5 
wt.%, anodized at 20V for 60 min.  Among the samples, 
the nanotubes are most orderly formed in S1 as shown in 
Fig. 1(a). In contrast, the nanotubes in higher 
concentration were observed to be relatively less orderly 
formed, i.e. S4, as shown in Fig. 1(d). 
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Fig. 1. FE-SEM images of TiO2 nanotubes formed under various NH4F concentrations fixed at 20V for 60 min: (a) S1, (b) S2, (c) 
S3 and (d) S4. 

 
Based on the FE-SEM images in Fig. 1, an analysis on 

the pore size of titania nanotubes has been carried out. A 
large population of nanotubes for each sample have been 
taken to analyze the inner diameter distribution of 
nanotubes. Fig. 2 shows the inner diameter distribution of 
nanotubes formed under different NH4F concentrations. 
From the statistical data, inner diameter could be affected 

by concentration of electrolyte. The peaks of inner 
diameter of sample S1, S2, S3 and S4 were found to be 65, 
45, 35 and 45nm, respectively. Fig. 2 shows that the peaks 
of the inner diameters gradually shifted to smaller values 
and reached the smallest peak value at 35nm for sample S3. 
The subsequent increase of electrolyte concentration 
would not further reduce the inner diameter peak value. 

 

 
 

Fig. 2. Inner diameters distribution curve of TiO2 nanotubes formed in various NH4F concentrations under 20 V for 60 min.: (a) 
0.6 wt.%; (b) 0.8 wt.%; (c) 1.1 wt.%, and (d) 1.5 wt.%. 
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Table 1 shows the energy dispersive X-ray (EDX) 

analysis result of the samples under different electrolyte 
concentrations.  EDX analysis data confirmed the elements 
exist in nanotubes including titanium, oxygen and fluorine. 
The atomic percentage ratio of titanium to oxygen in S1, 
S2, S3 and S4 was determined to be 0.61, 0.68, 0.68 and 
0.61, respectively. The presence of small amount of 
fluorine was due to the use of fluoride-based electrolyte, 
and its atomic percentage slightly increased with the 
electrolyte concentration. On the other hand, the atomic 
percentage of titanium and oxygen were found to be 
relatively constant with electrolyte concentrations. This 
showed that the change of electrolyte concentrations 
would not significantly affect the compositions of the 
Titania nanotubes.  

 
Table 1. EDX analysis data of four titania nanotubes 
samples under different electrolyte concentrations. 

 
Atomic percentage, % Element 

S1           
(0.6 wt. %) 

S2 
(0.8 wt. %) 

S3 
(1.1 wt.%) 

S4 
(1.5 wt. 

%) 
Titanium 35.27 37.37 37.12 34.92 
Oxygen 57.54 55.22 54.83 56.91 
Fluorine 7.19 7.42 8.05 8.17 

 
Fig. 3 shows a higher magnification of FE-SEM 

image for S3 sample. A careful examination on the S3 
surface morphology revealed a very interesting structure 
formed in this sample.  Inset in Fig. 3 illustrates the 
enlargement of this structure found at location (i). The 
inset clearly shows that a few small pores were present 
within the bigger pores. These structures were hardly 
found at tatania nanotube samples synthesized at lower 
electrolyte concentrations, i.e. 0.6. and 0.8 wt%. To the 
best of our knowledge, this kind of structure has not been 
observed and reported in the literature. The underlying 
microscopic growth model which describes the presence 
of small pores in bigger pores is still not well understood. 
Intensive work is underway to further investigate the 
growth mechanism of this newly discovered structure.  

 

 
Fig. 3. The presence of small pores within larger pore on 

S3. Inset shows the enlargement of nanotubes at  
locations (i). 

4. Conclusions 
 
In summary, we have used FE-SEM to characterize 

the TiO2 nanotubes samples synthesized under different 

fluoride-based electrolyte concentrations. Among the 
samples, the nanotubes were most orderly formed in 0.6 
wt.% electrolyte. In contrast, the nanotubes synthesized at 
higher concentrations were observed to be less orderly 
formed. The peaks of inner diameter at concentration of 
0.6, 0.8, 1.1 and 1.5 wt.% were found to be 65, 45, 35 and 
45nm, respectively. The peaks shifted to smaller values 
and reached the smallest peak value at 1.1 wt.%. The 
subsequent increase of electrolyte would not further 
reduce the inner diameter peak value. Apart from that, a 
very interesting structure was observed in which small 
pores were found within the larger pores.  

 
 
Acknowledgements 
 
The authors would like to thank Universiti Sains 

Malaysia for sponsoring this research project under Short 
Term Grant: 304/PFIZIK/638156 and Incentive Grant: 
1001/PFIZIK/821066. 

 
 
References 

 
  [1] Akira Fujishima, Tata N. Rao, Donald A. Tryk,  
        Journal of Photochemistry and Photobiology C:  
        Photochemistry Reviews 1, 1 (2000). 
  [2] DaoaiWang, Bo Yu, Feng Zhou,  
        ChengweiWang,Weimin Liu, Materials Chemistry  
         and Physics 113,  602 (2009). 
  [3] Gopal K. Mor, Oomman K. Varghese, Maggie  
        Paulose, Keat G. Ong, Craig A. Grimes, Thin Solid  
        Films 496, 42 (2006). 
  [4] Oomman K. Varghese, Dawei Gong, Maggie Paulose,  
        Keat G. Ong, Craig A. Grimes, Sensors and Actuators  
        B 93, 338 (2003). 
  [5] Xiaobo Chen and Samuel S. Mao, Chem. Rev. 107,  
        2891 (2007). 
  [6] Jan M. Macak, Patrik Schmuki, Electrochimica Acta  
        52, 1258 (2006) 4. 
  [7] V. Vega, M.A. Cerdeira, V.M. Prida, D. Alberts, N.  
        Bordel, R. Pereiro, F. Mera, S. García, M.  
        Hernández-Vélez, M. Vázquez, Journal of Non- 
        Crystalline Solids 354, 5233 (2008). 
  [8] Byung-Gwan LEE, Jin-Wook CHOI, Seong-Eun LEE,  
        Yong-Soo JEONG, Han-Jun OH, Choong-Soo CHI,  
        Trans. Nonferrous Met. Soc. China 19, 842 (2009). 
  [9] V. M. Prida, E. Manova, V. Vega, M. Hernandez- 
        Velez, P. Aranda, K. R. Pirota, M. Va′ zquez, E.  
        Ruiz-Hitzky, Journal of Magnetism and Magnetic  
        Materials 316, 110 (2007). 
[10] Que Anh Nguyen, Y.V. Bhargava, T. M. Devine,  
        Electrochemistry Communications 10, 471 (2008). 
[11] Jianling Zhao, Xiaohui Wang, Renzheng Chen,  
        Longtu Li, Solid State Communications 134, 705  
        (2005). 
[12] Byung-Gwan Lee, Jin-Wook Choi, Seong-Eun Lee,  
        Yong-Soo Jeong, Han-Jun Oh, Choong-Soo Chi,  
        Trans. Nonferrous Met. Soc. China 19, 842 (2009). 
______________________ 
*Corresponding author: yamfk@yahoo.com 
 


