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ABSTRACT 
 
We report the fabrication of self-organized TiO2 nanotubes employing potentiostatic and galvanostatic anodization. 
A comparative study is carried out to evaluate the influence of the synthetic modes on the structural and 
electrochemical behaviors of the samples. Structural and morphological characteristics are investigated using X-ray 
diffraction and field emission scanning electron microscopy. Electrochemical properties are studied by cyclic 
voltammetry, chronopotentiometry and electrochemical impedance spectroscopy. The sample prepared by 
galvanostatic approach demonstrates better capacitive performance than the sample prepared by potentiostatic 
mode. The enhanced electrochemical behavior is owing to tubular structure with higher accessible surface area of 
TiO2 nanotubes.  
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INTRODUCTION 
 

The ever growing energy demands motivate researchers to pursuit sustainable and renewable resources. Energy 
storage devices are equally significant as energy conversion systems for leveling the cyclic nature of renewable 
sources [1-2]. Among the energy storage devices, supercapacitors or electrochemical capacitors (ECs) have gained 
particular attention owing to high power density, long cycle life, and accomplish the power and energy gap between 
batteries and conventional electrolytic capacitors [3]. Based on the charge storage mechanism and electrode 
materials used, supercapacitors are categorized into two types such as electrochemical double-layer capacitors 
(EDLCs) and redox or pseudocapacitors [4,5]. In the case of EDLCs, carbonaceous materials are employed as 
electrodes whereas the pseudocapacitors employ transition metal oxides and conducting polymers. EDLCs store 
energy by accumulation of charges via electrostatic interaction at the electrode/electrolyte interface, while 
pseudocapacitors involve reversible redox reactions at the surface of electrodes [1,4-6]. Till date, hydrous RuO2 
demonstrate the best performance but its high cost limits its commercialization [7]. Therefore, the current research is 
redirected towards the identification of low cost electrodes based on other transition metal oxides.  
 
Fabrication of self-organized titania nanotubes (TiO2 NTs) on the titanium foil by electrochemical anodization has 
extensively been investigated. Among the other nanostructures, anodic TiO2 NTs with unique morphology has 
attracted enormous interest because it can be used in functional applications such as dye-sensitized solar cells [8], 
gas sensors [9], lithium ion batteries [10], sodium ion batteries [11], supercapacitors [12]. Supercapacitive 
performance of electrode materials is mainly determined by ion diffusion kinetics, electronic conductivity and 
surface area [13]. Highly ordered TiO2 NTs prepared by anodization provide improved electronic pathways and high 
surface area for charge storage [14]. Thus, morphology plays a crucial role in defining the performance of 
supercapacitor electrodes. Among the other techniques for the synthesis TiO2 NTs, anodization method present more 
control in tailoring the geometry (tube diameter, tube length etc) of TiO2 NTs [15,16]. Most of the electrochemical 
studies carried out on TiO2 NTs are fabricated by potentiostatic anodization [17-18] while galvanostatic anodization 
is not very much investigated [19]. In the present work, self-organized TiO2 NTs are fabricated via both 
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potentiostatic and galvanostatic modes. Influence of the preparative modes on the structural and electrochemical 
properties of TiO2 NTs is investigated. 

 
MATERIALS AND METHODS 

 
2.1 Chemicals 
Titanium foil (99.7%), platinum gauze, ethylene glycol, ammonium fluoride, acetone, isopropanol, ethanol and 
deionized (DI) water were used. All the chemicals were of high purity and no further purification was done. 
 
2.2 Experimental methods 
Titania nanotubes (TiO2 NTs) were fabricated employing potentiostatic and galvanostatic anodization approaches. 
Titanium foil was utilized as working anode while platinum gauze was the counter cathode. Before anodization, the 
Ti foil (1.5 × 1 cm2) was degreased by ultrasonication for 15 min with isopropyl alcohol, acetone and DI water 
separately and then dried in air. The back side of the Ti foil was protected by cellophane tape to prefer one sided 
anodization. The distance between the vertically placed electrodes was kept as 4 cm. Both the anodization processes 
were carried out in organic electrolytes containing ethylene glycol, ammonium fluoride (0.3 wt%) and DI water (3 
vol%). During anodization process, a constant potential of 40 V (potentiostatic) and a constant current density of 2 
mA/cm2 (galvanostatic) was maintained. After 24 h of anodization, the samples were cleaned ultrasonically in 
ethanol to remove any surface debris. The samples were annealed at 450 ºC for 4 h. The TiO2 NTs prepared via 
potentiostatic and galvanostatic modes are labeled as PT and GT, respectively. 
 
2.3 Characterization techniques 
X-ray diffractograms of the samples were recorded using a GE XRD 3003TT X-ray diffractometer with 
monochromatic nickel filtered CuKα (λ = 1.5416 Å) radiation in the 2θ range of 20° to 70°. The morphology and 
elemental composition of the nanotubes were determined from the Carl Zeiss Supra 55 field emission scanning 
electron microscope (FESEM) that has the attachment of an energy dispersive X-ray analyzer (EDX). The FT-IR 
spectra were recorded with a Perkin Elmer Spectrum Two in the waveband of 400-4000 cm-1.  
 
2.4 Electrochemical measurements 
Electrochemical performances of the samples were evaluated using Biologic VSP, France. Cyclic voltammetry 
(CV), chronopotentiometry (CP) and electrochemical impedance spectroscopy (EIS) measurements were carried out 
in a three electrode configuration, where the as-prepared TiO2 NTs (1 cm2), a Ag/AgCl (3 M KCl) electrode was 
used as reference electrode and a Pt wire as counter electrode. All the electrochemical measurements were carried 
out in 1 M Na2SO4 aqueous solution in ambient condition. 

 
RESULTS AND DISCUSSIONS 

 
3.1 XRD analysis  
The crystallinity and phase characteristics of the samples were analyzed from powder XRD study. Fig. 1 shows the 
XRD patterns of TiO2 NTs (a) PT and (b) GT. The as-anodized TiO2 NTs were amorphous in nature. After 
annealing at 450 ºC, the amorphous TiO2 NTs were transformed into anatase crystal structure which was evident 
from the diffraction peaks.  All the reflection peaks are easily indexed to the anatase phase of TiO2 in line with the 
standard JCPDS data (084-128). Absence of impurity peaks suggest that single phase  TiO2 NTs with high purity 
was formed. However, the peaks corresponding to Ti are also observed from the titanium substrate [20]. 
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Fig. 1 XRD patterns of TiO2 NTs (a) PT and (b) GT 
 
3.2 FESEM analysis 
The surface morphology of the as-grown TiO2 NTs was investigated employing field emission scanning electron 
microscopy. FESEM micrographs of TiO2 NTs are illustrated in Fig. 2 (PT) and Fig. 3 (GT). It is observed from the 
FESEM images that highly ordered TiO2 NTs with regular porous morphology is formed. The geometrical 
parameters of TiO2 NTs are presented in Table 1. In the case of potentiostatic anodization, pore diameter, wall 
thickness and tube length of PT are found to be 110 nm, 22 nm and 14.1 µm, respectively. Galvanostatically 
prepared GT showed improved geometrical parameters with pore diameter of 130 nm, wall thickness of 19 nm and 
tube length of 16.9 µm.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig. 2 FESEM images of TiO2 NTs (a-c) top view and (d) cross-sectional view 
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Fig. 3 FESEM images of TiO2 NTs (a-c) top view and (d) cross-sectional view 

 
Table 1 Summary of physical properties of TiO2 NTs 

 

Sample 
Tube length 

(µm) 
Wall thickness 

(nm) 
Pore diameter 

(nm) 
PT 14.1 22 110 
GT 16.9 19 130 

 
3.3 EDX analysis 
EDX spectra were recorded for the synthesized TiO2 NTs to identify the chemical composition. The EDX spectra of 
PT and GT are shown in Fig. 4 (a) and (b), respectively.  As seen from the spectra, the elemental presence of Ti and 
O were confirmed [20].  The absence of impurity peaks indicates the high purity of the samples obtained by both the 
modes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4 EDX spectra of TiO2 NTs (a) PT and (b) GT 
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3.4 FT-IR analysis 
Fig. 5 shows the FT-IR spectra of the TiO2 NTs (a) PT and (b) GT. The broad bands observed around 3200-3450 
cm-1 and peaks around 1630 cm-1 are assigned to the stretching and bending vibrations of hydroxyl (O–H) group 
which is from the absorbed water on the  TiO2 surface. The bands around 2340 cm-1 correspond to the stretching and 
bending modes of C–H bonds. The bands around 450-800 cm-1 corresponds to the Ti-O bending mode  
of TiO2. The observed results are in agreement with the earlier reports [21].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 FT-IR spectra of TiO2 NTs (a) PT and (b) GT 
 
4. 1 Cyclic voltammetry 
The electrochemical performance of TiO2 NTs as electrode for supercapacitor was investigated by cyclic 
voltammetry. Fig. 6 shows the CV curves for PT and GT electrodes collected at different scan rates over the wide 
range from 10 to 100 mV/s in 1 M Na2SO4 aqueous solution. Both the samples exhibit ideal rectangular shape CV 
curves, which is evidence of typical characteristic of double-layer capacitance. Absence of redox peaks suggests that 
the capacitive behavior is mainly due to ion adsorption onto the surface TiO2 NTs [16]. These CV curves retain the 
rectangular shape even at the scan rate up to 100 mV/s, indicating good capacitive behavior and fast reaction rate. 
As the scan rate increases, the integrated area of the curves increases. The variation in current response at high scan 
rate is owing to electric polarization [22]. It is believed that the electrochemical performances are governed by the 
charge transfer kinetics and diffusion of electrolyte ions, which are dependent on the geometrical parameters. In 
comparison, the GT sample with enhanced geometrical parameters demonstrates improved performance than the PT 
sample. 
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Fig. 6 Cyclic voltammograms of TiO2 NTs (a) PT and (b) GT 
 

4.2 Chronopotentiometry 
The galvanostatic charge-discharge tests for the TiO2 NTs electrodes were also conducted at different current 
densities as shown in Fig. 7. The smooth and symmetrical curves confirm great capacitive behavior of the 
electrodes. Specific capacitance of the samples can be calculated from the charge-discharge study using below 
equation: 
 

SC = 	
I	 ×	 t�

m	 ×	∆V
 

 
Where, I is the constant current applied, td is the discharge time, m is the mass of the material loaded and ∆V is the 
potential difference [22]. Specific capacitances of the samples calculated at 1 mA/g are found to be 24.4 mF/g and 
27.1 mF/g for PT and GT, respectively. The enhanced capacitive behavior is attributed to unique nanotubular 
morphology and high surface area of TiO2 NTs. Further, it could be increased by carefully tuning diameter and 
length of TiO2 NTs. 
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Fig. 7 Charge-discharge voltage profiles of TiO2 NTs (a) PT and (b) GT 
 
4.3 Electrochemical impedance spectroscopy 
Electrochemical impedance spectroscopy (EIS) is subsequently used to evaluate the electrical conductivity and 
capacitive characteristics of electrode materials. The EIS measurements were carried out over a frequency range of 1 
MHz to 1 Hz with AC signal amplitude of 10 mV. Fig. 8 presents Nyquist plots of TiO2 NTs electrodes, where Z’ 
and Z” are real and imaginary components of the impedance, respectively. Generally, the Nyquist plot of the 
electrochemical supercapacitor is composed of a high frequency semicircle and a low frequency nearly vertical line 
[23]. At high frequency region, intercept at real part of the axis gives equivalent series resistance (ESR) which is an 
aggregation of contributions from (i) discontinuity in the charge transfer process at the solid oxide/ liquid electrolyte 
interface (ii) intrinsic resistance of the oxides (iii) contact resistance between the active material and current 
collector and (iv) resistance due to the faradic process [22,23].  
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Fig. 8 Nyquist plots of TiO2 NTs (a) PT and (b) GT 
 

It is seen from the Fig. 8 that absence of semicircle in the high frequency region demonstrate low internal resistance 
of the electrode materials. Slope of the line at the low frequency region represents the diffusion resistance or 
Warburg impedance. The GT sample with higher slope value indicates the rapid ion transport within the pores of the 
electrode material. 

CONCLUSION 
 

Self-organized TiO2 NTs were successfully fabricated via potentiostatic and galvanostatic anodization approaches. 
The sample prepared by galvanostatic mode demonstrated enhanced capacitive behavior than the sample prepared 
by potentiostatic mode. The observed electrochemical results suggest that the TiO2 NTs could serve as promising 
electrode material for supercapacitor applications.  
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