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Abstract : In this work, highly ordered TiO2 nanotubes arrays electrode were prepared by 

anodic oxidation of titanium foil under different anodization potentials in ethylene glycol 

electrolytes containing NH4F and water.  The morphology and photocurrent response of TiO2 
nanotubes arrays (TNTAs) were characterized by FESEM and electrochemical working 

station.  The result indicated that anodization voltage significantly affects morphology 

structures and photoelectrocemical properties of TNTAs.  The pore diameter, photocurrent 
response and water splitting photoconversion efficiency of TNTAs increased with 

anodization voltage. 
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Introduction 

 In recent years, heterogeneous photo catalyst has attracted increasing attention in the field of sustainable 

and renewable energy such as photo electrochemical cell for hydrogen generation and photovoltaic cell for 

electricity generation
1-5

.  A variety of semiconducting metal oxide has been use in this field
6-9

.  Among them, 
TiO2 is widely used as the photo catalyst electrode during the photo catalytic process, because it is chemical 

stability, low cost, nontoxicity and environment-friendly feature
10-13

.  While there are still some shortcomings, 

including relatively low specific surface area and weak photo catalytic efficiency of bulk TiO2 due to high 

recombination process of photogenerated electron and holes in the TiO2 film.  The nanostructures TiO2, such as 
tubes, wires, dots, pillar, and fibers, have become a focus of considerable interest as they posses unique 

properties relevant to application in photo electrochemical cell.  Among them, the material with tubular 

structure has been considered the most suitable way to achieve larger enhancement of surface area without an 
increase in the geometric area. The TiO2 nanotubes also have more superior photocatalytic properties to be 

applied as photoelectrode because it has one-dimensional channels for charge transport so that the 

recombination of electrons and holes can be reduced. Several methods for the synthesis of TiO2 nanotubes are 
electrochemical anodization

14-17
, sol-gel

18
, hydrothermal

19
, template

20
 and vopour deposition method

21
. The 

electrochemical anodization method using titanium foil in an electrolyte containng fluoride ions produce 

TNTAs with a packed structure and a uniform diameter and good mechanical properties and is suitable for 

photoelectrochemical water splitting applications. 

 The growth of TNTAs to several hundred nanometers have been reported first using  anodizing method 

in fluoride acid solution
22

.  Furthermore, the length of TNTAs to several hundred micrometers have been 
produced by anodization of titanium foil in organic electrolyte base containing fluoride ion

23
. The geometry 

parameters of  TNTAs can be easily controlled by varying experimental conditions such as electrolyte 
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composition, anodization potential, anodization time and annealing temperature

24-27
. Some research on 

experiment condition of the TiO2 nanotube arrays morphology have been reported
28-29

.  Anodization potential 
play in important role on the TiO2 nanotubes formation, which determines the pore diameter, wall thickness and 

tube length
30-31

. 

 In this work, a series of TiO2 nanotubes electrode were synthesized by electrochemical anodization of 

titanium foil in ethylene glycol electrolyte containing NH4F and water  under different anodization potentials 

for photoelectrochemical water splitting.  The effect of anodization potential on the morphology structures, 

photocurrent response  and photoconversion efficiency was systematically discussed. 

Experimental 

Preparation of TiO2 nanotube arrays 

 Prior to the anodization, Ti foils (0,2 mm thick, 99,6% purity) were degreased at room temperature by 
sonicating in acetone and ethanol for 10 min, respectively, then rinsed with deionized water and dried in air.  

All anodization experiments were carried out in a two-electrode electrochemical cell at room temperature.  Ti 

foils (4 cm x 1,5 cm x 0,02 cm) and stainless steel sheet (5 cm x 1,5 cm x 0,02 cm) were used as the anode and 

cathode, respectively.  The distance between the two electrodes is kept at 1.5 cm in all the experiments.  
Ethylene glycol solution containing 0,3 wt% NH4F and 2 vol%  H2O was used as electrolyte.  The anodization 

process was performed with a direct current (DC) power supply for 30 min.  The anodization voltage was varied 

from 15 V to 60 V in this study.  After electrochemical treatment, the samples were rinsed with deionized water 
and dried in air.  Then the obtained TNTAs were annealed at 450

0
C for 2 h with a heating rate of 2

0
C/min. 

Material Characterization and Photoelectrochemical Measurements 

 The morphologies of the samples were observed using a field emission scanning electron microscope 

(FE-SEM, Inspect f50, FEI). Photoelectrochemical measurement were carried out in a three-electrode 

configuration with the as-prepared sample as the working electrode, Pt mesh as the counter electrode, and 
saturated Ag/AgCl as the reference electrode in 1 M KOH aqueous electrolyte. The photoelectrochemical cell 

consisting of a glass tube with a 2.5 cm diameter and height 5 cm is made of quartz. A computer controlled 

potentiostat (eDaq 401) is employed to control the external bias and to record the photocurrent generated.  Full 
spectrum illumination was provided with a 15 W  black light lamp (BLB Cosco SNI:04-6504-2001).  The 

samples are anodically polarized at a scan rate of 25 mV/s under illumination, and the photocurrent is recorded.  

The photocurrent density versus potential (j-V)  and photocurrent density versus time (j-t) curves of working 
electrode was carried out by the linier sweep voltametry (LSV) and multy pulsed amperometry (MVA) methods 

respectively. 

Result and Discussion 

Anodization Process  and Morphology of Titanium Nanotubes 

 The process of synthesis of titanium nanotubes using electrochemical anodization method can be 

monitored by measuring the current generated at the electrode. Figure. 1, shows the current density-time curve 

recorded by a multimeter during electrochemical anodization of titanium foil in the ethylene glycol electrolytes.  

As can be seen clearly, similar trend is evident for electrochemical anodization under different potentials, which 
is the typical behavior titanium anodization process. At the initial  stage of the anodization, the current density 

decrease rapidly to a minimum value, which is due to the formation of a oxide layer on the surface of titanium 

foil (Eq.1). The oxide layer acts as a barrier layer, which is electronically less conductive than the titanium 
substrate. Therefore, it can increase the resistance and reduce the current significantly.   At the next stage, the 

current density increase, which is due to the formation of small pits and pores on the surface of oxide layer 

through chemical dissolution reaction (Eq.2).    

Ti  +  2H2O    →    TiO2  +  4H
+
  +  4e

-
       (1) 

TiO2  6F
-
  +  4H

+
    →    TiF6

2-
  +  2H2O       (2) 
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 When the rate of electrochemical oxidation of titanium and chemical dissolution of TiO2 reaches a 

dynamic equilibrium, the current gradually approaches to a steady state value. It is observable that the current 
density increases with increasing anodization voltage due to the enhancement of electric field intensity. The 

higher anodizing potential increases the driving force for ionic transport from the barrier layer (Ti/TiO2 

interface) into Ti metal, so that this process is expected to increase the diameter and length of the tube
32

. 

 

Figure.1. Current density-time curve for TiO2 formation process under different anodization potentials 

 The top surface morphologies of TNTAs samples anodized under different potentials of 15 V, 25 V, 40 

V, 50 V and 60 V are shown in Figure. 2(a)-(e), while the bottom surface morphology at 60 V is shown in 
Figure. 2(f).  At 15 V of anodization potential, a homogeneous nanopores layer is observed clearly, which can 

be explained that the anodization voltage of 15 V is not high enough to reach the formation of TiO2 nanotubes 

arrays in the ethylene glycol electrolyte.  According to Eq. (2), fluoride ion plays a key role in the formation of 

TNTAs, which controls the chemical dissolution rate of TiO2 layer. As we know, organic electrolytes base with 
high viscous severely restrict the diffusion of fluoride ion.  Hence the formation of TNTAs needs a higher 

electric field in ethylene glycol electrolyte.  At 25 V and 40 V anodization potentials, a mixed structure with a 

top nanoporous layer and an underneath highly ordered nanotube layer is appeared.  The mixed structure is 
attributed to the fact that the thin nanoporous layer on the top surface of TiO2 is not completely dissolved during 

the anodization process for 30 min in this experiment. At 50 V and 60 V anodization potentials, a homogeneous 

tubular structure is observed on the top layer and on the underneath layer.  Figure. 2(f), we can see that the TiO2 

nanotube arrays anodized at 60 V exhibit hexagonal packing mode at the bottom and are still highly ordered and 
compacted which each other at the top.These anodization potentials are high enough to reach the formation of 

TNTAs in the ethylene glycol electrolyte.  

 Furthermore, it is found that the average inner diameter  of TNTAs increase with increasing anodization 

potential.  As anodization voltage increases from 15 V to 60 V, the pore diameter ranges from 15 nm to 90 nm.  

The effect anodization potential on the average pore diameter of TiO2 samples is summarized in Figure. 3.  
Obliviously the pore diameter depend linierly on the anodization potentials,which consistent with other 

previous reports
32-33

.  Based on the TNTAs growth mechanism, anodization process is competition of 

electrochemical oxidation (Eq. 1) and chemical dissolution (Eq. 2). As the barrier layer formed at the initial 

anodization, small pits originate in this oxide layer due to the localized dissolution of the oxide.  Then the 
increase in electric field intensity improves electrochemical etching rate, resulting in further pore growth.  The 

deeper pores grow, the higher the electric field intensity is required in these metallic regions, which enhances 

field-assisted oxide growth and chemical dissolution of the oxide.  Therefore, well-defined interpore voids 
begin forming. After this, both the voids and tubes grow in equilibrium to form the final tubular structure.  Thus 

improving anodization potential could promote the growth of pores and nanotube layers simultaneously. 
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Figure. 2. FESEM image of top surface TiO2 nanotubes arrays anodized under various potentials: (a) 15, 

(b) 25, (c) 40, (d) 50, (e) 60V and (f)bottom surface view of 60V, with inset image are cross section views. 

 

Figure 3. Effect anodization potentials on the average pore diameter of TiO2 Nanotube 
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Photocurrent Response 

 The transient photocurrent response of TiO2 nanotubes was measured in the one-compartment PEC cell 

under light illumination at zero bias.  As shown in Figure. 4(a), the current value is approximately 0 mA/cm
2
 in 

dark condition while the photocurrent rapidly rises to a constant value upon illumination.  All photocurrent 
patterns of TiO2 samples anodized under different potentials are highly reproducible for several light on-off 

cycles.  This result indicates that TiO2 nanotubes prepared in this study exhibit good photo response and fast 

charge transfer. 

 The average photocurrent measured during the 3 light on-off cycles as a function of anodized potentials 

is shown in Figure. 4(b).  The result that the photocurrent increase linearly with increasing anodization 

potential. It is well-known that increasing the anodization potential can increase the pore diameter and the tube 
length, and it could provide a larger active surface area and higher absorption of incident photons, which leads 

to more photo generated electron-hole pairs
34-35

. Anodizing process with high potential also produces a dense 

tubular structure and uniform,  so as to enhance the electron transfer process is characterized by an increased 
value of the photocurrent in a photoelectrochemical system. In the photoelectrochemical system, a higher 

photocurrent would correspond to a higher efficiency of the PEC device for solar hydrogen generation via water 

splitting process, as the current is related to the electron needed to reduce the H
+
 ions into H2 at the Pt cathode. 

 

Figure. 4.  The photocurrent response of TiO2 nanotubes anodized (a) and the average photocurrent (b) 

as function of  anodization potentials 

 Further study of photoelectrochemical behavior of TNTAs anodized under various potentials was 

determined by linier sweep voltametry at a scan rate 25 mV/s from -1.3 V to 1.0 V (vs Ag/AgCl).  As all the 
dark currents of TNTAs samples are very small (around 10

-3
 mA/cm

2
) and the dark I-V curves are superposed 

practically, Figure.5(a) only shows the dark current of TNTAs anodized at 25 V.  However, with the 
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illumination, the photocurrent density increases with the increase of applied potential and gradually reaches a 

plateau value, which demonstrates typical behavior of n-type semiconductor.  The result clearly shows that the 
anodization potential significantly affect the photoelectrochemical performance of TNTAs.  The photocurrent 

increases with increasing anodization potential and the maximum photocurrent is obtained of TNTAs anodized 

at 60 V.  The open circuit potential (OCP) and steady state potential (SSP) of TNTAs decrease with increasing 
anodization potential.  At 15 V and 60 V anodization voltages, the OCP value are -0.73 V and -0,91 V,  while 

the SSP value are -0.166 V and -0.470 V. The charge separation and accumulation of electrons in the 

semiconductor-electrolyte interface would be better on a smaller potential.    The enhancement of the charge 

separation, translating into an improvement of the photocurrent response.   

 For determine of water splitting  photo conversion efficiency of TiO2 nanotube arrays electrode could 

be calculated by the following equation
36

: 

η(%)=jp[(E
0

rev - Eapp)/I0]x100       (3) 

where jp is the photocurrent density (mA/cm
2
), jpE

0
rev is the total power output, jpEapp is the electrical power 

input, and I0 is the power density of incident light.  E
0

rev is the standard reversible potential of 1.23 V/NHE and 

the applied potential is Eapp=Emeas – Eaoc, where Emeas is the electrode potential (vs Ag/AgCl) of the same 

working electrode under open circuit condition in the same electrolyte.  As expected in Figure. 5(b), TNTAs 
anodized at 60V for 30 min exhibit a maximum photoconversion efficiency of  9.92% at -0.47 V vs Ag/AgCl.  

Moreover, a linier relationship between the maximum photoconversion efficiency of TNTAs samples and 

anodization potential is obtained in Figure. 5(c).   

 

 

Figure.5.  Photelectrochemical properties of TiO2 nanotubes with various anodization potentials: (A) the-

I-V curves, (B) corresponding photoconversion efficiency and (C) photoconversion efficiency as a 

function of anodization potential. (a) 60V, (b) 50V, (c) 40V, (d) 25V, (e) 15V and (f) 25V for dark 

condition. 
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Conclusion 

 The highly ordered nanotube arrays has been prepared by anodic oxidation of titanium foil under 

different anodization potentials in ethylene glycol electrolytes containing NH4F and water.  By varying 

anodization from 15 V to 60 V, the pore diameter increase from 15 to 80 nm. The photocurrent increase with 
increasing anodization potential, while anodizing process at 60 V; 30 minutes produces a dense tubular 

structure and uniform,  so as to enhance the electron transfer process that is attributed by an increased value of 

the the overall solar-to-hydrogen efficiency of the photoelectrohemical water slitting. 
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