
 

Abstract—Highly ordered arrays of TiO2 nanotubes (TiNTs) were 
grown vertically on Ti foil by electrochemical anodization. We 
controlled the lengths of these TiNTs from 2.4 to 26.8 μm while 
varying the water contents (1, 3, and 6 wt%) of the electrolyte in 
ethylene glycol in the presence of 0.5 wt% NH4F with anodization for 
various applied voltages (20–80 V), periods (10–240 min) and 
temperatures (10–30 oC). For vertically aligned TiNT arrays, not only 
the increase in their tube lengths, but also their geometric (wall 
thickness and surface roughness) and crystalline structure lead to a 
significant influence on photocatalytic activity. The length 
optimization for methylene blue (MB) photodegradation was 18 μm. 
Further extending the TiNT length yielded lower photocatalytic 
activity presumably related to the limited MB diffusion and 
light-penetration depth into the TiNT arrays. The results indicated that 
a maximum MB photodegradation rate was obtained for the discrete 
anatase TiO2 nanotubes with thick and rough walls. 
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I. INTRODUCTION

HOTOCATALYTIC degradation of harmful organic 
pollutants using nanoparticulate semiconductors has been 

extensively investigated for waste treatment [1 5].Owing to its 

inexpensive, non-toxic nature, large band gap, and chemical 
stability, titanium oxide (TiO2) is the most applied 
semiconductor, for example, in the effective decomposition of 
dyes to benign by-products in textile effluent treatment [6, 7]. 
TiO2 as photocatalyst present in aqueous systems has been 
applied in either immobilized or suspended forms. The former, 
that is, the immobilization of powdered TiO2 as a film onto 
various substrates, has been recognized as being more 
preferable to the latter because this application can ignore 
particle aggregation and minimize post-treatment processes [8]. 
However, the photocatalytic activities of these 
TiO2-nanoparticle films rely on the rapid recombination of 
photogenerated electron-hole pairs, limited mass transport of 
reactants/products and short light-penetration depth, hindering 
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its feasibility for extensive applications. It is expected that the 
arrangement of ordered one-dimensional (1-D) arrays (e.g., 
tubes, rods, and wires) perpendicular to substrates would 
suppress charge recombination, provide easy access to the 
surface, and permit light scattering within a 1-D structure, 
leading to high photocatalytic activity. 

 Electrochemical anodization of Ti metal is a relatively 
simple approach for fabricating vertically oriented 
TiO2-nanotube (TiNT) arrays directly grown on the Ti substrate 
[9 12]. As initially reported by Zwilling et al. in 1999 [13], the 

first generation TiO2 nanotube arrays had a limited length of a 
few hundred nanometers that grew during anodization of Ti foil 
in aqueous HF-based electrolyte. In the second generation, the 
TiNT lengths were increased to a few micrometers by adjusting 
the electrolyte pH [10]. Most recently, Grimes and co-workers 
[14] have described the fabrication of oriented TiO2 nanotube 
arrays by anodic oxidation of Ti foil in non-aqueous organic 
electrolytes (e.g., ethylene glycol, formamide, and dimethyl 
sulfoxide) having tens to hundreds of micrometers in length. 
However, these photocatalytic applications are mostly 
influenced by surface area, as well as the geometric and 
crystalline structure of TiNT arrays that can be controlled by 
tailoring the anodization and growth medium variables. 

In the present study, the anodic growth of oriented TiO2

nanotubes on Ti-metal foil was conducted in ethylene 
glycol-based electrolyte. Photocatalytic performances of the 
resulting TiNT films were evaluated by bleaching methylene 
blue solution through UV irradiation. We investigated some 
critical anodization factors, including anodization time, applied 
potential, anodization temperature, and water content in the 
electrolyte, for the growth of the tubular structures that would 
significantly influence its photocatalytic activity.

II. EXPERIMENTAL SECTION 

A. Fabrication of TiNT 

Titanium foils with thickness of about 300 μm (>99.5% 
purity, Allegheny Ludlum) were firstly mechanically polished 
with different abrasive papers, and then ultrasonically 
degreased in acetone, methanol, and deionized water (DI) in 
turn, followed by rinsing with DI water and drying in a nitrogen 
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stream. The sample were anodized in ethylene glycol containing 
0.5 wt.% NH4F (Alfa Aesar, 96%) and different water content (1, 
3, and 6 wt%) by using a two-electrode electrochemical cell 
with a platinum foil as a counter electrode. The applied voltages 
were controlled at 40, 60, and 80 V (provide by a DC power 
supply (GW Instek, GPR-30H10D) and the electrolyte 
temperatures were at 10, 20, and 30 oC (controlled by a 
double-walled cooling system). After anodization, the prepared 
TiNT/Ti was thoroughly washed with a large amount of DI 
water and methanol to remove precipitation atop titanium 
oxides and then dried by argon flow. The as-anodized TiNT 
arrays were amorphous; to induce crystallinity, they were 
subsequently annealed at 450 oC (heating rate of 5 oC/min) for 3 
h in oxygen gas (flow rate of 50 mL/min). 

B. Sample Characterization 

The morphologies and the thickness measurement of the 
prepared TiNT arrays were examined with field-emission 
scanning electron microscopy (FESEM, FEI, Quanta 200F). 
X-ray diffraction (XRD, Philips, X' Pert) patterns were carried 
out in a D/max-2500 powder diffractometer using Cu 
Kα(λ=1.54 Å) radiation. 

An estimate of the surface roughness can be deduced from 
(Bu4N)2Ru(dcbpyH)2(NCS)2 (N-719 dye, Solaronix) 
adsorption measurements. The TiNT arrays were immersed in 
0.3 mM N-719/ethanol for 24 h and then rinsed using 
acetonitrile, followed by dissolving absorbed N-719 completely 
from the TiNT arrays to a 0.2 M sodium hydroxide solution. 
The concentrations of N-719 dye were determined by UV-Vis 
spectroscopy (U-3410, Hitachi). The N-719 dye molecule in the 
TiNT arrays was expected for monolayer coverage of the inside 
and outside of the tubes and a dye molecule footprint of 1.6 nm2

[15] was used.  

C. Photodegradation Experiments 

Methylene blue (MB), a representative of organic dyes in 
textile effluents, was considered as a model contaminant in the 
purification of dye waste water. The prepared TiNT samples, 
cut into the same size of 0.5 cm × 1.0 cm, were vertically placed 
in 3 mL rectangular quartz reactor containing 10 mg/L MB 
solution. The photoirradiation employed a wavelength of 300
nm light as UV light source, and the relative concentration of 
MB in the solution is determined through UV-Vis spectroscopy 
(HITACHI, U-3900) by comparing its intensity of the 662 nm
absorption with that of the initial MB solution. The sample was 
immersed in the MB solution to stay in the dark for 30 min, and 
then the UV light was turned on. All experiments were 
duplicated or triplicated. Direct photolysis as a control 
experiment shows that in the absence of TiO2 photocatalyst 
decoloration of the dye solution reached near 10%, indicating 
the photostability of MB under UV light within the irradiation 
period of 4 h.

III. RESULTS AND DISCUSSION 

Highly ordered TiNT arrays with various tube lengths from 
2.4 to 26.8 μm were prepared using anodic oxidation of Ti foil 

at 80 V in ethylene glycol solution containing 3 wt% H2O and 
0.5 wt % NH4F at 20 °C at the anodization time of 10 to 240 min. 
Fig. 1a–1d exhibit the typical morphology of the 12.8 μm long 
TiNT arrays, examined by FESEM. The top surface shows that 
there is a fully developed nanotube array with inner diameter of 
approximatly 100 nm and a wall thickness of 15 nm (Fig. 1 a). 
The regular and well-aligned TiNT arrays with rough walls 
were observed in Fig. 1 b where regulary spaced rings formed 
on the side wall. The ring spacing, specially depending on the 
electrochemical condition [10], would strongly influence the 
surface roughness of the nanotubes related to photon-absorption 
efficiency. The pore mouths are open on the top of the layer, 
while the bottom of the tube are closed (Fig. 2 c). The film 
thickness was 12.8 μm, which was directly measured through 
the SEM cross-sectional image of the intentional bent sample 
(Fig. 1 d). 

Photodegradation of MB under 300 nm irradiation was 
performed to investigate the photocatalytic activities of the 
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Fig. 1 SEM images of TiNT obtained by anodization of 80 V at 20 oC 
in 0.5 wt% NH4F/ethylene glycol with water addition of 3 wt% 
for 60 min. (a) top view; (b) side view; (c) bottom view; (d) film 
thickness. 
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Fig. 2 Dependence of photocatalytic activity of TiNT length by 
anodization of 80 V at 20 oC in 0.5 wt% NH4F/ethylene glycol 
with water addition of 3 wt% for various anodization periods. 

prepared TiNT arrays. A first-order rate model, Eq. (1), 
effectively describes the photocatalytic decoloration of the MB 
solution that has also been observed previously [16]. 

-dC/dt = kobs × C                                                                (1) 
where C refers to the concentration of methylene blue, t is the 

reaction time (min), and kobs is the observed rate constant (min-1). 
Fig. 2 shows the values of several TiNT arrays prepared with 
different tube lengths controlled by anodization times. As 
shown in Fig. 2, the length of TiNT arrays linearly increases 
with the increase in anodization time (about 2.4 μm at 10 min to 
26.8 μm after 240 min). However, the photocatalytic 
degradation of MB using TiNT arrays does not follow the same 
trend. The value of kobs increases continuously with the TiNT 
length, and declines above an upper limit with 18 μm length. 
Accordingly, the length optimization for the photocatalytic 
activity is 18 μm, as indicated in Fig. 2. Further extending the 
TiNT length yields lower photocatalytic activity possibly 
related to the limited MB diffusion and light-penetration depth 
into the TiNT arrays. 

The equilibrium between the electrochemical formation of 
TiO2 (2) and chemical dissolution of TiO2 by the presence of 
fluoride-containing electrolyte (3) is the determining factor in 
the nanotube self-assembly [11, 17]. 

Ti + 2H2O � TiO2 + 4H+                                                   (2) 
TiO2 + 6HF � [TiF6]

2- + 2H2O +2H+                                 (3) 
The formation rate of TiO2 at the metal-oxide interface is 

highly dependent on the etching rate of titanium (Ti0 is oxidized 
to Ti4+ and then migrates outwards) and the availability of O2-

donor (O2- ions migrate towards the metal-oxide interface) in the 
electrolyte. The chemical dissolution rate of TiO2 is strongly 
controlled by the field-assisted migration of electrolyte anions, 
especially F- which competes with O2- migration [18]. However, 
the nanotubes cannot be formed if the chemical dissolution is 
too high or too low, which results in either rapid or very slow 
oxide 

Fig. 3 Top-view SEM images of TiNT arrays obtained at 20 oC with (a) 
40 V, (b) 60 V, and (c) 80 V for 30 min in the electrolyte 
containing 0.5 wt% NH4F and 3 wt% H2O. At the same 
conditions with the constant voltage of 80 V, the top-view SEM 
images of TiNT obtained at (d) 10 oC and (e) 30 oC. 

formation. For example, the rapid dissolution of TiO2 in 
aqueous electrolyte containing HF resulted in the TiNT 
thickness in the range of hundreds of nanometer [19]. With 
anhydrous organic electrolytes, the donation of oxygen is more 
difficult than that of water, thus the reduced tendency for stable 
TiO2 formation leads to a compact thick oxide layer with 
irregular features. We controlled applied potential, anodization 
temperature, and water content in the electrolyte for the growth 
of the tubular structures and investigated their influence on the 
photocatalytic activity. 

A. Effect of the Anodization Potential 

Scanning electron microscope (SEM) micrographs in Fig. 
3a-c show the significant difference in top surface morphologies 
of the TiNT arrays prepared with various applied potentials (40 
V, 60 V, and 80 V) in the ethylene glycol containing 0.5 wt% 
NH4F and 3 wt% H2O at 20oC. For higher potentials (e.g. 100 
V), sparking at the interface of Ti foil and electric-conduction 
Cu wire was observed and the electrolyte temperature was not 
readily controlled as that in low potential. Thus, it is not feasible 
to extend the applied potential above 80 V in the 
electrochemical anodization. At 40 V, it is observed that 
ordered porous networks occurred. With the applied potential 
increases, a nanoporous structure (Fig. 3a) transforms to a 
discrete tubular appearance (Fig. 3c). However, an increase in 
the formation potential does not strongly affect the diameter at 
the pore mouth. It remains about 100 nm, independent for 
applied potentials. As indicated in Table 1, the lengths of the 
TiNT arrays prepared with 40, 60, and 80 V are 4.5, 8.7, and 8.8 
μm, respectively, and their surface roughnesses are 5.2, 10.4, 
and 13.1 μm-1, respectively. The growth of tubular structure 
slows down at the potential of 40V whereas the 

Table 1 
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Dependence of photocatalytic activity of TiNT by anodization at 20 oC 
in 0.5 wt% NH4F/ethylene glycol with water addition of 3 wt% for 
various anodization potential. 

Poten tial 

(V) 

TiNT Length 

(μm) 

Surface roughness 

(μm-1) 

kob s

(10- 3 min-1 ) 

80 V 8.8 13.1 19.3 

60 V 8.7 10.4 16.7 

40 V 4.5 5.2 8.1 

��

���

���

Fig. 4 XRD pattern of the TiNT arrays obtained at 20 oC with (a) 40 V, 
(b) 60 V, and (c) 80 V for 30 min in the electrolyte containing 
0.5 wt% NH4F and 3 wt% H2O. 

well-ordered TiO2 nanotube arrays can be fully developed in the 
aqueous electrolyte containing HF at the potential above 10 V 
[19]. The difference in the polarity between ethylene glycol and 
water might cause fluoride ions not easily migrate to the oxide 
interface in ethylene glycol [20], thus high field-assisted 
migration of fluoride ions for the chemical dissolution of TiO2

would be needed to form tubular structure. 
Fig. 4 presents the x-ray diffration patterns of the TiNT arrays 

obtained with different applied potentials from 40 to 80 V after 
being annealed at 450 oC for 3 h in oxygen gas. As shown, the 
diffraction peaks at 2θ of 25.3o, 37.1o, 37.9 o, 48.1o, 54.0 o, and 
55.2 o can be indexed to the characteritic peaks of anatase phase 
(JCPDS No 89-4921). The other peaks are the characteristic 
peaks of the original Ti foil. All of these anatase-phase peaks are 
enhanced by the increased length of the TiNT arrays. As the 
applied potential decreased, rutile peak at 2θ of 27.5o also began 
to appear and resulted in the progressive decrease of 
anatase/rutile ratios. 

Photocatalytic performances of the TiNT arrays obtained 
with the applied potentials of 40, 60, and 80 V were evaluated 
via bleaching MB solution by UV irradiation. The resulting 
values of kobs (see Table 1) are (8.1 ± 0.7) ×10-3 min-1, (16.7 ± 
1.0) ×10-3 min-1, and (19.3 ± 0.9) ×10-3 min-1 for the TiNT 
arrays prepared at 40, 60, and 80 V, respectively. The low 
photocatalytic activity of the TiNT arrays prepared at 40 V 
might be ascribed to (i) the incomplete tubular structure with 

Table 2 
Dependence of photocatalytic activity of TiNT by anodization 

potential of 80 V in 0.5 wt% NH4F/ethylene glycol with water addition 
of 3 wt% for various anodization temperature. 

Temperature

(oC) 

TiNT Length 

(μm) 

Wall thickness

(nm) 

Inner pore diameter

(nm) 

Surface roughness

(μm-1) 

kob s  

(10-3 min-1 )

10oC 8.4 35 99 12.6 22.3 

20oC 8.8 15 102 13.1 19.3 

30oC 8.9 10 105 13.8 13.2 

short thickness and smooth surface that allowed less effective 
photons for photocatalysis, and (ii) the presence of rutile phase 
that is much worse than anatase phase in photocatalytic activity. 
The 15% difference in the photocatalytic activity between the 
TiNT arrays prepared at 60 V and 80 V with the similar length 
implies the tube with rough wall absorbs more photons for MB 
photodegradation. 

B. Effect of the Electrolyte Temperature 

The TiNT arrays were anodized at 80 V at three different 
electrolyte temperatures: 10 oC, 20 oC, and 30 oC. The top-view 
SEM micrographs of the TiNT arrays prepared at 10 oC, 20 oC, 
and 30 oC, shown in Fig. 3c-3e, reveal that only geometric 
parameter that changes significantly is the wall thickness. The 
values listed in Table 2 are 35, 15, and 10 nm for the TiNT 
arrays prepared at 10 oC, 20 oC, and 30 oC, respectively. The 
wall thickness increases with decreasing electrolyte temperature. 
Tube length, surface roughness, and pore diameter are relative 
constant in these three samples. The nanotube walls are thicker 
in the TiNT arrays prepared at 10 oC than those prepared at 20 
oC and 30 oC, indicating that this film contains a larger amount 
of TiO2 per unit length. It was observed that some rupture 
occurs near the tube top prepared at 30 oC. During anodization, 
the fluoride ions move to the tip of the tube at the TiO2/Ti 
interface under a high electrical filed, leading to a decay of the 
F- concentration towards to the tube top. Their accumulation 
results in a fluoride-rich area at the tube bottom to constantly 
chemical dissolve TiO2 for tube growth, independent of the 
electrolyte temperature. Instead, chemical dissolution of the 
TiO2 wall at the tube top by small fluoride ions slows down due 
to the low electrolyte temperature. Accordingly, the electrolyte 
temperature significant influences the wall thickness at the tube 
top, but has a negligible effect on the tube growth. Table 2 
indicates the resulting values of kobs are (22.3 ± 0.8) ×10-3 min-1, 
(19.3 ± 0.9) ×10-3 min-1, and (13.2 ± 0.6) ×10-3 min-1 for the 
TiNT arrays prepared at 10 oC, 20 oC, and 30 oC, respectively. 
The photocatalytic degradation rate of MB by the TiNT arrays 
prepared at 10 oC is twice as much as that obtained by the TiNT 
arrays prepared at 30 oC. In agreement to the study reported by 
Mor et al. [11], the thicker tube walls provide enhanced band 
bending to decrease surface recombination rate of separated 
electrons and holes. 

C. Effect of the Water Content in the Electrolyte 

Fig. 5a-c show the morphologies of the TiNT arrays with  
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Fig. 5 SEM images of the TiNT arrays obtained at 20 oC with 80 V for 
30 min in the electrolyte containing 0.5 wt% NH4F and water 
contain of (a) 1%, (b) 3%, (c)6%. The inset show specimen 
picture of the corresponding TiNT film. 

similar length prepared by anodization of 80 V at 20 oC in 0.5 
wt% NH4F/ethylene glycol with water addition of 1 wt%, 3wt%, 
and 6wt%, respectively. The growth rate of TiNT decreased 
with the increase in water content. The anodization times of 20, 
30, and 80 min are necessary to grow ~8 μm-long TiNT arrays 
at 1 wt%, 3wt%, and 6wt% of water contents, respectively. For 
higher water content (e.g. 10 wt%), the current decreased 
rapidly to near zero in the initial stage of anodization. It took 
several hours to grow the TiNT to ~8 μm-long, thus anodization 
at higher water content is not applicable. As shown in Fig. 5a, 
the TiO2 layer exhibits a sponge-like structure. After annealed, 
however, the rupturing and peeling of the TiNT readily occur 
(the inset of Fig. 5a). The resulting TiNT arrays were 
mechanically unstable, with a strong tendency towards crack 
development under the influence of even weak mechanical 
forces. These inevitably influence the mechanical stability and 
the photocatalytic activity. When the water content was more 
than 1 wt%, there was no significant change in the morphology 
of the nanotubes (Fig. 5b and 5c). However, the nanotubes 
formed in the water content of 6 wt% showed ridges on the tube 
wall and the number of the ridges increased with increase in 
water content (the insets of Fig. 5b and 5c). The surface 
roughnesses are 9.6, 13.1 and 14.8 μm-1 for the TiNT formed at 
the water content of 1 wt%, 3wt%, and 6wt%, respectively. 

Fig. 6 Photodegradation kinetics of MB using the TiNT arrays 
obtained at 20 oC with 80 V for 30 min in the electrolyte 
containing 0.5 wt% NH4F and various water contains. 

Fig. 6 shows the C/Co versus time curves of the MB 
photodegradation using the TiNT arrays formed in the water 
content of 1 wt%, 3 wt%, and 6 wt%. All curves shown in Fig. 6 
are fit well to the first-order reaction kinetic model. The kobs

values calculated from the slope of ln(C/Co) versus time curves 
are (11.1 ± 0.4) ×10-3 min-1, (19.3 ± 0.9) ×10-3 min-1, and (21.6 ± 
1.0) ×10-3 min-1 for the TiNT arrays formed in the water content 
of 1 wt%, 3 wt%, and 6 wt%, respectively. The difference in the 
photocatalytic activity between the TiNT arrays prepared in the 
water content of 3 wt%, and 6 wt% with the similar length 
implies the tube with rough wall absorbs more photons to 
generate the photo-excited electrons reacting with MB in the 
solution. The rates of MB photodegradation using the two 
tubular structures are almost twice that using the sponge-like 
structure. The significant enhancement of the kobs values 
obviously is not only attributed to the increase in surface 
roughness for absorbs more photons for MB photodegradation. 
Since the incident light is well directed within the tubes which 
are perpendicular to the Ti substrate, the light-penetration depth 
and the concentration of photogenerated electron-hole pairs can 
be increased for efficient MB photodegradation. By preparation 
parameters optimization for photocatalytic activity, we were 
able to further improve the MB photodegradation rate. The 
optimal kobs value of (28.6 ± 1.2) ×10-3 min-1 was achieved using 
the 18 μm-long TiNT arrays prepared by anodization of 80 V at 
10 oC in the 0.5 wt% NH4F/ethylene glycol with water addition 
of 6 wt%. 

IV. CONCLUSIONS 

In this work, highly ordered TiO2-nanotube arrays with 
length of a few tens of micrometer and rough tube wall were 
fabricated using electrochemical anodization of Ti foil for 
methylene blue photodegradation. We controlled critical 
anodization factors, including anodization time, applied 
potential, anodization temperature, and water content in the 
electrolyte, for the growth of the tubular structures. Substantial 
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improvement on the photocatalytic activity has been 
demonstrated when the prepared TiNT arrays have about 18 μm 
in length, as well as discrete anatase TiO2 nanotubes with thick 
and rough walls. Because of the facile preparation of 
anodic-oriented TiO2-nanotube arrays, as well as their 
well-controllable morphology, and easy access to photons and 
reactants, the application of such arrays is expected to facilitate 
the development of photocatalytic technique for environmental 
purification. 
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