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Abstract

TiO2 nanotube arrays were successfully prepared by anodic oxidation method in the electrolyte of ethylene glycol and deionized water mixed in

9:1 volumetric ration including 0.5 wt.% NH4F. The microstructure and phase compositions of samples annealing from 0 8C to 800 8C were

characterized by field-emission scanning electron microscope (FESEM) and X-ray diffraction (XRD). FESEM showed that the obtained nanotubes

with diameter 80–100 nm and length 4.89 mm were highly ordered and perpendicular to Ti substrate. The tubular structure collapsed at 680 8C. The

photocatalytic activity of samples annealing at different temperature were calculated by the degradation of a model dye, methyl orange (MO),

under UV light illumination. The results indicated the phase composition and the morphology of TiO2 nanotubes both played an important role in

the degradation of MO. In addition, the effects of initial solution pH and dye concentration on degradation of MO had also been investigated. As a

result, the optimum values of calcination temperature, initial solution pH and dye concentration were found to be 550 8C, 3, 10 mg/l, respectively.

The best photodegradation of MO was 76% under illumination for 3 h.
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1. Introduction

As an important inorganic functional material, TiO2 has

been widely used in applications of dye-sensitized solar cells

(DSSC), environmental purification, water splitting, gas sensor

bio-application, optical and photonic [1–10] due to its excellent

dielectric effect, photoelectric conversion and superior photo-

catalytic properties. In the past few years, TiO2 nanoparticles as

traditional photocatalyst have been used to photodegradate the

organic pollutants. But to overcome their some drawbacks of

low surface area, easy aggregation during reaction and difficult

separation after reaction, high recombination efficiency of

photogenerated electron–hole pairs, several methods for

fabricating the fixed TiO2 photocatalyst on solid support

substrates have been studied, including sol–gel method [11],

laser calcination [12], template synthesis [13], sputtering [14]

and anodic oxidation [15]. Among these preparations, highly

ordered TiO2 nanotube arrays growing directly on Ti substrate
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are fabricated by anodic oxidation which is simplicity in

operation and easy control in the synthesis.

Zwilling et al. [16] first fabricated TiO2 in the form of hollow

nanotubes on titanium alloy by anodic oxidation method, and in

2001, G.K. Mor et al. [17] reported that the uniform TiO2

nanotube arrays were synthesized on a pure titanium sheet

using the same method. Following then, preparation parameters

influencing on the structure of TiO2 nanotube arrays had been

reported. These various parameters concluded electrolyte

composition, the anodic voltage, time and pH. Furthermore,

attention also had been paid to the effect of TiO2 nanotubes

structure and phase composition on photodegradation of

pollutants. However, the results were not consistent with each

other. For example, Liang and Li [18] reported that TiO2

nanotubes with a mixed phase of anatase/rutile had a better

photocatalytic activity. Whereas, Fang et al. [19] claimed that

TiO2 nanotubes with a pure anatase phase obtained a better

photocatalytic activity. Therefore, it is still worthy of paying

attention to improvement of photocatalytic activity of TiO2

nanotube arrays.

In this paper, the aim of our study was focused on the

photocatalytic activity of TiO2 nanotube arrays fabricated by

http://www.sciencedirect.com/science/journal/02728842
http://dx.doi.org/10.1016/j.ceramint.2012.04.026
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anodic oxidation method. Methyl orange (MO) was used as a

model dye. The influences of experimental variables, including

calcination temperature, initial pH and dye concentration, had

been detailed and systematically investigated.

2. Experimental

2.1. Materials

Titanium foils (10 mm � 15 mm size, 0.89 mm thickness,

99.7% purity) were mechanically polished by different abrasive

papers (400#, 600#, 1000#, 1200#), then followed by sonicating

in acetone, ethanol and deionized water for 30 min, respec-

tively. The titanium was chemically etched in acidic mixture

solution of HF:HNO3:H2O (HF/HNO3/H2O = 1:4:5, v/v/v) for

30 s to form a fresh smooth surface. Finally, the titanium was

washed with deionized water and then dried at room

temperature in air. All the other chemicals were of analytical

grade and used as received without further purification.

2.2. Preparation of TiO2 nanotube arrays

Anodization experiments were performed in a two-electro-

des configuration with Ti foil (oxidation area 1 cm � 1 cm) as

the anode and graphite foil as the counter electrode,

respectively. Both electrodes were immersed in 100 ml organic

electrolyte containing 0.5 wt.% NH4F, 10 vol.% H2O and

90 vol.% ethylene glycol (EG). The whole oxidation process

was followed as: (1) a potential of 30 V was applied by a DC

power source; (2) the voltage increased to 30 V with a rate of

1 V min�1 and was kept at 30 V for 1 h; (3) the distance

between the two electrodes was fixed at 4 cm; (4) the

electrochemical experimentals was carried out at 30 8C and
Fig. 1. Schematic graph of photocatalytic reactor. (1) Inlet of cooling water; (2) outle

(6) magnetic stirrer.
the electrolyte was kept uniform by continuously stirred.

Finally, the fabricated TiO2 nanotube arrays were annealed in

muffle furnace for 2 h with heating rate of 3 8C/min and cooling

to room temperature.

2.3. Photocatalytic activity measurements

Photocatalytic experiments were carried out by immersing

TiO2 nanotube arrays (1 cm � 1 cm) in 20 ml quartz glass

with 10 ml model dye, methyl orange (MO) solution. A

300 W high pressure mercury lamp was used as light source.

Prior to irradiation, TiO2 nanotube arrays were soaked in MO

solution for 30 min in a dark environment to achieve the

equilibrium of adsorption and desorption. The solution was

stirred with a magnetic agitator in all the runs. The distance

between TiO2 nanotube arrays film and light source was

12 cm. The absorbance changes of MO were measured using

a UV spectrophotometer at different time intervals (30 min)

during the whole photodegradation process. Fig. 1 showed

the reactor.

2.4. Characterization techniques

The surface morphologies of obtained samples were

observed using field-emission scanning electron microscope

(FE-SEM, Hitachi S-4800), and their crystalline phase was

characterized by X-ray diffraction diffractometer (XRD,

Bruker D8 ADVANCE, Cu Ka radiation). The photocatalytic

activity of TiO2 nanotube arrays was represented by the

degradation of MO under UV light illumination. UV-vis

spectrophotometer ( , UV-2550) with wavelength range of

200–700 nm was used to test the absorption spectra of MO, the

absorbance of MO was taken at the maximum absorbed
t of cooling water; (3) power controller; (4) UV lamp; (5) TiO2 nanotube arrays;
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wavelength. The photodegradation ratio of MO (h) was

calculated using the following formula:

h ¼ A0 � A

A0

� �
� 100%

where A0, the original absorbance of methyl orange solution; A,

the absorbance of methyl orange at time t.

3. Results and discussion

3.1. Characteristics of TiO2 nanotube arrays

Fig. 2 showed the different XRD patterns of the TiO2

nanotube arrays with calcination temperatures varying from 0

to 800 8C. The results exhibited that the crystalline phase of the

samples depended on the heat treatment temperature. As

expected, pattern a only showed peaks of Ti substrate,

indicating the dominant phase of TiO2 nanotube arrays without

calcination was amorphous. In contrast, patterns b–f showed

the crystalline phase of nanotubes calcined at 300, 450, 550,

680 and 800 8C, respectively. It was noted that anatase or rutile

phase was observed with the calcination temperature increasing

and the phase ratios of anatase/rutile were different when the

samples were calcinated at different temperatures. Pattern b

showed nanotubes possessed anatase structure at 2u = 25.28
(1 0 1), 37.88 (0 0 5), 488 (2 0 0) and 53.88 (1 0 5) (PDF#21-

1272, JCPDS), respectively, and no rutile structure was

detected. Increasing the annealing temperature, the crystallinity

of anatase phase increased, a small fraction of rutile phase

appeared at 2u = 27.58 at the same time shown in pattern d.

Moreover, patterns d–f showed that the intensities of rutile

peaks became stronger while that of anatase peaks became

weaker along with the calcination temperature elevating. It was

conformed that at 800 8C (pattern f), the anatase peak at

2u = 25.28 and 488 disappeared completely and the rutile peaks

became stronger. Based on the fact that rutile phase possessed

better stability than anatase phase, it was inferred that the phase
Fig. 2. XRD patterns of TiO2 nanotube arrays: (a) without calcination; (b)

300 8C; (c) 450 8C; (d) 550 8C; (e) 680 8C; (f) 800 8C.
transformation from anatase to rutile occurred at high

calcination temperature. It had to be noted that the intensities

of Ti peaks corresponding to 38.48 (0 0 2), 40.48 (1 0 1), 53.28
(1 0 2) and 63.28 (1 1 0) became weaker or even disappeared

gradually, indicating that the remaining Ti substrate was

oxidated by O2 during heat treatment process.

3.2. Surface morphology of TiO2 nanotube arrays

In order to investigate the effect of calcination temperature

on the surface morphologies of the TiO2 nanotube arrays, Fig. 3

presents FESEM images of samples annealing from 0 8C to

800 8C. Fig. 3a showed the as-prepared nanotubes were more

uniform, highly ordered over the whole Ti substrate, the

average inner diameter and the tube length of TiO2 nanotubes

were approximately 80–100 nm and 4.89 mm, respectively.

Fig. 3b–d showed the morphology structure of the samples

annealing from 300 8C to 550 8C were not significantly altered.

However, increasing the calcination temperature upon to

680 8C, the nanotube structure was completely destroyed, and

the grain size grew larger at 800 8C, indicating the heat

treatment accelerate the grain growth of TiO2. This result is

consistent with that reported by S. Sreekantan [20].

3.3. Photocatalytic activity

3.3.1. Effect of heat treatment of catalyst

Experiments about the effect of calcination temperature on the

photocatalytic activity of TiO2 nanotube arrays were evaluated by

photodegradation of MO under UV illumination for 4 h. Fig. 4

demonstrated the MO degradation efficiency with the TiO2

photocatalyst annealing from 0 8C to 800 8C. It was clearly shown

that TiO2 nanotubes without calcination had no significant

photocatalytic activity. When the calcination temperature of

photocatalyst increased, the photodegradation rate of MO

obviously enhanced, and the highest photodegradation rate was

achieved at 550 8C. Oppositely, the photodegradation efficiency

reduced with the further calcination temperature increasing.

It is noted that the photodegradation efficiency of organic

pollutants agrees with a pseudo-first-order kinetic model [21]

by the linear relationship ln[C0/Ct]=kt, the kinetic constant (k)

and regression coefficients (R2) were shown in Table 1, it was

obvious that kinetic constant (k) calculated at 550 8C was the

largest. That is to say, the TiO2 nanotube arrays annealing at

550 8C possessed the optimal photocatalytic performance. The

result may be ascribed to the optimum composition of anatase

and rutile phase and well tubular structure of TiO2, contributing

to larger surface area and much efficiency separation of

photogenerated electron–hole pairs. Some other researchers

[22–24] also had demonstrated that the mixed phases of TiO2

nanotubes dominantly influenced photodegradation efficiency

of MO and provided details of the mixed phased on the

photoactivity of TiO2.

3.3.2. Effect of pH

As the pH values of the dyestuff waste could be different in

practical application, additional experiments were carried out



Fig. 3. FESEM images of TiO2 annealing at different temperature for 2 h. (a) As-prepared sample; (b) 300 8C; (c) 450 8C; (d) 550 8C; (e) 680 8C; (f) 800 8C.

Table 1

The kinetic constant and regression coefficients of MO degradation by TiO2

nanotube arrays with different calcination temperature.

T (8C) 0 300 450 550 680 800

K (min�1) 0.00007 0.00049 0.00176 0.00224 0.00058 0.00040

R2 0.9698 0.9915 0.9947 0.9981 0.9903 0.9962
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to examine the effect of initial pH values of MO solution on the

photocatalytic reaction. The catalyst was annealed at 550 8C.

The initial pH values of the test solution were manually

adjusted from 1.0 to 12.0 with 1 mol l�1 H2SO4 or 1 mol l�1

NaOH without any modification during UV irradiation. All the

other experimental conditions were identical. Fig. 5 demon-

strated the photodegradation efficiency of MO at different pH



Fig. 4. Effects of calcination temperature on photodegradation efficiency of

methyl orange (MO) under UV illumination for 4 h (CMO = 10 mg/l,

VMO = 10 ml).

Fig. 5. Effects of initial pH on photodegradation efficiency of methyl orange

(MO) under UV illumination for 3 h (CMO = 10 mg/l, VMO = 10 ml).

Fig. 6. Effects of initial concentration solution on photodegradation efficiency of

methyl orange (MO) under UV illumination for 3 h (VMO = 10 ml, natural pH).
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values of solution. These figures indicated the photodegrada-

tion efficiencies changed sharply with initial pH value and were

both enhanced relatively in acidic or alkaline solution

compared with natural pH of MO solution. The maximum

photodegradation efficiency was observed at pH 3 and 76% was

reached after illumination for 180 min. Other studies about the

effects of solution pH on photodegradation had been performed

[25–29], and the conclusions were the same as the results in this

paper. The reason that the photodegradation efficiency of MO

depended on solution pH was due to the competitive factors

including catalyst surface charge, the absorption/desorption of

MO on TiO2 surface, and the oxidation potential of TiO2

valence band [30]. It was well known to us that the charges on

TiO2 surface was different on the basis of the zero-point charge

(zpc) of TiO2, and the zpc value for TiO2 ranges from 6 to 7

[31]. In acidic solution, the photodegradation efficiency

increased first and then decreased with the pH value decreasing.

The maximum photodegradation efficiency arrived at pH 3. For

pH < pHzpc, TiO2 was positively charged and absorbed MO

molecules by electrostatic attraction. But for solution pH < 3,

H+ ions competed with OH� and occupied the active sites of

TiO2 surface. Hence the amount of hydroxyl radicals (�OH)

was reduced. In alkaline solution, the photodegradation

efficiency increased first and then decreased with the pH value

increasing. The maximum photodegradation efficiency arrived

at pH 9. For pH > pHzpc, TiO2 was negatively charged and the

absorption of MO molecules became weaker due to repulsive

forces, but the hydroxyl radicals were produced

(OH� + h+! �OH) and could reacted rapidly with MO

molecules. However, for solution pH > 9, the amount of

photogenerated holes reduced due to the shift of the reduction

valence band. As a result, hydroxyl radicals (�OH) were

gradually overwhelmed. It was worthwhile to mention that the

solution condition with pH values less than 3 or higher than 9

did not favor the photodegradation rate of MO.
3.3.3. Effect of dye concentration

The effect of initial dye concentration on photodegradation

of MO had been performed in this experiment. The catalyst was

annealed at 550 8C. The initial concentration of MO varied

from 5 to 40 mg/l and all solution were kept at natural pH. The

results were showed in Fig. 6. It could be seen that the removal

efficiency of MO decreased from 59.3% to 14% as the initial

MO concentration increased from 5 to 40 mg/l. When the other

factors were under the same condition, it was clear that

photocatalytic degradation of MO decreased with the dye

concentration increasing.

As we all know, the photogenerated holes migrated onto the

tubes surface and reacted with absorbed OH�, the production of

which were hydroxyl radicals (OH�). Strong evidence

suggested that the photocatalytic degradation of aromatic

compounds was oxidized by hydroxylation (OH� + h+! �OH)

[32]. In another word, the generation of OH� radicals could
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diminish the recombination rate of photogenerated electron–

hole pairs. Okamoto et al. [33,34] also pointed out that the

formation of OH� radicals should be the rate-determining step

of photodegradation reaction due to their direct reaction with

aromatic compounds. So the more OH� absorbed on the tubes

surface, the more amount of OH� radicals would generate.

Thus, at a low initial dye concentration, much OH� absorbed on

the TiO2 nanotube surface and formed OH� radicals. As a

result, the photodegradation efficiency of MO was high. At

higher initial dye concentration, the dye competing with OH�

absorbed on the active sites of TiO2 nanotube surface and the

number of OH� radicals reduced, so the degradation efficiency

decreased.

4. Conclusions

In summary, TiO2 nanotube arrays were fabricated on Ti

substrate by anodization method in ethylene glycol (EG)

electrolyte. The morphology and microstructure of obtained

TiO2 nanotube were characterized by FESEM and XRD.

FESEM showed that the obtained nanotubes were well

organized and uniform arrays. The average inner diameter

and the tube length of TiO2 nanotubes were approximately 80–

100 nm and 4.89 mm, respectively. Furthermore, photocatalytic

activity of TiO2 nanotube arrays was also studied experimen-

tally. The variables influencing the photodegradation of MO

under UV illumination included nanotubes calcination tem-

perature, initial pH, and dye concentration. The results

exhibited that calcination temperature of TiO2 nanotube arrays

was an important parameter for photocatalytic activity. TiO2

nanotube arrays annealing at 550 8C possessed anatase phase

with a tiny rutile phase, and TiO2 still maintain the well tubular

structure. As a result, the highest photodegradation rate of MO

reached 41.8%. In addition, the degradation rate of MO was

enhanced in both acidic and alkaline solution and the best

condition of pH was 3. Moreover, the MO removal decreased

with dye concentration increasing.
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