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TiO2 nanotube arrays were fabricated using electrochemical anodization of titanium foils, where different types 
of electrolytes were tested to determine conceptual choice for nanotubes fabrication. These electrolytes are 1M 
(NH4)2SO4 containing 0.5% wt NH4F, 1M Na2SO4 containing 0.5% wt NH4F, 1M NaF containing 0.5% wt 
(NH4)2SO4 and a mixture of water: ethylene glycol 1:9 containing 0.5% wt NH4F. The foils were marked as EG 
type (Ethylene Glycol), AS type (Ammonium sulfate), SS type (sodium sulfate) and SF type (sodium fl uoride). 
The photocatalytic capabilities and characterization of the fabricated NTAs were analyzed using SEM, XRD, and 
DRS. The degradation ratio of designated organic pollutants (Rhodamine B) was analyzed. The obtained results 
have proven that foils fabricated using Ethylene glycol have signifi cant photocatalytic abilities, with a degradation 
ratio of EG-SS-SF-AS types being 80% to 85%, 70% to 80%, 70% to 75% and 52% to 55%, respectively.

Keywords: TiO2, anodizing, electrolytes, Nanotube arrays, photo-catalysis, water pollution, water treat-
ments, Rhodamine B.

INTRODUCTION

The technology of using one-dimensional nanomaterial 
structures such as nanotubes, nanofl akes, nanorods and 
nanowires to degrade various types of water pollutants 
are considered revolutionary, since the discovery of 
water splitting on the TiO2 surface due to its remar-
kable photocatalytic capabilities1–3, as is shown in the 
following reactions: 

Much research has been dedicated to enhancing their 
photocatalytic properties, which aim to signifi cantly 
increase the effi ciency of both organic and non-organic 
pollutants elimination, air purifi cation and for solar 
energy production purposes4–6. Among these technologies, 
nanotubes have been found to be an ideal nanostructure, 
for both light absorbance and charge separation7, 8, due 
to their large internal surface area without any conco-
mitant decreasing the geometric and structural order9–10. 
Titanium can be converted into highly ordered TiO2 
nanotubes using self-assembly during the anodization 
process11–13. The growth of the structure of the fabrica-
ted nanotubes is greatly affected by several parameters 
such as electrolyte composition, anodization voltage and 
time11–13. TiO2 nanotubes are limited by several defects 
such as wide band gap (3.2 eV)16. The tube structure is 
a result of the deepening and expansion of small pores 

and in which the low acidity at the bottom of the pores 
help to etch the pore into a tubular structure17 as is 
shown in Figure 1.

Figure 1. The evolution of straight nanotubes at a constant 
anodization voltage

TiO2 can only be excited by ultraviolet radiation, as 
the photocatalytic process has no infl uence on the de-
gradation process under dark conditions18–20. However, 
in the presence of light, the photocatalytic process is 
able to greatly enhance the degradation process via 
accelerating the reaction21–22. Light absorption needs 
to have a certain amount of energy which is in relation 
to the wavelength of light, in which the light does not 
contain the required energy to transport electrons from 
valence band to conduction band23–24. Nanotubes show 
unique physical and chemical properties because they 
have free spaces in their interiors as well as an outer 
space that can be fi lled with active materials. TiO2 acts 
photocatalically by absorbing light with a wavelength no 
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longer than 387 nm to generate e– and h+ driving the 
reduction and oxidation reaction25.

One of the fundamental parameters in the fabrica-
tion of the nanotube arrays is the electrolyte, where 
the performance of several electrolytes compositions 
and mixtures were reclaimed to produce a satisfactory 
quality of highly ordered nanotube arrays. Among the 
numerous types of these electrolytes, four electrolytes 
have been widely used without signifi cantly distinguishing 
the core difference between the fi nal product quality 
and its photocatalytic properties. These mixtures are 
1M (NH4)2SO4 containing 0.5% wt NH4F26, 1M Na2SO4 
containing 0.5% wt NH4F27, 1M NaF containing 0.5% 
wt (NH4)2SO4

28 and a mixture of water: ethylene glycol 
1:9 containing 0.5% wt NH4F29. Therefore, this study is 
conducted to investigate the photocatalytic capability and 
characterization of the fabricated NTAs using the said 
electrolytes. The nanotubes were analyzed using SEM, 
XRD, and DRS tests. The degradation ratio of designa-
ted organic pollutants (Rhodamine B) as an example of 
organic pollutants, indicates the overall effi ciency of the 
nanotubes etched on the surface of the titanium foil.

MATERIAL AND METHODS

Material
All chemicals used in this study were analytical grade 

and were employed without further purifi cation. The ti-
tanium sheets were purchased from the Baoji and Baoye 
Titanium–Nickel Manufacturing Co., Ltd. Sodium sulfate 
(Na2SO4), Sodium Fluoride (NaF), Ammonium Sulfate, 
Ammonium Fluoride, Ethylene Glycol, acetone, absolute 
ethanol, Rhoda mine B, Power supply 0 to 30 V electric 
potential. Magnetic agitators, 35 W xenon light source, 
50 x 60 x 40 cm light isolation metal box were used for 
isolating the experiment from external affections.

Photoelectrode preparation
The size of the strip titanium sheet is 90 mm × 10 

mm × 0.5 mm. The effective work area is 40 mm × 
10 mm × 0.5 mm. The titanium foils were cleaned via 
immersing in a mixture of acetone and absolute ethanol 
than in an ultrasonic water bath for 30 minutes. The foils 
were left to dry for 1 h at 80oC in vacuum oven. After 
completely drying the foils were immersed in a mixture 
of HF: HNO3:H2O = 1:4:5 in volume for 30 seconds 
followed by rinsing with D.I water, then dried again in 
a vacuum oven for 4 h at 70oC.

The polished titanium foils were anodized at a constant 
potential of 2 V in an electrolyte at room temperature 
for 2 h in a two-electrode confi guration with a platinum 
cathode. After anodic oxidation, the samples were rinsed 
with deionized water and dried in air. The resulting 
amorphous TiO2 NTs were annealed at 500oC for 2 h 
with heating and cooling rates of 2oC min−1 in air to 
crystallize the tubes.

Photocatalytic (PC) evaluation
Photo catalytic activities of the samples were evaluated 

by using RhB as a model organic dye pollutant compound. 
The foils were immersed in a cylindrical quartz photo 
reactor containing 50 mL of RhB (5 mg/L). The TiO2 

NTAs electrode was placed vertically in the reactor then 
agitated with a magnetic agitator, and when the mixture 
reaches the point of equilibrium the 35 W Xenon light 
was switched on for 20, 40, 60, 80, 100 and 120 minutes. 
The samples were collected and labeled based on the 
electrolyte type used in the test then measured at 552 
nm using a UV-vis spectrophotometer. The test was 
performed inside an isolated metal box (light exposure 
chamber) with the dimension of 50 x 60 x 40 cm. The 
established equipment inside the isolated metal box (pho-
tocatalytic process chamber) are as shown in Figure 2.

Figure 2. Diagram of the equipment for photocatalytic oxida-
tion (1. Xenon lamp; 2. Working electrode; 3. Quartz 
reactor; 4. Stirrer; 5. Magnetic stirrer and 6. Power 
supply)

RESULTS AND DISCUSSION

Photoelectrode characterization

SEM analysis
The collected samples were observed by using a fi eld 

emission scanning electron microscope, Figure 3, which 
showed the typical SEM images of the as-prepared bare 
TiO2 NTAs with the designated electrolyte EG type, 
SS type, AS type and SF type. This illustrated that the 
nanotubes fabricated with the use of an Ethylene Glycol 
electrolyte mixture have highly ordered nanotubular 
structures, which possessed an average inner diameter of 
around 120 nm and a wall thickness of 20 nm as shown 
in Figure 3(a). Nanotubes fabricated using a sodium 
sulfate electrolyte mixture showed similar morphological 
properties as Figure 3(b). The tubes fabricated with 
Ammonium sulfi de showed a slightly unorganized tubu-
lar structure as seen in Figure 3(c) and, the nanotubes 
fabricated via anodization in a sodium fl uoride mixture 
electrolyte are shown in Figure 3(d). The SEM images 
illustrated that the tubular structure of the fabricated 
nanotubes is fuzzy and fragile with signs of instability 
that result in different crystallization intensity due to the 
difference in heat effects on the nanostructures during 
the annihilation process. These differences in the tubular 
structures affect the ratio of the surface and volume which 
lead to the differences in the light harvesting properties.

Thus, XRD analysis has been performed on the sur-
face of the titanium foils to investigate their crystalline 
phase and DRS tests were used to investigate the light 
harvesting properties.
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XRD and DRS analysis
XRD patterns of the TiO2 NTAs samples were per-

formed and are shown in Figure 4. All the crystalline 
phases could be indexed from their corresponding 
characteristic peaks using the anatase phase (JCPDS 
No. 21–1272), rutile (JCPDS NO. 21–1276) and Ti 
metal phase (JCPDS NO. 44–1294)30, in which these 
were distinctly marked with A, R and T in the XRD 
patterns, respectively. Previous researchers discovered 
the signifi cance of anatase crystals and distinguished 

its superior properties in harvesting light over rutile 
crystals31. The test stated that photoelectrodes prepared 
by the mentioned electrolyte mixtures exhibited different 
diffraction peaks, especially regarding the anatase peaks 
(101), (200), (105), (204) and (215) which illustrated the 
ability of photoelectrodes with a high ratio of anatase 
crystals having the best light harvesting properties, which 
is supported by the DRS test shown in Figure 5. This 
illustrates that photoelectrodes fabricated in Ethylene 
glycol exhibit both UV light (λ<400 nm) and intense 
visible light absorption ranging from 400 to 800 nm. 
The UV light absorption was attributed to the intrinsic 
band gap of bare TiO2, while the visible absorption was 
likely caused by the several aspects including the trapped 
charge carriers or some colored centers, as well as the 
absorption of incident light by the nanotubes32. This 
illustrates the importance of the quality of the crystalline 
structure for in the light absorption process.

The band gap of TiO2 NTAs can be calculated through 
the following Kubelka–Munk equation33:

Where ν, α, Eg, and A are the absorption coeffi cient, 
the light frequency, the band gap, and constant, respec-
tively. Among them, n depends on the characteristics of 
the transition in a semiconductor, such as direct transition 
where n = 1 or indirect transition where n = 4.

Rhodamine B degradation performance
Organic dyes have often been chosen as a represen-

tative pollutant to evaluate PC performance. Thus, in 
this study, the degradation of RhB was used to evaluate 
PC performances of the fabricated TiO2 NTAs photo-
electrodes. Direct photolysis or adsorption in the dark 
of RhB (<3%) was so low that it could be neglected. 
Compared with PC effi ciencies, the removal of the PC 
performances of TiO2 NTAs were different in the four 
types of the fabricated TiO2 NTAs photoelectrodes. The 
quality of the tubular structure illustrated in the SEM 

Figure 3. SEM analysis (a) Nanotubes EG type, (b) Nanotubes 
SS type, (c) Nanotubes AS type, and (d) Nanotubes 
SF type

Figure 4. XRD patterns of the fabricated TiO2 NTAs. (1) EG-type, (2) SS-type, (3) AS-type and (4) SF-type
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test and crystallization formation indicated in the XRD 
test show the intensity value of anatase crystals to ru-
tile crystals. The difference among the photoelectrodes 
fi tted well with the results of the degradation effi ciency 
of each type of the photoelectrodes. The degradation 
effi ciencies of the collected samples were estimated using 
the following equation34:

The degradation effi ciencies of the EG-type photo-
electrode, SS-type photoelectrode, AS-type photoelec-
trode and SF-type photoelectrode samples range in 
the following descending order: EG-type PC > SS-type 
PC > AS-type PC > SF-type PC. TiO2 fabricated via 
anodization in the Ethylene Glycol electrolyte mixture 
exhibit the highest PC performance in regards to the 
degradation of RhB than the other types, which are 
88%, 83%, 58% and 53% in the 2 hour illumination 
period, as shown in Figure 6.

directly contribute to the photodegradation effi ciency 
of RhB due to the high production rate of ·OH and O2 
radicals. The degradation rate of RhB fi tted well with 
the pseudo-fi rst-order kinetics function within 120 min 
as shown in Figure 7 according to the Langmuir–Hin-
shelwood (L-H) model which is shown in the following 
equation35:

It is notable that TiO2 NTAs fabricated in Ethylene 
glycol electrolyte mixture exhibited superior photoca-
talytic performances than the TiO2 NTAs fabricated in 
the other mentioned electrolyte mixtures under parallel 
conditions. Moreover, it can be induced that the TiO2 
NTAs photoanode fabricated in ethylene glycol displayed 
the highest photocatalytic activity with a constant rate 
of 0.0157 min−1 under Xenon light irradiation. The su-
perior PC performance can be attributed to the intense 
visible light absorbance along with effi cient mobility and 
separation of photogenerated charge carriers.

Figure 5. UV-Visible light absorption DRS patterns

Figure 6. RHB Degradation ratio during the illumination 
process

Figure 7. PC evolution curves of RhB solution on as-prepared 
bare TiO2 NTAs photoelectrodes under 120 min of 
xenon light illumination

The high-effi ciency ratio is attributed to the perfect 
tubular structure which has the highest surface and 
volume ration while the crystallization quality at 500oC 
has superior intense light harvesting properties which 

The results show that the photocatalytic degradation 
of Rhodamine B of these samples can be described by 
the fi rst order kinetic model which are mentioned above. 
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sixth cycle it deteriorated slightly, and at the end of the 
seventh cycle, the change becomes remarkably notice-
able especially for the AS and SF photoelectrode types 
as shown in Figure 8.

Electrolytes pH 
The pH test was performed on the electrolytes mixtu-

res to investigate their acidity as shown in the following 
Table 2. 

Table 2 shows relatively similar pH values which indicate 
that the pH of the electrolyte mixtures has an identical 
effect on the formation of the nanotube arrays. 

The linear relationship with the irradiation time, the cal-
culated rate constants and the corresponding correlation 
coeffi cients are as listed in Table 1.

In order to investigate the photocatalytic stability of 
the fabricated photoelectrodes which is important for 
their practical application because they can be regener-
ated and salvaged, the concentration and stability of the 
solution of the designated organic pollutant (Rhodamine 
B) was kept in the dark and saved in black agar contain-
ers. Before administering the photodegradation process 
the mixture is agitated for 20 minutes inside an isolated 
metal box to reach a state of adsorption–desorption 
equilibrium. Afterwards, the photoelectrode is fi xed 
in the photoreactor and illuminated for 2 hours. This 
process was repeated for seven successive-cycles for each 
fabricated/type photoelectrode. The results show that for 
the fi rst 5 cycles the catalyst exhibited similar catalytic 
performance without any signifi cant deactivation, reveal-
ing its high stability after multiple reuses. Then on the 

Table 1. Photoelectrocatalytic degradation kinetics of Rhodamine B using TiO2 NTAs photoelectrodes fabricated in different elec-
trolyte mixtures

Table 2. pH values of the electrolyte mixtures

Figure 8. Photocatalyst stability test of as-prepared bare TiO2 NTAs photoelectrodes (1) EG-type, (2) SS-type, (3)AS-type 
and (4) SF-type
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