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Abstract

Highly ordered TiO, nanotube arrays on Ti substrates were prepared by an electrochemical anodization process in a
mixture of glycerol and water containing 0.5 wt% NH4F and then thermally annealed from 400 °C to 600 °C. The sample
structures were characterized by scanning electron microscopy and X-ray diffraction measurements, where the nano-
tube pore diameter and length were found to increase with increasing anodization voltage and reaction time. Thermal
annealing at 450 °C was found to lead to the generation of the largest anatase crystalline domains, and at higher anneal-
ing temperature, the anatase components started to convert into the rutile ones. The corresponding photocatalytic
activity was then evaluated by the photodegradation of Alizarin Red S under ultraviolet light irradiation. The results
showed that the nanotubes prepared by anodization at 25V for 10 h and subsequently annealed at 450 °C exhibited the
optimal photocatalytic activity with a rate constant of 2.70 X 10 >min~' and 39.2% of Alizarin Red S degraded after
180 min of photoirradiation. These results indicated that the photocatalytic activity was primarily determined by the
crystalline properties of the TiO, nanotubes, and additional improvement might be achieved by a deliberate manipulation
of the nanotube dimensions as a combined contribution of light penetration and mass transport within the nanotube
arrays.
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Introduction excellent catalytic activity for the degradation of organic
pollutants due to its high surface-to-volume ratios, dis-
persibility, and fast charge transfer properties.’

Yet, most anodically prepared TiO, nanotube arrays
are amorphous with poor conductivity and mechanical
strength.” For photocatalytic applications, the crystallinity
of the TiO, nanotube arrays must be improved, where
thermal annealing has been recognized as a feasible and
effective route.'” In addition, the nanotube length and
pore size may also influence the photocatalytic activity as

With the development of the textile industries, large
amounts of wastewater containing organic pollutants
are being discharged into the environment. Thus, a
number of procedures have been developed in recent
years in order to mitigate the detrimental impacts of
these pollutants on the environment. Among these,
photocatalysis represents an effective method.'* Of the
photocatalysts used, TiO, has drawn considerable
attention primarily because of its low cost, nontoxicity,
and apparent photocatalytic efficiency. In practice, to
maximize surface accessibility, the catalysts are pre- 'College of Chemistry and Chemical Engineering, Ocean University of
: . China, Shandong, People’s Republic of China

pared in the form of nanostructures. In fact, a yarlgty Department of Chemistry and Biochemistry, University of California,
of procedures have been developed for the fabrication  gynea cruz, CA, USA
of these functional nanostructures. For instance, one- 3Institute of Materials Science and Engineering, Ocean University of
dimensional TiO, nanotubes have been synthesized  China, Shandong, People’s Republic of China
by the template method,’ hydrothermal route,® electro- .

. .. 7 . . . .. g Corresponding author:
chemical anodization,” and microwave irradiation. Shaowei Chen, Department of Chemistry and Biochemistry, University of
Among these, highly oriented TiO, nanotube arrays pre-  california, 1156 High Street, Santa Cruz, CA 95064, USA.
pared by electrochemical anodization have shown  Email: shaowei@ucsc.edu

Downloaded from pin.sagepub.com by guest on November 13, 2014


http://pin.sagepub.com/

Lin et al.

167

a result of effective surface area and diffusion of reactants
and reaction products. For instance, Kang and Chen''
thermally annealed TiO, nanotube arrays from 400 °C to
600 °C and found that the nanotubes prepared at 500 °C
exhibited the maximal photocatalytic activity in the degra-
dation of methylene blue because of the formation of a
binary mixture of anatase and brookite crystalline phases
that facilitated charge separation upon photoirradiation.
In another study, Yu and Wang'? studied the influence of
annealing temperature on the TiO, structures and found
that the photocatalytic activity in the degradation of
methyl orange increased with increasing temperature, and
at 600°C, the annealed sample displayed the highest
photocatalytic activity due to its anatase and rutile bi-
phasic composition, good crystallization, and remaining
tubular structures. In a further study, Lai et al. exam-
ined the effects of TiO, nanotube length and annealing
temperature on the efficiency of photodegradation of
methyl orange. It was found that when calcined at
450°C, the nanotubes of 2.5 um in length showed the
best photocatalytic activity.'> All these studies highlight
the significance of the TiO, crystalline composition in
the manipulation of the photocatalytic activity. Yet the
discrepancy among these studies also suggests that other
structural parameters might impact the nanotube photo-
catalytic activity, such as surface morphologies, tubular
length, pore diameter, and so on. This is the primary
motivation of the present study.

In this article, highly ordered TiO, nanotube arrays
were fabricated by the anodic oxidation of a titanium
metal sheet. The photocatalytic activity of the TiO,
nanotube arrays was examined within the context of
various structural parameters that included pore size,
tube length, and crystallographic composition. As a rep-
resentative highly toxic anthraquinone compound dye
with a high chemical oxygen demand value (Figure 1),
Alizarin Red S (ARS) was used as a model pollutant to
evaluate and compare the photocatalytic activity of
these TiO, nanotube arrays under ultraviolet (UV) illu-
mination, from which the optimal experimental condi-
tions were identified for the preparation and engineering
of the TiO, nanotubes.

Experimental section

Preparation of TiO, nanotube arrays

Titanium (Ti) foils (250 pm in thickness, 99.5% purity)
were purchased from Alfa-Aesar, USA. Prior to anodi-
zation, a large piece of a Ti foil was cut into small rec-
tangular pieces of 15mm X 10mm. These Ti pieces
were then ultrasonically cleaned in acetone and anhy-
drous ethanol for 20 and 10min, respectively, then
rinsed several times with deionized water, and dried in a
nitrogen stream. TiO, nanotube arrays were fabricated
by the electrochemical anodization method, which was
conducted in a conventional two-electrode configura-
tion under magnetic agitation.!" A titanium foil and a
graphite sheet served as the anode and cathode,

‘O \O
OH

o} OH

Figure I. Molecular structure of Alizarin Red S (ARS).

respectively. These electrodes were separated with a dis-
tance of 4cm and submerged into an electrolyte solution
of glycerol and water (at a glycerol/water volume ratio of
4:1) containing 0.5wt% NH4F. The applied voltage was
controlled by using a direct current (DC) power supply
(Full Electric Co. Ltd., China). The electrochemical treat-
ment started with a potential ramp from the open-circuit
potential to a designated voltage at a scan rate of 0.1 V/s,
followed by holding the applied potential for various peri-
ods of time. After anodization, the samples were rinsed
with deionized water and dried in a nitrogen stream. All
experiments were carried out at room temperature.

Characterization

The morphology of the TiO, nanotube arrays was char-
acterized by using a Hitachi S-4800 field emission scan-
ning electron microscope (FESEM). The cross-sectional
images were taken from cracked layers after mechanical
bending of the samples. The crystalline phases were
determined by X-ray diffraction (XRD) studies using a
Bruker D8 Advance X-ray diffractometer fitted with
Cu K, radiation over the 26 range of 20° to 70° at a
scanning speed of 5°/min.

Photocatalysis

The photocatalytic activity of TiO, nanotube arrays
was examined by the degradation of ARS in aqueous
solutions at ambient temperature with an OCRS-I
photochemical reactor (Kaifeng Hongxing Machinery
and Electronics Co., Henan, China). The experimental
setup is shown in Figure 2. A 300-W high-pressure mer-
cury lamp was used as the light source, which was put
in a cylindrical quartz cooling pit with circulating
water. The initial concentration of the ARS solution
was 40mg/L, and the solution pH was adjusted by
NaOH solution to 9. At the beginning of the reaction,
10mL of an ARS solution was added into a 25-mL
quartz beaker. A calculated amount of photocatalysts
was loaded into the solution with the TiO, nanotube
arrays facing the lamp. The distance between the
quartz beaker and the lamp was 10 cm. Prior to photo-
irradiation, the photocatalysts were soaked in the ARS
solution for 30min in the dark to establish an
adsorption—desorption equilibrium. A magnetic stirrer
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Figure 2. Experimental setup for photocatalytic reactions.

was used to ensure a good mixing during the entire pro-
cess. After different reaction intervals, an aliquot of the
ARS solution was taken out from the beaker for UV-
vis absorption measurements (Shimadzu UV-2550,
Japan). The photodegradation activity was measured
by the change of the peak absorbance at about 520 nm
with respect to that prior to light exposure. Control
experiments were also carried out by irradiating the
ARS solution without TiO, photocatalysts under the
otherwise identical conditions.

Results and discussion

Figure 3 shows the top and cross-sectional views of
TiO, nanotube arrays prepared at different anodization
voltages and times. It can be seen that the TiO, nano-
tube arrays are all rather uniform in size in each sample
and tightly packed on the Ti foil surface. Yet a closer
analysis shows that the detailed structures of the nano-
tube arrays vary with the experimental conditions. For
instance, for a reaction time of 2 h, with the increase of
the anodization voltage, the outer diameter of the TiO,
nanotubes exhibited an apparent increase, from
approximately 120nm at 25V (panel a) to 150nm at
35V (panel b) and finally 185nm at 45V (panel c¢),
whereas the tube number density decreased from about
58 to 31, and to 19 per wm?, respectively. Nonetheless,
the tube thickness remained rather consistent at about
10nm. In addition, the length of the TiO, nanotube
arrays might be varied by the reaction time, as mani-
fested in the cross-sectional views of the nanotube
arrays. For instance, at the same anodization voltage of
25V, the length of the TiO, nanotube arrays was found
to increase almost linearly with increasing reaction time,
from about 0.90 um for 2h (panel d) to 2.75um for
10 h (panel e) and 3.76 um for 12h (panel f). At a higher
anodization voltage of 35V, the average length was
even longer, and also increased linearly with reaction

time, from 1.19 wm for 2h (panel g) to 3.40 wm for 8§h
(panel h) and 4.34 pm for 12 h (panel i). Interestingly, a
further increase of the anodization voltage did not
appear to lead to a significant change of nanotube
length. For instance, at 45V, the average TiO, nano-
tube length was about 1.50 wm for 2 h (panel j), 3.07 wm
for 6 h (panel k), and 3.96 pum for 12 h (panel 1).

The resulting nanotube arrays were then subject to
thermal annealing between 400°C and 600°C to
manipulate the crystalline structures, as revealed by
XRD measurements.'"'*!* Figure 4 depicts the repre-
sentative XRD patterns of TiO, nanotube arrays pre-
pared at 25V with the anodization time of 10h (a)
before and after thermal annealing at (b) 400 °C, (c)
450°C, (d) 500°C, (e) 550°C, and (f) 600°C. It can be
seen that the as-prepared TiO, nanotube arrays (curve
a) exhibited a largely featureless profile (the sharp dif-
fraction features at 35.09°, 38.39°, 40.16°, 52.98°, and
62.94° were due to the Ti metal substrate), implying an
amorphous structure. After annealing at 400 °C in air
for 3h (curve b), several diffraction peaks appeared at
25.28°, 48.05°, and 55.06°, which were consistent with
the (101), (200), and (211) crystalline planes of anatase
TiO,, respectively. When the annealing temperature
was increased up to 550 °C (curves c to e), these diffrac-
tion peaks became increasingly sharpened, suggesting
an increase of the TiO, crystallinity. Interestingly, at
the annealing temperature of 550 °C (curve d), in addi-
tion to the anatase features, a small peak emerged at
20 = 27.45°, which can be assigned to the (110) diffrac-
tion plane of rutile TiO,. At even higher annealing
temperatures, this rutile peak became better defined
(curve f). In fact, when the annealing temperature
reached 600°C, three additional peaks appeared at
36.09°, 44.05°, and 56.64°, which were consistent with
the (101), (210), and (220) diffraction planes of rutile
TiO,, respectively. Concurrently, the anatase peaks
became weakened, indicating that at these high anneal-
ing temperatures, an effective phase transformation
occurred, resulting in the formation of a mixed crystal
structure consisting of both anatase and rutile phases.'?

Based on the Debye—Scherrer equation, the width of
the anatase (101) diffraction peak was then used to esti-
mate the average size of the anatase crystalline domains
of the TiO, nanotubes, which was 25.6 nm at 400 °C,
28.6nm at 450°C, 34.2nm at 500°C, 32.6nm at
550 °C, and 32.7nm at 600 °C. The initial increase of
the anatase domain size suggests enhanced crystalli-
nity of the nanotubes with increasing temperature up
to 450°C, and at higher temperatures, the shrinking
of the anatase domain size is due to the transforma-
tion of the anatase phase to the rutile counterpart, as
it has been shown that at sufficiently high tempera-
tures, large anatase grains of TiO, start to transform
into rutile, whereas the small grains remain in the
anatase form.’

FESEM measurements showed that the morphologies
of the TiO, nanotube arrays remained practically
unchanged with a deliberate control of the annealing
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Figure 3. FESEM images of TiO, nanotubes arrays prepared at different applied voltages and anodization times. Images (a), (b), and
(c) show the top views of TiO, nanotubes arrays prepared by anodization for 2 h at 25, 35, and 45 V, respectively. Images (d), (g),
and (f) show the cross-sectional views of TiO, nanotubes arrays prepared at 25 V with the anodization time of 2, 10, and 12 h,
respectively. Images (e), (h), and (k) show the cross-sectional views of TiO, nanotubes arrays prepared at 35 V with the anodization
time of 2, 8, and 12 h, respectively. Images (f), (i), and (I) show the cross-sectional views of TiO, nanotubes arrays prepared at 45 V

with the anodization time of 2, 6, and 12 h, respectively.

temperature. From Figure 5, one can see that in compari-
son to the as-prepared sample (panel a), after thermal
annealing within the temperature range of 400 °C—550°C
(panels b to d), the samples maintained excellent thermal
stability with a well-ordered tubular structure and only a
smaller number of particulate fragments between the
nanotubes.'> At higher temperatures (600°C, panel f),
however, the nanotubes began to collapse and more
recognizable particles and fragments appeared. Similar
behaviors were observed for TiO, nanotubes prepared at
other conditions (anodization voltage and reaction time).
The photocatalytic activity of the resulting TiO,
nanotube arrays was then evaluated and compared by
using the photodegradation of ARS as the illustrating
example. Figure 6 shows the absorption spectra of an
ARS solution under UV photoirradiation for varied

periods of time in the (a) absence and (b) presence of
TiO, photocatalysts prepared at 25V for 10 h and then
annealed at 450°C for 3h. The absorption peak at
260nm can be assigned to the m—m* transition of the
anthracene moiety, the peak at 335nm to the n—w*
transition of the carbonyl group, and the broad peak at
520nm to the conjugation between O =C and the het-
erocyclic ring (Figure 1).'® These features may be used
for the quantitative assessment of the degradation of
ARS catalyzed by the TiO, nanotubes. From panel (a)
of Figure 6, it can be seen that in the absence of cata-
lysts, the absorption profiles of ARS remained virtually
unchanged under UV photoirradiation for up to
180 min. In sharp contrast, with the addition of TiO,
nanotubes, the absorption features diminished drasti-
cally under UV illumination, indicating apparent
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Figure 4. Representative XRD patterns of (a) TiO, nanotube
arrays prepared at 25 V with the anodization time of 10 h and
those thermally annealed at (b) 400 °C, (c) 450 °C, (d) 500 °C,
(e) 550 °C, and (f) 600 °C.

photocatalytic activity of TiO, in the photodegradation
of ARS.

The photocatalytic reactions catalyzed by TiO,
nanotubes that were annealed at other temperatures
were carried out in a similar fashion. The activity was
quantified by monitoring the diminishment of the
absorbance at 520 nm with photoirradiation time. The
results are summarized in Figure 7. In panel (a), one
can see that the fraction of ARS that remained in the
solution (C,/Cy) decreased exponentially with reaction
time (t) for up to 180 min. From the linear profiles of
In(Cy/Cy) versus t, the first-order rate constants (k) were
then evaluated and listed in panel (b). It can be seen
that for the TiO, nanotubes prepared by anodization at
25V for 10h, thermal annealing at 450 °C gave rise to
the best photocatalytic activity with a rate constant of
2.70 X 10" *min~". Similar behaviors can be observed
with regard to the fraction of ARS that was photode-
graded after 180min of UV photoirradiation, which
was 39.2%, the highest among the series. This coincides
with the XRD measurements (Figure 4) where it was

Figure 5. FESEM images of (a) TiO, nanotube arrays prepared at 25 V with the anodization time of 10 h and those thermally
annealed at (b) 400 °C, (c) 450 °C, (d) 500 °C, (e) 550 °C, and (f) 600 °C. Scale bars all 500 nm.
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Figure 6. Representative UV-vis spectra of an ARS solution degraded (a) without and (b) with TiO, nanotube arrays (anodized at
25V for 10 h and then annealed at 450 °C for 3 h) under UV light illumination.
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Figure 7. (a) Photocatalytic activity of TiO, nanotube arrays annealed at different temperatures (anodized at 25 V for 10 h and
then annealed at various temperatures for 3 h), with the corresponding kinetic rate constants (k) listed in panel (b).

shown that the anatase crystalline domain reached the
maximum at this temperature, and anatase is known to
be the optimal phase for photocatalysis.'” '” The results
highlight the significance of thermal annealing in
manipulating the TiO, crystalline characteristics and
hence the photocatalytic performance in the photode-
gradation of ARS.

A comparative study was carried out for other TiO,
nanotubes that were also annealed at this temperature,
and the results are summarized in Table 1.
Interestingly, the photocatalytic activity might be fur-
ther improved with a deliberate selection of preparative
parameters. For instance, at the anodization voltage of
35V, the best photocatalytic activity was observed with
the samples prepared by anodization for 8h, with a
rate constant (k) of 2.65 X 10 *min~' and 38.1%
degraded after 180 min of UV illumination; whereas for
the those prepared at 45V, the optimal reaction time

was identified at 6 h, with a rate constant (k) of 2.50 X
103 min"" and 36.7% degraded after 180 min of UV
illumination.

Taken together, these results suggest that within the
present experimental context, the TiO, nanotube arrays
prepared by anodization at 25V for 10 h and then ther-
mally annealed at 450°C for 3h exhibited the best
photocatalytic activity in the degradation of ARS
under UV photoirradiation. In addition to annealing
temperatures that dictate the crystalline properties of
the nanotubes, the dimensions and morphologies of the
nanotubes appeared to play an important role as well
with an optimal range of nanotube length, diameters,
and surface density. As manifested in Figure 3,
the nanotube pore size and length increased, whereas
the number density on the Ti sheet decreased, with the
increase of the anodization voltage and reaction time.
Note that the specific surface area decreased with
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Table I. Summary of photocatalytic activity (first-order rate constant, k, and fraction of ARS degraded after 180 min of UV
photoirradiation, x) of TiO, nanotubes prepared at different anodization voltages for various periods of times.

TiO, 2h 4h 6h 8h 10 h 12 h
k (1073 min~") 25V 1.12 1.46 1.71 227 2.70 2.33
35V 1.29 2.05 2.11 2.65 2.34 2.11
45V 1.69 2.23 2.50 2.23 2.06 1.91
x (%) 25V 18.7 23.6 26.8 34.1 39.2 352
35V 21.0 29.7 314 38.1 355 32.1
45V 26.7 33.9 36.7 33.6 30.7 29.6

Note that all samples were thermally annealed at 450 °C for 3 h.

increasing nanotube pore diameter; thus, a somewhat
lower voltage is preferred for maximal surface accessi-
bility.?® Furthermore, it is interesting to note that of all
the TiO, nanotubes under study, the optimal length is
around 3 pm, as depicted in Figure S1 (Electronic
Supplementary Information), where the decomposition
rate constants (k) exhibited a peak-shaped dependence
on the nanotube length with the maximum at about
3 wm, regardless of the initial anodization voltage. This
is likely a combined consequence of light penetration
and hence absorption that drove the catalytic reactions,
as well as mass transport of reactants and products
within the nanotube arrays.”!

Conclusion

Organized TiO, nanotube arrays were prepared by elec-
trochemical anodization of titanium metal sheets. It
was found that the nanotube pore diameter and
length could be readily manipulated by the variation
of the anodization voltage and reaction time, as mani-
fested in SEM measurements. XRD studies showed
that nanotube arrays thermally anncaled at 450°C
exhibited the largest anatase crystal domains and
hence best photocatalytic performance in the degra-
dation of ARS under UV irradiation. Furthermore,
the results indicated that the photocatalytic activity
might be further improved by a deliberate variation
of the nanotube dimensions which likely arose from
the combined contributions of specific surface area
and mass transport within the nanotube arrays.
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