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The crystal structure, crystallinity and surface area of anodized TiO, were systematically investigated focusing on the current density in the
anodization. Anatase phase was evolved with an increase of the current density for the anodic oxides prepared in the electrolyte of 0.1 mol-L~!
sulfuric acid, and the surface area was almost constant against the current density. On the other hand, rutile phase was evolved with the same of
1.2 mol-L~" sulfuric acid, and the surface area increased with the current density. Photocatalytic degradation rates of methylene blue (MB) were
normalized by surface area of TiO,, showing that the maximum value was found in the anodic oxide with approximately 60% of rutile in the
fraction. The specific rate constant for MB degradation was the best in the anodic oxide with low lattice strain and the crystallite size of

appropriately 40nm. [doi:10.2320/matertrans.M2010106]
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1. Introduction

TiO, is regarded as one of the most promising photo-
catalysts due to its broad functionality, long-term stability
and non-toxicity since the first discovery by Honda and
Fujishima." A number of methods have been employed to
fabricate the TiO, such as sol-gel methods,? thermal
chemical vapor deposition,® thermal spraying,* and sputter-
ing,” along with anodic®® and thermal oxidation.'” Re-
cently, we have reported the fabrication of TiO, photo-
catalyst on Ti or Ti alloy substrate by anodic oxidation. So
far, it was reported that TiO, anodized in a sulfuric acid
aqueous solution effectively degraded methylene blue (MB)
aqueous solution'" and exhibited superhydrophilicity.!? In
addition, the anodic oxide showed photocatalytic activity
under visible light illumination probably due to the band gap
narrowing by sulfur doping.!? In the anodic oxidation,
various parameters such as concentration of electrolytes,
applied voltage, pH and temperature, affect the character-
istics of the produced oxide film. Among the parameters,
especially from the industrial view point, current density
is important because it determines the sizes of the anode
substrates and specifications of the DC power supply.
However, relevant reports on the effect of current density
of anodization upon the photocatalytic activity are quite
few.!¥

In the present study, we examined the effect of current
density during anodic oxidation on the photocatalytic
activities focusing on the microstructure and crystal structure
of the oxide. The current density was systematically varied
and the obtained TiO, was characterized by XRD, SEM, and
laser microscope. The characteristic of the anodized TiO,
determining the photocatalytic activities were explored.

2. Experimental

A pure Ti plate (cp-Ti, grade I) with dimensions of
19 x 9 x Imm® that was to be used as the anode was
chemically polished using a 40-nm colloidal silica suspen-
sion and was thoroughly washed in ethanol using an

ultrasonic cleaner. A constant current of 8400 mA corre-
sponding to current density of 201000 A-m~2 was applied to
the Ti plate for 0.5h in a sulfuric acid electrolyte of 0.1 or
1.2mol-L~". A Pt mesh electrode (5 x 5 cm?) was used as the
cathode. The anodized Ti was rinsed with distilled water and
then dried at room temperature, followed by annealing at
723 K for 5h in air atmosphere. We previously reported that
the thickness of the oxide did not change with annealing, but
the crystallinity of the oxide was improved to provide better
photocatalytic activity for MB bleaching.'” The crystallo-
graphic structure of the anodized oxide was determined
by X-ray diffraction (PANalytical X’Pert diffractometer,
Netherlands) with CuK, radiation (0.15406nm), at a scan
rate of 1°min~', and a rotating detector. The sample was set
in a thin-film geometry arrangement at 0.5° glancing angle.
Microstructure observations were conducted with a scanning
electron microscopy (Keyence VE-8800, Japan) at an
operating voltage of 20kV. Surface area was measured using
a laser microscope with a wavelength of 408 nm (Keyence
VK-9710, Japan).

The photocatalytic activities of the fabricated photocata-
lysts were evaluated by degradation of MB in aqueous
solutions. The evaluations were carefully done considering
the adsorption of MB molecules on the surface of the TiO,,
the direct photolysis of MB molecules and the self-sensitiz-
ing degradation due to MB absorption. Prior to the evalua-
tions, the TiO, were immersed in 0.02 mol-L~' MB aqueous
solution for more than 12h, and the saturation of MB
adsorptions were confirmed. After the pre-treatment, the
degradation of MB was carried out using 0.01 mol-L~' MB
solution. Light illumination was conducted by UV lamp with
the central wavelength at 365nm and full width at half
maximum of 36 nm through bandpass filter. The passed light
intensity through the 10 mm thickness of 0.01 mol-L~! MB
solution at the surface of the photocatalysts was regulated
at 5W m™2. The concentration of MB was determined from
the absorbance at 664 nm measured with a UV-vis spectro-
photometer (Jasco V-550, Japan). Several experimental
results indicated that the photocatalytic decomposition of
various dyes over illuminated TiO, fitted the Langmuir—
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Fig. 1

Hinshelwood kinetics model.'> When the concentration is
low, the degradation rate of MB, r, can be simplified to the
following apparent first-order equation:

dc kKC = kyp,C €))

y = — = =

dr app
where C is the concentration of MB, ¢ is the duration of
light illumination, k is the reaction rate constant, K is the
adsorption coefficient of the reactant and kyp, is the apparent
rate constants for MB degradation. In this study, photo-
catalytic activity is expressed as k,p, obtained from the slope
of t vs —In(C/Cy) plots.

3. Results and Discussion

In the process of anodic oxidation, the current rose to
the programmed value abruptly (typically within about 1 s)
regardless of the anodizing conditions. On the other hand, the
applied voltage depended upon the conditions of anodization.
High voltage and high sweep rate were attained when the
current density was high or the sulfuric acid concentration
was low. For example, when titanium was anodized in
1.2 mol-L~! sulfuric acid with the current of 500 A-m~2, the
initial sweep rate and the final voltage were 6.7 Vs~! and
198.7 V, respectively, which were similar to those previously
reported.'®

SEM images of the anodized TiO, are displayed in Fig. 1.
In the cases of the anodic oxides prepared in an electrolyte of
1.2mol-L~" sulfuric acid, nano-sized pores emerged above
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Surface microstructres of anodized TiO,. (a)—(f) and (g)—(h) anodized in 1.2 and 0.1 mol-L~! sulfuric acid, respectively.

the current density of 50 A-m~2 (Fig. 1(b)) and became larger
with the current densities. These nano-sized pores were not
observed in the oxide anodize with current density lower than
20 A-m~2 (Fig. 1(a)). For the anodic oxides prepared with the
current density larger than 200 A-m~2, concave curvature
with dozens of micrometers in diameter were confirmed,
suggesting spalling of the formed oxide from the surface
during the anodization (Fig. 1(d)). When the current density
increased up to 1000 A-m~2, the above concave curvature
was not confirmed (Fig. 1(f)). For the anodic oxides prepared
in an electrolyte of 0.1 mol-L~! sulfuric acid, micro-pores
were distributed homogeneously in the oxide anodized with
current density higher than 150 A-m~2 (Fig. 1(g)). The sizes
and frequencies of the pores did not change in accordance
with the current density. Hillocks with several micrometers
were observed on the surface anodized with current density
higher than 750 A-m~2 (Fig. 1(h)). However, the concave
curvature was not observed regardless of the applied current
density.

The crystal structures of the fabricated TiO, were inves-
tigated by thin layer XRD technique. XRD patterns are
shown in Fig. 2(a) and (b). In both cases, when the current
density increased, the peak intensity of titanium substrate
declined and the peaks from titanium oxides increased. This
indicates that thick oxide layer was formed with the incre-
ment of the current density. The growth of the oxide layer
was also observed in the potentiostatic anodization of
titanium with the increment of the applied voltage.!” In the
cases of the anodic oxides prepared in an electrolyte of
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Fig. 2 XRD patterns of TiO, anodized with various current density in a
sulfuric acid of (a) 1.2mol-L~! and (b) 0.1 mol-L~'. @: anatase, A: rutile,
X: titanium.

1.2mol-L~!, anatase phase was confirmed in the oxide and
the peak intensity increased with the current density up to
100 A-m~2. With further increase of the current density, the
primary phase changed from anatase to rutile. In the cases of
TiO, anodized in 0.1 mol-L~!, the peak intensity of anatase
increased with increasing of the current density until
300 A-m~? followed by saturation of the intensity. The weak
diffraction peaks due to rutile phase were observed irrespec-
tive of the current density.

The rutile phase fraction, sizes of the crystallite, and lattice
strain of the anodized TiO, were -calculated. Several
empirical equations were proposed to estimate the fraction
of the TiO, constituent phase between rutile and ana-
tase,'820 while no distinct difference was found between
them. Using eq. (2),29

0.679 N Irutile

I rutile I anatase

2
+ 0.312(1‘“““) ©)
Irutile + Ianatase

where Lnatase1or and Inye110 are the peak area of the main
anatase and rutile reflections, respectively, the fractions of
rutile in the anodic oxides were calculated. Hall’s equation
(eq. (3)) was employed to calculate the sizes of crystallite
and lattice strain,2V

rutile =

A
,3~cosQ=K~Z+2£~sin9 3)
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where L is crystallite size expressed in nm, A is the X-ray
wavelength, B is the full width at half maximum (FWHM) of
the signal in radians, K is the shape factor of 0.89, assuming
that the crystallite is sphere, ¢ is lattice strain, and 6 is the
Bragg angle. The intensity and the FWHM were obtained
by software of Profile Fit (Philips, Netherlands). For the
oxide anodized with the low current density (20 A-m~2 for
1.2mol-L™! and lower than 100A-m~2 for 0.1 mol-L~!
sulfuric acid), the plotted data could not fit with Hall’s
equation due to low intensity of the diffraction peaks.
Thereby, the lattice strain and crystallite size of the
predominant phase were calculated for the oxides with
higher current density. The result is shown in Fig. 3. The
fraction of rutile (Fig. 3(a)) was 58% and above 90% in the
anodic oxide with the current density of 150 A-m~2 and
500 A-m~2, respectively, when the concentration of sulfuric
acid in the electrolyte was 1.2mol-L~!. In the cases of the
anodic oxides prepared in an electrolyte of 0.1 mol-L~!, the
rutile fraction was less than 10% regardless of the current
density. With increasing of the current density, the size of the
crystallite and the lattice strain decreased and converged to
30-40 nm and 2-3 x 1073, respectively (Fig. 3(b) and (c)).

Figure 4(a) shows the rate constants for MB degradation of
the anodic oxides prepared in an electrolyte of 1.2 mol-L™!,
revealing the rate constants increased with the current density
and reached the plateau at the current density above
200 A-m~2. On the other hand, TiO, anodized in an electro-
lyte of 0.1 mol-L~! sulfuric acid degraded MB with almost
same low rate constants independent of the current density.
The surface area increased with the current density shown in
Fig. 4(b). It should be noted that the effective surface area
derived in this study is corresponding to the illuminated area
to evaluate photocatalytic activity, because photocatalytic
reaction occurs at the illuminated area. This implies that
the surface area derived from BET method is inadequate to
consider the photocatalytic activities, because it provides the
surface area including the area not to be illuminated. Specific
surface area of the anodic oxides prepared in an electrolyte of
1.2mol-L~! sulfuric acid linearly increases with the current
density and reached plateau at 500 A-m~2, whereas the
surface area was quite low regardless of the current
density for the anodized TiO, prepared in an electrolyte of
0.1 mol-L~!. From these results, it was found that the surface
morphologies including roughness depended on the concen-
tration of sulfuric acid in the electrolyte preferentially as
compared with the current density and the final voltage.

It was reported that the photocatalytic activities were
affected by different factors such as crystallinity, crystal
structure, surface area, chemical impurities, and constituent
phase and its fraction. TiO, photocatalyst is one of the
heterogeneous catalysts, so that the activities are improved
by absorbing large amount of substances to be photo-
degraded on the surface of TiO, with high surface area.
In the present study, the anodized TiO, with higher surface
area exhibited higher activity. In order to investigate the
photocatalytic activities per surface area of TiO,, specific
rate constant (SRC) was defined. The SRC dependence upon
the current density was shown in Fig. 4(c). It reveals that
TiO, anodized in an electrolyte of 1.2mol-L~! sulfuric
acid showed better performance as compared with that of



1446

Y. Mizukoshi and N. Masahashi

a 100_l T T T T T ]
@ _ ;
n
80- . .
&2 o 0.1 mol L™ H,SO,
s %01 = = 1.2mol L"H,S0,| ]
B
[}
= 401 -
2
o s 20 [T
0 " 0og o o o o
0 200 400 600 800 1000
Current density / A m”*
(c) 0.07 , . . : :
© 0.1 mol L™ anatase
° e 1.2 mol L™ anatase
0.064, 4 1.2mol L rutile
@ 0.008 ° E
[
I
£ 0.006- i
(0]
k!
T 0.004 - o 4
- o °
0002] o2% & 4 a s
0.000 -+ T T T T T
0 200 400 600 800 1000

Current density, // A cm®

b 400 T T T T T T
(b) ss0- o © 0.1 mol L™ anatase| T
300+ e 1.2mol L' anatase |
£ T 4 1.2mol L™ rutile T
3 454 b
o) o
N
k7 40+ AA A A )
£ 35- : °© 1
s o °
2 304 ° 1
o [oye]
25 T
20 T T T T T T
0 200 400 600 800 1000 1200

Current density, 1/ A m”

Fig. 3 Dependence of (a) rutile phase fraction in the oxide, (b) crystallite size, and (c) lattice strain of the oxide upon the current density.
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Fig. 5 Dependence of specific rate constant for MB degradation upon (a) crystallite size, (b) lattice strain and (c) rutile fraction.

0.1 mol-L~! and reached the peak with the current density
at 150 A-m™2.

The SRC dependences on crystallite size, lattice strain and
phase composition (rutile fraction) are summarized in Fig. 5.
The plotted data is relatively scattered due to low intensity in
reflection, especially for the anodic oxides prepared in the
electrolyte of low sulfuric acid concentration. However, it is
possible to consider the correlation between the crystallo-
graphic factors and SRC to a certain extent, because
reasonable explanation to understand this result could be
provided as stated below. With the increment of the
crystallite size, the SRC increased and showed the highest
at 40 nm in the crystallite size as shown in Fig. 5(a). If the
crystallite is small, it is considered that the photocatalytic
activity is deteriorated because a lot of interfaces could
become sink sites for the photo-exited charge carries of
electrons and holes.?>?® In addition, since electrons and
holes can not migrate a longer distance in the small crystallite
and they can not effectively separate, the recombination of
the charge carriers may occur more frequently in smaller
crystalline than in larger one.”” On the other hand, the
adsorbed amounts of molecules to be decomposed on the
surface of the photocatalyst decrease with increasing crys-
tallite size.”> Further, the photo-exited charge carriers can
not reach the surface of the photocatalyst due to an increase
of recombination frequency, resultantly the photo-degrade
efficiency is lowered. It is plausible that there exists an
optimum crystallite size due to this opposite two factors as
shown in Fig. 5(a). The optimum crystallite size of 40 nm in
the current study is interestingly in the range of the reported
crystallite size.?®

The anodized TiO, showed high activities with low lattice
strain as shown in Fig. 5(b). The crystal strain is reported to
scatter the charge carriers and interrupt their migrations to
the catalysts surface,”’>% which could provide reasonable
explanation to the present result.

The SRC increased with an increase of rutile fraction
(Fig. 5(c)). The highest activity marked in the oxide with
about 60% rutile phase, which is higher than 25% of
commercially available photocatalyst P-25.39 It is generally
accepted that high photoactivity could be obtained in the
TiO, of anatase single phase or a mixed phase of a large
amount of anatase and residual rutile. Slightly higher Fermi
level of anatase to rutile phase®! could be attributable to the
higher performance of anatase. However, there are different
studies to report the similar photocatalytic activities between
them?? or superiority of rutile to anatase.>3* This disagree-
ment is originated from the various parameters which can not
be simultaneously controlled, such as specific surface area,
distribution of pore size and crystallinity. In contrast, the
present method enables us to control the crystallite size,
lattice strain, phase component by changing current density.
The rutile structured TiO, anodized in 1.2 mol-L~! sulfuric
acid aqueous solution with the current density of 1000 A-m~2
(rutile fraction: 95.2%, crystallite size: 38.5 nm, lattice strain:
0.0022) exhibited higher SRC than anatase structured TiO,
anodized in 0.1 mol-L~! sulfuric acid aqueous solution with
the current density of 1000 A-m~2 (rutile fraction: 5.5%,
crystallite size: 38.5nm, lattice strain: 0.00315). These
results suggest that the rutile structured TiO, with superior
photocatalytic activities could be fabricated by controlling
electrochemical parameter in the anodic oxidation.
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4. Conclusions

The characteristics, including phase composition and
crystallinity, of the TiO, fabricated by anodic oxidation
were systematically examined by controlling the current
density. The anodic oxide with low lattice strain and the
crystallite size of appropriately 40 nm showed high SRC for
MB degradation. It was also elucidated that TiO, consisting
of rutile phase with high crystallinity exhibited superior
photocatalytic activity to anatase phase.
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