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Abstract: Visible-light photocatalytically active titanium oxide (TiO2) nano-powder was synthesized
by a flat-flame chemical vapor condensation method. The formation of TiO2 consisting of different
ratios of anatase and rutile phases was controlled by two parameters: the acetylene flow rate
(C2H2, 600 sccm and 800 sccm) and the acetylene/oxygen flow ratio (C2H2/O2, 1:3, 1:4, 1:5, and 1:6).
The location of the photonic center was identified for visible-light absorption, which is in the anatase
grains. The photonic center on the surface of anatase grains happens to be the nucleation site for rutile
in an oxygen-deficient environment. The visible-light absorption could be attributed to the formation
of defect levels related to the photonic center within the band gap of anatase. The major role of the
mixed-phase structure of TiO2 in the enhancement of visible-light photocatalytic activity is in the
enhancement of carrier separation and not of light harvest, for the powder produced in this study.

Keywords: titanium oxide; anatase; rutile; nucleation; photonic center; photocatalyst; dual phases;
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1. Introduction

Titanium dioxide has long been considered an excellent photocatalyst in many aspects. It has many
advantages, such as insolubility in acid and alkali, nonoccurrence of light corrosion under sunlight,
chemical stability, non-toxicity for humans, and the abundance of its elements in the Earth’s crust [1].
When TiO2 absorbs photons from the light, it generates electron–hole pairs [2–4]. Subsequently,
electrons and holes react with oxygen and water which adsorb on the surface of TiO2 to form the
active oxygen species, such as OH radicals and O2

− ions, for the catalytic reaction. TiO2 exists
mainly in four phases, which are anatase, rutile, brookite, and TiO2(B) [5,6]. Anatase is thought
to be the best photocatalyst, among others [7,8]. Unfortunately, pure anatase is inhibited for use
under visible light by its wide bandgap of 3.2 eV, since it can only absorb the bandgap equivalent
UV light for electron excitation. Only about 4% of the energy in the solar spectrum belongs to UV
light, while 45% of the energy belongs to visible light. Having this in mind, many scientists have
tried to improve the photocatalytic activity by expanding the absorption spectrum into the visible
light region either by doping [9–11] or by alloying to enhance light harvesting, and this approach has
achieved various degrees of success. Another strategy for photocatalytic efficiency improvement is
to form mixed-phase TiO2. Many studies have shown that mixed anatase and rutile TiO2 powders
exhibit better photocatalytic activity than does either pure phase [12–15]. An investigation revealed
that the conduction band edge of rutile is 0.2 eV lower than that of anatase [16]. When the electrons are
excited from the valence band in the mixed phase by UV light, some of the electrons in the conduction
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band of anatase may transfer to the conduction band of rutile and suppress the recombination of
election–hole pairs [17,18]. There are studies in the literature reporting phase transformation of TiO2,
which may help us in preparing anatase/rutile dual phases [19–22]. In this work, we synthesized
mixed-phase TiO2 photocatalyst by using a flat-flame chemical vapor condensation (FFCVC) method,
and the mixed phases and location of the photonic center for visible-light absorption were examined.
Also, we determined the trends of methylene blue degradation of samples with different ratios of
anatase and rutile. We also confirm that the nanopowder we produced not only absorbs visible light,
but also possesses photocatalytic activity, and we conclude the role of the anatase/rutile interface on
the enhancement of photocatalytic activity under visible light illumination.

2. Materials and Methods

The TiO2 nano-powder was synthesized using a flat-flame chemical vapor condensation (FFCVC)
method, and the complete system set-up was as described in our previous study [23]. Titanium
isopropoxide (TTIP) was used as the precursor, and the carrier gas was argon. The precursor feed rate
into the chamber was controlled by adjusting the flow rate of the carrier gas (argon). Nitrogen gas was
used as the chamber quench gas, flowing through another pipe into the chamber, and the sources of
fuel and oxidizer were acetylene and oxygen. The precursor (TTIP) was delivered into the chamber
and mixed with the fuel gas through the burner. The TiO2 nano-powder was formed in the flame
through combustion.

The flow rates of acetylene (C2H2) were 600 sccm and 800 sccm (sccm stands for cubic centimeters
per minute at standard temperature and pressure (STP)), respectively. The acetylene/oxygen flow ratios
(C2H2/O2) were 1:3, 1:4, 1:5, and 1:6. All of the nano-powder samples were prepared with a precursor
carrier gas flow rate of 100 sccm, the precursor was held warm at 70 ◦C, the burner-to-substrate gap
was 35 mm, and the pressure of the chamber was controlled at 20 torr.

The θ–2θ scan measured the X-ray diffraction (XRD) spectra with a Cu Kα X-ray source (Rigaku
D/MAX-2500 V, 40 kV, 100 mA). The UV–visible spectra were measured using a Hitachi 3300 H.
The photocatalytic activity was accessed by degradation of methylene blue under visible light using
a PL lamp (PHILIPS 36W/865/4P). Methylene blue solution was prepared by dissolving 10 mg of
methylene blue in 1 L of deionized water. Then, 200 mL of the methylene blue solution was taken in a
500 mL beaker with the addition of 10 mg of the TiO2 powder under study. The beaker was then placed
under the lamp with constant magnetic stirring to induce photocatalytic degradation of methylene
blue. Each one hour, 3 mL of methylene blue solution was taken and measured via UV–vis absorption
spectroscopy. An X-band Bruker EMX was used to measure the EPR spectra.

3. Results and Discussion

Figure 1 shows the respective XRD spectra of the TiO2 powders synthesized by the FFCVC method
with two acetylene flow rates of 600 and 800 sccm. Figure 1a shows the X-ray diffraction spectra
corresponding to an acetylene flow rate of 600 sccm. The main diffraction peak appears at 2θ = 25.3◦,
attributed to anatase (101), and there is a tiny rutile peak at 27.5◦ corresponding to rutile (110), found
only in the sample at C2H2 600 sccm, C2H2/O2 = 1:3.

In Figure 1b, for an acetylene flow rate of 800 sccm, a diffraction peak appearing at 2θ = 25.3◦ was
observed for the samples at C2H2/O2 = 1:4, 1:5, and 1:6, and the rutile peak did not appear for C2H2

800 sccm, C2H2/O2 = 1:3. Besides this, the higher the flow rate of oxygen, the stronger the intensity of
the rutile peak at 27.5◦. The main rutile peaks appearing in spectra for samples from C2H2 800 sccm,
C2H2/O2 = 1:4 through C2H2 800 sccm, C2H2/O2 = 1:6 have the same characteristics in terms of narrow
rutile peak shape at 27.5◦.
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Figure 1. XRD spectra of TiO2 powders produced by a flat-flame chemical vapor condensation (FFCVC)
method using various acetylene/oxygen flow ratios (C2H2/O2). The acetylene flow rates (C2H2) are
(a) C2H2 600 sccm and (b) C2H2 800 sccm.

When comparing Figure 1a,b, the acetylene/oxygen flow ratios are the same. For acetylene flow of
800 sccm, the intensity of the rutile diffraction peak gets stronger as the flow rate of oxygen increases
(Figure 1b). However, this trend is reversed for 600 sccm (Figure 1a). Figure 1a has almost the opposite
tendency to Figure 1b in terms of rutile formation with acetylene/oxygen flow rate and, accordingly,
with the oxygen flow rate.

Table 1 shows the grain sizes of anatase and rutile for all the samples prepared under different
processing conditions. Scherrer’s equation (d = 0.9λ/βcos θ) was used to calculate the grain size d by
measuring the peak broadening β of the FWHM of the peak. The particle size of rutile is much larger
than that of anatase, especially for the set of samples with an acetylene flow rate of 800 sccm.

Table 1. The grain sizes of anatase and rutile under various processing conditions.

600 sccm 800 sccm

C2H2/O2
Anatase Rutile Anatase Rutile

β d (nm) β d (nm) β d (nm) β d (nm)

1:3 1.3 6.5 0.63 13.5 1.9 4.5 - -
1:4 2.1 4.1 - - 2.2 3.9 0.3 28.5
1:5 2.5 3.4 - - 1.9 4.5 0.3 28.5
1:6 2.6 3.3 - - 1.9 4.5 0.4 21.4

For the set of samples with an acetylene flow rate of 600 sccm, the grain size of rutile is small and
is comparable with that of anatase, although it may have a slightly larger value. This suggests that
the rutile growth is largely limited. The sub-Lorentzian-like shape of the rutile peak suggests that the
population of rutile grains with size less than the average rutile grain size is low. Since the average
rutile particle size is still slightly larger than that of anatase, rutile should form through transformation
from anatase aggregates composed of only a few anatase grains.
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Figure 2 shows the TEM micrograph and diffraction patterns of a sample with C2H2 800 sccm,
C2H2/O2 = 1:5. The ring pattern is diffuse and is from the anatase phase, suggesting that the anatase
particle size is small. There are scattered diffraction spots not falling within the rings, which come
from the rutile phase. Single-crystal diffraction on large particles was also examined (not shown) and
confirmed that the crystal was rutile. This is the typical TiO2 morphology produced at an acetylene
flow rate of 800 sccm, where rutile has a much larger size than most anatase, which agrees well with
the grain size deduced from the X-ray diffraction patterns.
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Figure 2. A typical TEM micrograph and corresponding diffraction pattern of a sample with C2H2

800 sccm, C2H2/O2 = 1:5. (a) Micrograph; (b)diffraction pattern.

3.1. Rutile Formation Mechanisms

As reported, the formation of rutile has two kinds of mechanisms. One is that rutile can even form
readily after its nucleation in an oxygen-deficient environment [24]. This mechanism is related to the
packing of the octahedral structure of the TiO6 unit [25]. It is known that more octahedra connect to
each other by corner-sharing in rutile than in anatase, while more octahedra connect by edge-sharing
in anatase than in rutile, where edge- and corner-sharing are illustrated in Figure 3. If one oxygen atom
is missing in two edge-shared octahedra, the shared edge may be unlocked and form a corner-shared
structure (Figure 3b). The corner-shared octahedra allow a greater degree of freedom in the tilt and
rotation of octahedron concerning each other, thus providing a better chance of packing themselves
from a more loosely packed anatase structure to a more densely packed, yet stable, rutile structure.
The alignment of octahedra by corner-sharing is promoted in an oxygen-deficient environment; hence,
rutile nucleation is enhanced in an oxygen-deficient environment. Thus, the formation of rutile by
nucleation is developed in an oxygen-deficient climate, and the rutile grain size can be tiny in an
oxygen-deficient environment. Another mechanism for rutile formation is through the aggregation
of anatase grains to form a specific critical size (>15 nm) for triggering phase transformation from
anatase to rutile at high temperatures (usually greater than 600 ◦C). Under this condition, the grain
size of rutile is larger than 15 nm [26–29], bigger than the grain size of rutile formed via the previous
mechanism. According to Scherrer’s equation (d = 0.9λ/βcos θ) [30], it is known that the crystallite size
can be determined from the full width at half-maximum (FWHM) of XRD peaks. The diffraction peaks
become broader; the grain size of the particle becomes smaller. In Figure 1b, it can be seen clearly
that the rutile peak at 27.5◦ is sharp and narrow compared with the anatase peak at 25.3◦, indicating
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that the rutile grains are much larger than the anatase grains. As a result, it can be concluded that
the rutile phase in the mixed powder is formed through the latter mechanism for an acetylene flow
rate of 800 sccm. On the contrary, if the rutile were to form through nucleation in an oxygen-deficient
environment, the rutile grains would be small, comparable with the grain size of anatase.
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Figure 3. (a) Schematics of edge-sharing and corner-sharing of two TiO6 octahedra. (b) The transformation
of TiO6 octahedra from corner-sharing to edge-sharing when one oxygen atom along the shared edge
is missing.

As discussed earlier, the formation of rutile is related to the acetylene flow rate of 800 sccm; in this
experiment, acetylene acts as the fuel for the combustion. When more acetylene flows into the chamber,
more heat is created to induce the combustion reaction to form TiO2 nanoparticles with mixed-phase
anatase and rutile. Thus, the rutile formation was more pronounced in the samples with an acetylene
flow rate of 800 sccm than in those with 600 sccm. The increasing trend of rutile formation with oxygen
flow rate for the set of samples with an acetylene flow rate of 800 sccm should not be due to increased
temperature of the flame because the stoichiometric ratio of oxygen to acetylene for the full combustion
of acetylene is 2.5, and excess oxygen flow higher than this stoichiometric ratio reduces the flame
temperature. Thus, the enhancement of rutile with the oxygen flow rate should be attributed to the
increased aggregation or growth of anatase grains due to the increased oxygen partial pressure.

There were different trends of rutile formation with acetylene flow rates of 600 sccm and 800 sccm.
In the case of 600 sccm, the temperature was insufficient for anatase-to-rutile phase transformation from
large anatase aggregates; the observation that rutile formation only occurred at an acetylene/oxygen flow
ratio of 1:3 for the acetylene flow rate of 600 sccm may be due to either the slight temperature increase
when the acetylene/oxygen flow ratio approaches the stoichiometric ratio for full combustion or the
oxygen-deficient environment caused by the reduction of oxygen flow, considering that the precursor
also consumes oxygen during combustion, along with the acetylene. The oxygen-deficient environment
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does help rutile formation, through either direct nucleation from the gas phase, or transformation from
small anatase aggregates less than the critical size, or both.

3.2. Visible-Light Absorption

Figure 4a,b shows the UV–visible absorption spectra of the sets with C2H2 flow rates of 600 sccm
and 800 sccm, respectively, prepared by FFCVC. The anatase-to-rutile ratio (A:R) is also provided from
estimation of the areas under the X-ray diffraction peak at 25.3◦ (anatase (101)) and under the peak at
27.5◦ (rutile (110)) from a previous study. All of these powder samples absorbed visible light in the range
of 380–600 nm. In Figure 4a, it can be clearly seen that the visible-light absorption ability for samples
decreases in the following order: C2H2 600 sccm, C2H2/O2 = 1:4; C2H2 600 sccm, C2H2/O2 = 1:5; C2H2

600 sccm, C2H2/O2 = 1:6; and C2H2 600 sccm, C2H2/O2 = 1:3, as the arrow indicates. The visible-light
absorption for sample C2H2/O2 = 1:3 is considerably much lower than that of the other samples.
In Figure 4b, all four lines almost overlap one another, but they still follow the decreasing order
through the sequence of C2H2 800 sccm, C2H2/O2 = 1:6; C2H2 800 sccm, C2H2/O2 = 1:5; C2H2 800 sccm,
C2H2/O2 = 1:4; and C2H2 800 sccm, C2H2/O2 = 1:3, where the sample at C2H2 800 sccm, C2H2/O2 = 1:6
showed slightly stronger absorption than other three samples. The visible light absorption levels
for C2H2 800 sccm, C2H2/O2 = 1:3; C2H2 800 sccm, C2H2/O2 = 1:4; C2H2 800 sccm, C2H2/O2 = 1:5;
and C2H2 800 sccm, C2H2/O2 = 1:6 are comparable with, if not higher than, that for C2H2 600 sccm,
C2H2/O2 = 1:4, which had the highest visible-light absorption for the acetylene flow rate of 600 sccm.
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FFCVC was due to a carbon-doping-related effect. In this study, we wanted to verify whether the 
anatase/rutile formation resulted in a different conclusion, because the anatase/rutile interface may 
also create a new energy level between the valence band and conduction band edges of TiO2 and 
cause visible light absorption [31–33]. Figure 5 shows the EPR spectra of all samples under 
visible-light illumination. The main signal appears at g = 2.003. Comparing Figures 4 and 5, it can be 
seen that for samples with higher absorption ability in the UV–vis spectra, the signal is generally 
stronger in the EPR spectra under illumination. Hence, the UV–vis spectral result correlates well 
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Figure 4. UV–visible absorption spectra of TiO2 powders produced by the FFCVC method with
(a) C2H2 600 sccm and with (b) C2H2 800 sccm. The dashed line provided in (b) is the spectrum for the
sample with C2H2 600 sccm, C2H2/O2 = 1:3, for comparison purposes. The anatase-to-rutile ratio (A:R)
is also indicated.

In our previous study [26], the visible-light absorption by TiO2 nanopowders produced by FFCVC
was due to a carbon-doping-related effect. In this study, we wanted to verify whether the anatase/rutile
formation resulted in a different conclusion, because the anatase/rutile interface may also create a new
energy level between the valence band and conduction band edges of TiO2 and cause visible light
absorption [31–33]. Figure 5 shows the EPR spectra of all samples under visible-light illumination.
The main signal appears at g = 2.003. Comparing Figures 4 and 5, it can be seen that for samples with
higher absorption ability in the UV–vis spectra, the signal is generally stronger in the EPR spectra
under illumination. Hence, the UV–vis spectral result correlates well with the EPR signal at g = 2.003.
The signal under illumination is much stronger than that in the dark (not shown), where the weak
signals of the EPR spectra in the dark do not correlate with visible-light absorption. The significant
EPR signal increase due to visible-light illumination suggests that the EPR signal at g = 2.003 represents
the photonic center for visible-light absorption. Since the illumination response is the same, and the
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position of the signal is the same as that mentioned in our previous study [26], we conclude that the
photonic center responsible for the visible-light absorption in this study is the same as those defects
related to the carbon doping effect for the TiO2 nanopowder mentioned in the previous study. The weak
EPR signal and visible-light absorption for the sample with C2H2 600 sccm, C2H2/O2 = 1:3 suggests
that the visible-light-absorbing photonic centers are annihilated with the formation of rutile.
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3.3. Visible-Light Photocatalytic Reactivity

Figure 6 shows the degradation of methylene blue as a function of reaction time by the samples
under visible light illumination. The dashed lines represent the degradation of methylene without
the presence of TiO2 powders, suggesting that photolysis of methylene blue can be neglected for
the 5 h period of time examined. As can be seen from Figure 6a, samples with a single anatase
phase such as C2H2 600 sccm, C2H2/O2 = 1:4; C2H2 600 sccm, C2H2/O2 = 1:5; and C2H2 600 sccm,
C2H2/O2 = 1:6 appear to have poor photocatalytic activity for methylene blue degradation. C2H2

600 sccm, C2H2/O2 = 1:3, the only sample with mixed phase prepared under a C2H2 flow of 600 sccm,
shows the highest photocatalytic activity among the samples. Figure 6b shows that for the samples
with an acetylene flow rate of 800 sccm, the photocatalytic methylene blue degradation ability is
significantly higher than for those with an acetylene flow rate of 600 sccm, and this ability increases
with the oxygen flow rate.
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As discussed earlier, the EPR signals relate to the UV–visible absorption spectra. The higher
the intensity of the signal in EPR, the stronger the absorption of visible light, such as that of C2H2

600 sccm, C2H2/O2 = 1:4 with the highest light absorption and EPR signal in Figures 4a and 5a and that
of C2H2 800 sccm, C2H2/O2 = 1:6 with the highest light absorption and EPR signal in Figures 4b and 5b.
However, good absorption of visible light does not necessarily ensure good photocatalytic ability,
as can be seen from Figures 4a and 6a, in which the sample with C2H2 600 sccm, C2H2/O2 = 1:4 has
the strongest absorption of visible light among the four samples prepared under an acetylene flow
rate of 600 sccm, but shows a poor result of methylene blue degradation under visible light. On the
other hand, the sample with C2H2 600 sccm, C2H2/O2 = 1:3 has the weakest light absorption ability
but shows the best degradation activity against methylene blue among the samples in the set for
acetylene flow of 600 sccm. Recall that the sample with C2H2 600 sccm, C2H2/O2 = 1:3 is the only
sample which has rutile formation coexisting with anatase in the set with C2H2 flow of 600 sccm.
Apparently, the anatase/rutile interface in C2H2 600 sccm, C2H2/O2 = 1:3 does play an important role
in the enhancement of the photocatalytic reaction. Note that the rutile formation is at the expense
of visible-light absorption. Hence, the significant role of the anatase/rutile interface in this study is
electron–hole separation instead of photonic center creation for visible-light absorption.

3.4. Photonic Center for Visible-Light Absorption

The interesting phenomenon that the rutile formation is at the expense of visible-light absorption
is worth noticing. In the set with acetylene flow of 600 sccm, as the oxygen flow rate reduces to
approach C2H2/O2 = 1:3, rutile forms and is accompanied by a significant reduction of light absorption.
This experiment was repeated many times and confirmed that the onset of rutile formation always
coincides with a substantial decrease in light absorption for acetylene flow of 600 sccm. Thus,
we claim that the visible-light-absorbing photonic center acts as the nucleation site for rutile formation
for acetylene flow of 600 sccm, such that the rutile formation accompanies the elimination of the
visible-light-absorbing photonic center. Furthermore, since rutile formation reduces the visible-light
absorption, the visible-light-incorporating photonic center should locate neither at the anatase/rutile
interface nor in rutile grains, but in anatase grains. This agrees well with our previous study that
single-phase anatase TiO2 photocatalyst prepared by FFCVC can absorb visible light while showing
poor photocatalytic ability.

For the samples prepared with an acetylene flow rate of 800 sccm, rutile formation is not
at the expense of the photonic center. For example, C2H2 800 sccm, C2H2/O2 = 1:6 forms rutile
(Figure 1b) without compromised visible-light absorption (Figure 4b); the rutile formation under
elevated temperature and sufficient oxygen availability is through phase transformation from anatase
aggregates and not through nucleation from the photonic center. Thus, the remaining anatase may still
possess the photonic center for visible light absorption for samples prepared under acetylene flow of
800 sccm. As discussed before, the formation of rutile by nucleation is feasible in an oxygen-deficient
environment even when the temperature is not high enough for rutile formation by phase transformation
from large anatase aggregates (>15 nm). Oxygen vacancy should play a vital role in the unlocking of
the edge-sharing octahedra towards corner-sharing octahedra, which leads to rutile nucleation. In light
of the finding that the visible-light-absorbing photonic center acts as the nucleation site for rutile
formation for acetylene flow of 600 sccm, the visible-light-incorporating photonic center should be
closely related to the defect of oxygen vacancy on the surface of anatase grains. The literature suggests
that the defect level of oxygen vacancy in anatase lies 0.75 eV~1.18 eV below the conduction band
edge of anatase. The defect level described above agrees quite well with our visible-light absorption
spectrum starting from the lowest photonic energy with an equivalent wavelength around 600 nm.
Thus, the visible-light absorption by our samples should yield electron excitation from the valance
band edge to the defect level of oxygen vacancy in anatase.

A schematic energy band diagram is required, shown in Figure 7, for the anatase/rutile
photocatalyst prepared by the FFCVC process to illustrate the possible electron flow direction and to
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highlight the role of the anatase/rutile dual-phase structure in enhancing photocatalytic activity under
visible light illumination. The anatase and rutile were aligned following the consensus suggested in
the literature that the conduction band edge has about 0.2 eV offset. In contrast, the valance band edges
of anatase and rutile are close to each other. Recall that the defect level of the photonic center is located
on the anatase side. When visible light illuminates the nanopowder prepared with C2H2 600 sccm,
C2H2/O2 = 1:3, there is little visible-light absorption, and the electron–hole pair cannot be formed
by visible-light illumination, as shown in Figure 7a. When visible light illuminates the nanopowder
with significant visible-light absorption, the electrons are excited to the defect energy level in anatase,
as shown in Figure 7b. Since the defect levels are lower than the conduction band edge of rutile, most
of the electrons cannot overcome the energy barrier of rutile and are forced to flow away from the
anatase/rutile interface. Thus, those electrons attempting to flow towards rutile are mainly turned
away by the interface so as to reduce electron–hole recombination on the rutile side. The holes on the
rutile side are mostly free from recombination with electrons and are allowed to proceed with their
photocatalytic reaction on the rutile surface. With the help of the anatase/rutile interface, the particles
generated on anatase are separated from rutile effectively, and the visible-light photocatalytic activity
of the TiO2 nanopowder is enhanced.
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4. Conclusions

We successfully enhanced the visible-light photocatalytic activity of TiO2 powder by rutile
formation using an FFCVC process. The rutile formation for TiO2 prepared under acetylene flow of
800 sccm occurs through phase transformation from anatase aggregates, while the rutile formation
for TiO2 prepared under acetylene flow of 600 sccm is mainly through nucleation from the photonic
center. The photonic center for visible-light absorption is located on the anatase side. The role of the
anatase/rutile dual phase in the samples is the blockage of photoelectrons by the anatase/rutile interface
to suppress electron/hole recombination, not light harvesting.

Author Contributions: Y.-J.C. supervised the project and wrote the manuscript while T.-S.L. carried out the
experiment. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Science Council of Taiwan under Project Nos.
NSC98-2622-E-259-007-CC3 and NSC93-2216-E-259-003.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wold, A. Photocatalytic properties of titanium dioxide (TiO2). Chem. Mater. 1993, 5, 280–283. [CrossRef]
2. Tang, H.; Berger, H.; Schmid, P.E.; Lévy, F.; Burri, G. Photoluminescence in TiO2 anatase single crystals.

Solid State Commun. 1993, 87, 847–850. [CrossRef]
3. Tang, H.; Prasad, K.; Sanjinès, R.; Schmid, P.E.; Lévy, F. Electrical and optical properties of TiO2 anatase thin

films. J. Appl. Phys. 1994, 75, 2042–2047. [CrossRef]
4. Daude, N.; Gout, C.; Jouanin, C. Electronic band structure of titanium dioxide. Phys. Rev. B 1977, 15,

3229–3235. [CrossRef]
5. Burdett, J.K.; Hughbanks, T.; Miller, G.J.; Richardson, J.W.; Smith, J.V. Structural-electronic relationships

in inorganic solids: Powder neutron diffraction studies of the rutile and anatase polymorphs of titanium
dioxide at 15 and 295 K. J. Am. Chem. Soc. 1987, 109, 3639–3646. [CrossRef]

6. Mo, S.-D.; Ching, W.Y. Electronic and optical properties of three phases of titanium dioxide: Rutile, anatase,
and brookite. Phys. Rev. B 1995, 51, 13023–13032. [CrossRef]

7. Tanaka, K.; Capule, M.F.V.; Hisanaga, T. Effect of crystallinity of TiO2 on its photocatalytic action.
Chem. Phys. Lett. 1991, 187, 73–76. [CrossRef]

8. Yanagisawa, K.; Ovenstone, J. Crystallization of anatase from amorphous titania using the hydrothermal
technique: effects of starting material and temperature. J. Phys. Chem. B 1999, 103, 7781–7787. [CrossRef]

9. Kisch, H.; Zang, L.; Lange, C.; Maier, W.F.; Antonius, C.; Meissner, D. Modified, Amorphous titania-a hybrid
semiconductor for detoxification and current generation by visible light. Angew. Chem. Int. Ed. Engl. 1998,
37, 3034–3036. [CrossRef]

10. Macyk, W.; Kisch, H. Photosensitization of crystalline and amorphous titanium dioxide by platinum(iv)
chloride surface complexes. Chem. Eur. J. 2001, 7, 1862–1867. [CrossRef]

11. Yamashita, H.; Honda, M.; Harada, M.; Ichihashi, Y.; Anpo, M.; Hirao, T.; Itoh, N.; Iwamoto, N. Preparation
of titanium oxide photocatalysts anchored on porous silica glass by a metal ion-implantation method and
their photocatalytic reactivities for the degradation of 2-propanol diluted in water. J. Phys. Chem. B 1998, 102,
10707–10711. [CrossRef]

12. Berger, T.; Sterrer, M.; Diwald, O.; Knözinger, E.; Panayotov, D.; Thompson, T.L.; Yates, J.T. Light-induced
charge separation in anatase TiO2 particles. J. Phys. Chem. B 2005, 109, 6061–6068. [CrossRef] [PubMed]

13. Hurum, D.C.; Agrios, A.G.; Gray, K.A.; Rajh, T.; Thurnauer, M.C. Explaining the enhanced photocatalytic
activity of Degussa P25 mixed-phase TiO2 using EPR. J. Phys. Chem. B 2003, 107, 4545–4549. [CrossRef]

14. Hurum, D.C.; Agrios, A.G.; Crist, S.E.; Gray, K.A.; Rajh, T.; Thurnauer, M.C. Probing reaction mechanisms in
mixed phase TiO2 by EPR. J. Electron. Spectrosc. Relat. Phenom. 2006, 150, 155–163. [CrossRef]

15. Hurum, D.C.; Gray, K.A.; Rajh, T.; Thurnauer, M.C. Photoinitiated reactions of 2,4,6 TCP on Degussa P25
formulation TiO2: wavelength-sensitive decomposition. J. Phys. Chem. B 2004, 108, 16483–16487. [CrossRef]

http://dx.doi.org/10.1021/cm00027a008
http://dx.doi.org/10.1016/0038-1098(93)90427-O
http://dx.doi.org/10.1063/1.356306
http://dx.doi.org/10.1103/PhysRevB.15.3229
http://dx.doi.org/10.1021/ja00246a021
http://dx.doi.org/10.1103/PhysRevB.51.13023
http://dx.doi.org/10.1016/0009-2614(91)90486-S
http://dx.doi.org/10.1021/jp990521c
http://dx.doi.org/10.1002/(SICI)1521-3773(19981116)37:21&lt;3034::AID-ANIE3034&gt;3.0.CO;2-2
http://dx.doi.org/10.1002/1521-3765(20010504)7:9&lt;1862::AID-CHEM1862&gt;3.0.CO;2-G
http://dx.doi.org/10.1021/jp982835q
http://dx.doi.org/10.1021/jp0404293
http://www.ncbi.nlm.nih.gov/pubmed/16851666
http://dx.doi.org/10.1021/jp0273934
http://dx.doi.org/10.1016/j.elspec.2005.01.294
http://dx.doi.org/10.1021/jp047097m


Appl. Sci. 2020, 10, 6353 11 of 11

16. Kawahara, T.; Konishi, Y.; Tada, H.; Tohge, N.; Nishii, J.; Ito, S. A patterned TiO2(anatase)/TiO2(rutile)
bilayer-type photocatalyst: Effect of the anatase/rutile junction on the photocatalytic activity. Angew. Chem.
Int. Ed. 2002, 41, 2811–2813. [CrossRef]

17. Yu, J.; Yu, J.C.; Ho, W.; Jiang, Z. Effects of calcination temperature on the photocatalytic activity and
photo-induced super-hydrophilicity of mesoporous TiO2 thin films. New J. Chem. 2002, 26, 607–613.
[CrossRef]

18. Shi, L.; Weng, D. Highly active mixed-phase TiO2 photocatalysts fabricated at low temperature and the
correlation between phase composition and photocatalytic activity. J. Environ. Sci. 2008, 20, 1263–1267.
[CrossRef]

19. Hanaor, D.A.H.; Sorrell, C.C. Review of the anatase to rutile phase transformation. J. Mat. Sci. 2011, 46,
855–874. [CrossRef]

20. Gouma, P.I.; Mills, M.J. Anatase-to-rutile transformation in titania powders. J. Am. Ceram. Soc. 2001, 84,
619–622. [CrossRef]

21. Penn, R.L.; Jillian, F.B. Formation of rutile nuclei at anatase {112} twin interfaces and the phase transformation
mechanism in nanocrystalline titania. Am. Mineral. 1999, 84, 871–876. [CrossRef]

22. Zhang, H.; Banfield, J.F. Understanding polymorphic phase transformation behavior during growth of
nanocrystalline aggregates: insights from TiO2. J. Phys. Chem. B 2000, 104, 3481–3487. [CrossRef]

23. Chen, Y.J.; Wu, J.M.; Lin, C.S.; Jhan, G.Y.; Wong, M.S.; Ke, S.C.; Lo, H.H. Role of carbon in titania as
visible-light photocatalyst prepared by flat-flame chemical vapor condensation method. J. Vac. Sci. Technol. A
2009, 27, 862–866. [CrossRef]

24. Chou, P.-W.; Wang, Y.-S.; Lin, C.-C.; Chen, Y.-J.; Cheng, C.-L.; Wong, M.-S. Effect of carbon and oxygen on
phase transformation of titania films during annealing. Surf. Coat. Technol. 2009, 204, 834–839. [CrossRef]

25. Linsebigler, A.L.; Lu, G.; Yates, J.T. Photocatalysis on TiO2 surfaces: Principles, mechanisms, and selected
results. Chem. Rev. 1995, 95, 735–758. [CrossRef]

26. Chen, Y.J.; Jhan, G.Y.; Cai, G.L.; Lin, C.S.; Wong, M.S.; Ke, S.C.; Lo, H.H.; Cheng, C.L.; Shyue, J.J. Identification
of carbon sensitization for the visible-light photocatalytic titanium oxide. J. Vac. Sci. Technol. A 2010, 28,
779–782. [CrossRef]

27. Navrotsky, A. Energetics of nanoparticle oxides: Interplay between surface energy and polymorphism.
Geochem. Trans. 2003, 4, 34–37. [CrossRef]

28. Zhang, H.; Banfield, J.F. New kinetic model for the nanocrystalline anatase-to-rutile transformation revealing
rate dependence on number of particles. Am. Mineral. 1999, 84, 528–535. [CrossRef]

29. Zhang, H.; Banfield, J.F. Thermodynamic analysis of phase stability of nanocrystalline titania. J. Mater. Chem.
1998, 8, 2073–2076. [CrossRef]

30. Cullity, B.D. Elements of x-Ray Diffraction, 2nd ed.; Addison-Wesley: Boston, MA, USA, 1978; p. 102.
31. Agrios, A.G.; Gray, K.A.; Weitz, E. Narrow-band irradiation of a homologous series of chlorophenols on

TiO2: charge-transfer complex formation and reactivity. Langmuir 2004, 20, 5911–5917. [CrossRef]
32. Li, G.; Dimitrijevic, N.M.; Chen, L.; Nichols, J.M.; Rajh, T.; Gray, K.A. The important role of tetrahedral Ti4+

sites in the phase transformation and photocatalytic activity of TiO2 nanocomposites. J. Am. Chem. Soc. 2008,
130, 5402–5403. [CrossRef] [PubMed]

33. Li, Y.; Hwang, D.-S.; Lee, N.H.; Kim, S.-J. Synthesis and characterization of carbon-doped titania as an
artificial solar light sensitive photocatalyst. Chem. Phys. Lett. 2005, 404, 25–29. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/1521-3773(20020802)41:15&lt;2811::AID-ANIE2811&gt;3.0.CO;2-
http://dx.doi.org/10.1039/b200964a
http://dx.doi.org/10.1016/S1001-0742(08)62219-6
http://dx.doi.org/10.1007/s10853-010-5113-0
http://dx.doi.org/10.1111/j.1151-2916.2001.tb00709.x
http://dx.doi.org/10.2138/am-1999-5-621
http://dx.doi.org/10.1021/jp000499j
http://dx.doi.org/10.1116/1.3081889
http://dx.doi.org/10.1016/j.surfcoat.2009.08.008
http://dx.doi.org/10.1021/cr00035a013
http://dx.doi.org/10.1116/1.3278514
http://dx.doi.org/10.1186/1467-4866-4-34
http://dx.doi.org/10.2138/am-1999-0406
http://dx.doi.org/10.1039/a802619j
http://dx.doi.org/10.1021/la036165d
http://dx.doi.org/10.1021/ja711118u
http://www.ncbi.nlm.nih.gov/pubmed/18370389
http://dx.doi.org/10.1016/j.cplett.2005.01.062
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Rutile Formation Mechanisms 
	Visible-Light Absorption 
	Visible-Light Photocatalytic Reactivity 
	Photonic Center for Visible-Light Absorption 

	Conclusions 
	References

