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Abstract

Photodecomposition and photobactericidal activities of anatase/rutile-mixed phase
TiO> nanoparticles annealed with low-temperature O> plasma were clarified by
comparing them with those annealed in ambient air. The photocatalytic activities of
plasma-assisted-annealed sample greatly enhanced as compared with the untreated
sample, under not only ultraviolet irradiation but also visible-light irradiation. The
photocatalytic activities of air-annealed samples did not enhance under ultraviolet
irradiation but enhanced under visible-light irradiation. The enhanced photocatalytic
activities due to the plasma-assisted annealing (PAA) originated from the increased
photoexcited carrier concentration. This enhancement was discussed from PAA-induced
characteristic factors. PAA facilitated the phase transformation to anatase, contributing
directly to extending the photoexcited carrier lifetime. PAA introduced more oxygen
vacancies, contributing to trapping more photogenerated electrons. PAA also introduced
more bridging/terminal oxygen groups adsorbed on the surface, increasing the upward
band-bending, the depletion layer width at the surface, and the charge transfer from rutile
to anatase. These two introductions contributed to facilitating the separation of
photoexcited carriers. Furthermore, PAA reduced the aggregate size of TiO2 nanoparticles
formed on the surface, contributing to increasing optical absorptions. More reactive
oxygen species produced from the bridging/terminal oxygen groups by the photoexcited

carriers would also enhance the photocatalytic activities.
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1. Introduction

Titanium oxide (TiOz) based photocatalysts have received much attention as an eco-
friendly technology to prevent environmental pollution and bacterial contamination. This
attention is that TiO»-based photocatalysts have successfully decomposed various organic
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contaminants'! ) and have efficaciously inactivated bacteria.!
TiO» is that TiO> has high photocatalytic activity, high chemical stability, nontoxicity,
excellent biocompatibility, and low cost compared with other metal oxide-based
photocatalysts.[!'"'¥ The photocatalytic activity of TiOa is driven by the irradiation of
photons at energies larger than the bandgap energy of 3.0-3.2 eV (the bandgap
wavelength of 388—415 nm). When these photons are absorbed by TiO», electrons and
holes are generated at the conduction and valence bands, respectively. The
photogenerated electrons reduce oxygen molecules, O, to superoxide anion radicals O; .
The photogenerated holes oxidize water, H,O, to hydroxyl radicals, OH, and hydrogen
ions, H'. These hydrogen ions and the generated superoxide anion radicals can react to
produce hydrogen peroxides, H>O>. These hydrogen peroxides are reduced to hydroxyl
radicals by some photogenerated electrons. The photogenerated electrons and holes
ultimately generate hydroxyl radicals playing a vital role in decomposing organic
matters!'®! and inactivating bacteria.l'® Thus, a prolonged lifetime of photoexcited
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carriers is highly required to enhance the photocatalytic activity.
recombination degree of photoexcited carriers needs to be greatly reduced for the
enhanced photocatalytic activity. Understandably, increasing the amount of optical
absorption is also important for enhancing the photocatalytic activity because it directly
increases the photoexcited carrier concentration.

In general, the annealing treatment of TiO> in ambient air is a simple and effective

post-treatment technology to enhance the photocatalytic activity.!'®!”) The raised

temperature of annealing not only enhances the crystallinity but also introduces more



oxygen vacancies into TiO>. The introduced oxygen vacancies play an important role to
enhance the photocatalytic activity of air-annealed TiO,.'®!”] The introduced oxygen
vacancies can trap the photogenerated electrons, lower the carrier recombination degree,
and thus prolonging the carrier lifetime. This leads to the enhanced photocatalytic activity.
For example, TiO> nanoparticles (NPs) called P-25 supplied by Degussa Co., Germany
(hereinafter, they are referred to as P-25 NPs) are known to be often used as a criterion
for evaluating the photocatalytic activities.?° 24 The feature of P-25 NPs is that P-25 NPs
have photocatalytic activities under not only ultraviolet (UV) irradiation but also visible-
light irradiation. This is because P-25 NPs consist of 80% anatase phase TiO; with a
bandgap energy of 3.2 eV (a bandgap wavelength of 388 nm) and 20% rutile phase TiO>
with a bandgap energy of 3.0 eV (a bandgap wavelength of 415 nm).2>?4 The
photocatalytic activity of P-25 NPs under UV irradiation is reported to be enhanced by
annealing in ambient air at a high temperature of 650 °C for a long time of 4 h.[>*l The
photocatalytic activity of P-25 NPs under visible-light irradiation is enhanced by
annealing in ambient air at a high temperature of 800 °C for a long time of 3 h.[*®! These
enhancements are considered to be attributed to the annealing-induced oxygen
vacancies.[>>?] However, these annealing treatment processes are often not practical
because of both the high treatment temperature and the long treatment time required to
enhancing the photocatalytic activities.

In the previous study, we have reported a low-temperature and short-time post-
treatment technology for enhancing the photocatalytic activity of anatase phase TiO» NPs,
i.e., O plasma-assisted annealing at 300 °C for 1 h.?”] The anatase phase TiO2 NPs called
ST-01 supplied by Ishihara Sangyo, Japan were used in that study; hereinafter, they are
referred to as ST-01 NPs. The technology of plasma-assisted annealing had the advantage
that, in addition to the annealing-induced oxygen vacancies, more oxygen vacancies can

be introduced into the anatase phase TiO» surface by plasma irradiation. The plasma-



assisted annealing enhanced the photodecomposition and photobactericidal activities of
anatase phase TiO» NPs.[*”] These photocatalytic activities were high compared with that
of anatase phase TiO»> NPs annealed in ambient air at various temperatures for 1 h.
However, whether the plasma-assisted annealing contributes to enhancing the
photocatalytic activities of TiO> NPs with other crystalline phases, i.e., anatase/rutile-
mixed phase TiO> NPs, under not only UV irradiation but also visible-light irradiation
remains unclear yet. This is of extreme importance for a deeper understanding of plasma-
assisted annealing effect on the enhancement of UV and visible-light photocatalytic
activities.

In the present study, the effects of O, plasma-assisted annealing on photocatalytic
characteristics of anatase/rutile-mixed phase TiO, NPs have been investigated separately
under UV irradiation and visible-light irradiation. For comparison, the effects of
annealing in ambient air at various temperatures have also been investigated under the
same light irradiation conditions. P-25 NPs were used as a representative for
anatase/rutile-mixed phase TiO2 NPs. A dielectric barrier discharge (DBD) plasma reactor
equipped with a heater!?’?%! was employed for the plasma-assisted annealing. An electric
furnace was employed for the ambient air annealing. Photodecomposition of methylene
blue (MB) dye in solution and photoinactivation of Bacillus subtilis American Type
Culture Collection (B. subtilis ATCC) 66331>°! were evaluated for the UV and visible-
light photocatalytic activities. 365-nm and 405-nm light-emitting-devices (LEDs) were
employed for the UV and visible-light sources, respectively. The UV irradiation of P-25
NPs activates both the anatase and rutile phase crystals included in them. The visible-
light irradiation activates only the rutile phase TiO> included in P-25 NPs. This is because
the energy of 405-nm visible-light photons, 3.06 eV, is larger than the bandgap energy of
rutile phase TiO, 3.0 eV, and smaller than the bandgap energy of anatase phase TiO2, 3.2

eV. Changes in the sample crystallization behavior due to the post-treatment processes



were analyzed using X-ray diffraction (XRD). Changes in chemical compositions of the
sample surfaces were examined by X-ray photoelectron spectroscopy (XPS). The
photoexcited carrier concentrations were qualitatively assessed from a difference in
electrical conductivities between light-irradiated and non-irradiated-samples. The
plasma-assisted annealing effects on UV and visible-light photocatalytic activities are
characterized by comparing the features of P-25 NPs exerted with the two post-treatment
processes. The characteristics of plasma-assisted-annealed P-25 NPs in the present study
and ST-01 NPs reported in the literature!?”! are also compared. The present study is
extremely essential for comprehensively understanding the enhancement mechanism of
UV and visible-light photocatalytic activities of anatase/rutile-mixed phase TiO> NPs
introduced by the plasma-assisted-annealing. The present study also demonstrates that the
technology of plasma-assisted-annealing is greatly useful for the commercial and
industrial fabrication of anatase/rutile-mixed phase TiO, NPs having high
photodecomposition and photoinactivation under not only UV irradiation but also visible-

light irradiation.

2. Experimental procedure

A detailed description of the experiment can be found in the literature.?”-*8] The key
elements are summarized in the following. A heater-equipped DBD plasma reactor was
employed to investigate the plasma-assisted annealing effect of P-25 NPs, as in the case
of ST-01 NPs.””l Low-temperature O» plasma at atmospheric-pressure (100 kPa) was
generated in a gap length of 2 mm between the electrically ground and powered disk
electrodes in the DBD reactor while heating the electrically grounded electrode to a
temperature of 300 °C. The diameters of these disk electrodes were the same, 40 mm.
One side of the powered disk electrode was covered by a disk dielectric to keep the low-

temperature plasma discharge at atmospheric-pressure. The disk dielectric was made of



alumina, and its size was 1 mm in thickness and 50 mm in diameter. The other side of the
powered disk electrode was connected to a power supply generating a sinusoidal wave
with a frequency of 25 kHz. O2 gas (99.9 vol% purity) was fed from a high-pressure gas
cylinder to the DBD reactor. The gas flow rate was kept constant at 15 ml/min. The
maximum value of the applied voltage was set to 1.5 kV. In this case, the maximum value
of the current flowing across the discharge gap was 100 mA. By integrating the
multiplication of voltage and current waveforms over a single cycle, the consumed
electric power was estimated to be 8 W.

The samples used were P-25 NPs immobilized on glass substrates with an area of 12.5
x 12.5 mm?. The immobilization process of P-25 NPs was the same as that used in ST-01
NPs.271 P-25 NPs were dispersed in deionized water and stirred for 1 h to prepare a TiO
dispersion solution with a concentration of 2.5 x 10° mass ppm. A 100 pul dispersion
solution of P-25 NPs was dropped onto the glass surface after irradiating the glass surface
with low-temperature Ar plasma generated at a gas pressure of 60 Pa in a capacitively-
coupled plasma reactor.*”) The Ar plasma irradiation was performed for 10 min to
effectively enhance the hydrophilicity of the glass surface. The dropped glass substrates
were naturally dried at room temperature in the atmosphere for 24 h to prepare the
samples. The thickness of immobilized P-25 NPs was approximately 400 nm as estimated
from the mass density of P-25 NPs, 3.85 g/cm>.*!l The prepared samples were put on the
electrically grounded electrode of the DBD plasma reactor and then annealed for 1 h with
the assistance of the O» plasma. For comparison, the samples were annealed in ambient
air for 1 h with an electric furnace. The temperature of air-annealing was varied from 300
to 900 °C with an interval of 200 °C. All the post-treated samples were irradiated with
365-nm UV at an intensity of 100 mW/cm? for 2 h to remove organic impurities from the
surfaces.

The photodecomposition of MB dye was performed for evaluating UV and visible-



light photocatalytic activities of P-25 NPs. The UV source was a 365-nm light-emitted
diode (LED, Nichia NVSU333A, Japan). The visible-light source was a 405-nm LED
(Nichia NVSU119C, Japan). The UV and visible-light intensities at the sample surface
were set to be the same, 10 mW/cm?, as measured with an optical power meter (Ophir
Nova II). Prior to light irradiation, the samples were dipped in 4 ml MB solution with a
concentration of 10 mass ppm for 1 h under dark conditions to reach adsorption
equilibrium. Then, the dipped samples were irradiated with 365-nm UV for 2 and 4 h, and
with 405-nm visible-light for 4 and 8 h, respectively. A decrease in the MB dye
concentration for each sample was measured by monitoring the absorbance peak intensity
at a wavelength of 664 nm with a spectrophotometer (Otsuka Electronics Photal MCPD-
370A, Japan) in the same manner as those reported in the literature.*>3*! The
photodecomposition was measured three times for each sample and then the data were
averaged.

The photoinactivation of B. subtilis ATCC 6633!*] was also evaluated under UV
irradiation and visible-light irradiation, respectively. Firstly, the bacterial strains were
grown in Luria-Bertani (LB) broth (Nacalai Tesque Lennox, Japan) at 37 °C with shaking
at 160 rpm for 17 h. Then, the grown bacterial suspensions were centrifuged at 6570 g for
3 min at 4 °C to remove the LB broth, where g is the gravitational acceleration. Finally,
the bacterial suspensions having 2 x 107 colony-forming units per ml (CFU/ml) were
synthesized with sterile ion-exchanged water. After dropping a 0.01 ml bacterial
suspension on the sample surface, the sample surface was irradiated with 365-nm UV
emitted from a LED (Nichia NVSU233A, Japan) for 1 and 2 min and with 405-nm
visible-light emitted from a LED (Nichia NVSUI19C, Japan) for 2 and 4 min,
respectively. The UV and visible-light intensities at the sample surface were set to be the
same, 23.6 mW/cm?, as measured with the same optical power meter. Inmediately after

light irradiation, the samples were homogenized in a 10 ml solution of soybean-casein



digest lecithin polysorbate (SCDLP, Nihon Pharmaceutica, Japan) broth for 1 min to
extract the bacteria from the samples. A 0.1 ml broth suspension having bacteria was
subjected to 10-fold serial dilutions with SCDLP broth. The serial dilutions were plated
on agar plates of SCDLP and then incubated at 37 °C for 48 h. The common logarithm
(log) numbers of viable cells grown on the plates after the incubation were evaluated with
the colony counting method.****! For comparison, the bactericidal experiments were
performed in the absence of light irradiation. The photoinactivation of bacteria was
measured three times for each sample and then the data were averaged.

Changes in the crystalline structures of samples induced by the plasma-assisted
annealing were analyzed by using XRD (Rigaku RINT-2200/PC, Japan) with Cu Ka
radiation. Changes in the surface morphologies were observed by using scanning electron
microscopy (SEM, JEOL JSM-6510). Changes in the particle morphologies were
observed by a field-emission scanning electron microscope (FE-SEM, Hitachi High-
Technologies S-4700, Japan). Changes in the root mean square (RMS) surface roughness
values were analyzed by using atomic force microscope (AFM, Hitachi High-
Technologies AFM5500M, Japan). The AFM scanning area was 50 x 50 um?. Changes
in the distribution of anatase and rutile phase TiO> crystals on the samples were measured
with Raman spectromicroscopy (Nanophoton RAMAN-11, Japan). The Raman spectra
from the samples were excited with an excitation laser of 532 nm in wavelength. The
laser power was 120 mW, and the laser spot area was 500 um?. The Raman mapping
images were acquired by using a 100 x objective lens (Nikon LU Plan Fluor) with a
numerical aperture of 0.9. Changes in the chemical compositions at the sample surfaces
were analyzed by using XPS (Ulvac-Phi PHI500, Japan) with Al Ko radiation. In
particular, Ti 2p and O 1s peaks from the surfaces were used for the chemical composition
analysis. The UV and visible-light absorption coefficients of samples were measured with

UV-visible light absorption spectroscopy (Hitachi U-3900, Japan). Changes in the



electrical conductivities of samples were measured by using electrical impedance
spectroscopy (Hioki 3522 LCR HiTESTER, Japan). The electrical conductivities in the
presence and absence of light irradiation were especially compared because their

difference was proportional to the photoexcited carrier concentration.

3. Results
3.1. UV- and visible-light-induced photodecomposition

Figure 1(a) shows the photodecomposition values of MB dye, In(C/Co), obtained
under 365-nm UV irradiation for untreated and plasma-assisted-annealed P-25 NPs. The
symbols C and Cy are the MB dye concentrations at a given irradiation time and before
UV irradiation, respectively. A small photodecomposition value of In(C/Co) signifies a
high photodecomposition of MB dye. The photodecomposition values of the two samples
decrease as the UV irradiation time lengthens. Comparing these values, the
photodecomposition value of plasma-assisted-annealed P-25 NPs at an UV irradiation
time of 4 h, —1.5, is approximately half that of untreated P-25 NPs, —0.76. In other words,
the photodecomposition of plasma-assisted-annealed P-25 NPs is higher than that of
untreated P-25 NPs. This indicates that the plasma-assisted annealing enhances the UV-
induced photodecomposition of anatase/rutile-mixed phase TiO> NPs, as in the case of
anatase phase TiO> NPs.?’! Figure 1(b) shows the photodecomposition values of P-25
NPs annealed in ambient air at a variety of temperatures. The photodecomposition values
of air-annealed P-25 NPs are roughly similar to that of untreated P-25 NPs regardless of
annealing temperature, except for that at 900 °C, as opposed to the case of anatase phase
TiO> NPs.”] The air-annealing at 900 °C significantly deteriorates the original
photodecomposition. The result indicates that the air annealing does not contribute to
enhancing the photodecomposition of anatase/rutile-mixed phase TiO> NPs under UV

irradiation. Thus, the plasma-assisted annealing is more effective and efficient than the
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air-annealing for enhancing the UV-induced photodecomposition of anatase/rutile-mixed
phase TiO2 NPs.

The photodecomposition values of untreated and plasma-assisted-annealed P-25 NPs
under 405-nm visible-light irradiation are compared as shown in Figure 2(a). There is
also a clear difference in the photodecomposition value between these two samples. The
photodecomposition value of plasma-assisted-annealed P-25 NPs at a visible-light
irradiation time of 8 h, —0.8, is approximately three times smaller than that of untreated
P-25 NPs, —0.3. This indicates that the plasma-assisted annealing enhances the visible-
light-induced photodecomposition of anatase/rutile-mixed phase TiO2 NPs, as in the case
of UV irradiation. The photodecomposition values of P-25 NPs annealed in ambient air
at a variety of temperatures are shown in Figure 2(b). The photodecomposition value of
P-25 NPs annealed at 300 °C is similar to that of untreated P-25 NPs. The
photodecomposition value of air-annealed P-25 NPs decreases as the annealing
temperature rises to 700 °C. Specifically, the photodecomposition value of 700 °C-air-
annealed sample at a visible-light irradiation time of 8 h, —0.6, is half that of untreated P-
25 NPs, —0.3. However, the photodecomposition value increases with further increasing
temperature from 700 to 900 °C. For example, the photodecomposition value of 900 °C-
air-annealed sample at a visible-light irradiation time of 8 h, —0.2, is larger than that of
untreated P-25 NPs, —0.3, suggesting the deterioration of the original photodecomposition.
The comparison indicates that the photodecomposition induced under visible-light
irradiation is more enhanced by the air annealing at 500—700 °C, as opposed to the case
of UV irradiation, but not higher than or not comparable to that exerted by the plasma-
assisted annealing. Thus, the plasma-assisted annealing is also more effective even for
enhancing the photodecomposition of anatase/rutile-mixed phase TiO2 NPs under visible-

light irradiation.
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3.2. UV- and visible-light-induced photobactericidal efficacy

Figure 3 shows the log numbers of bacterial survival for untreated and plasma-
assisted-annealed P-25 NPs in the presence of 365-nm UV irradiation. A small log number
of bacterial survival signifies a high bactericidal efficacy. The log survival numbers of
air-annealed P-25 NPs were not measured because the air-annealing does not enhance the
photodecomposition (Figure 1(b)). The log survival numbers of air-annealed P-25 NPs
are considered to be comparable to or larger than that of untreated P-25 NPs. The log
survival number of untreated P-25 NPs reduces to 5 as the UV irradiation time lengthens
to 2 min. For the plasma-assisted-annealed P-25 NPs, the reduction in the log survival
number is larger; the UV irradiation for 2 min reduces the log survival number to 2.
Specifically, the plasma-assisted-annealed P-25 NPs reduce the survival number by 4-5
orders of magnitude under UV irradiation for 2 min, and the untreated P-25 NPs reduce
the survival number by 2 orders of magnitude. This indicates that the UV-induced
bactericidal activity of plasma-assisted-annealed P-25 NPs is approximately 2 orders of
magnitude greater than that of untreated P-25 NPs.

Figure 4 shows the log numbers of bacterial survival for untreated, plasma-assisted-
annealed, and 700 °C-air-annealed P-25 NPs in the presence of 405-nm visible-light
irradiation. The log survival number of plasma-assisted-annealed P-25 NPs reduces to
approximately 2 as the visible-light irradiation lengthens to 4 min. Specifically, the
plasma-assisted-annealed P-25 NPs reduce the survival number by approximately 4
orders of magnitude under visible-light irradiation for 4 min. This reduction is the largest
of the samples. The log survival number of air-annealed P-25 NPs is slightly smaller than
or comparable to that of untreated P-25 NPs; they reduce the survival number by 2—3
orders of magnitude under visible-light irradiation for 4 min. The comparison suggests
that the visible-light-induced bactericidal activity of plasma-assisted-annealed P-25 NPs

is 1-2 orders magnitude greater than those of the other samples. Thus, the plasma-assisted
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annealing is more effective for enhancing the UV- and visible-light-induced
photobactericidal activities of anatase/rutile-mixed phase TiO2 NPs.

In the absence of light irradiation, the log survival number of plasma-assisted-
annealed P-25 NPs, 6.5, is comparable to the log survival number before light irradiation,
6.7; the other samples have a similar trend. This result suggests that the plasma-assisted-
annealed anatase/rutile-mixed phase TiO> NPs have no bactericidal efficacy in the
absence of light irradiation. This finding significantly differs from that of plasma-
assisted-annealed anatase phase TiO> NPs that demonstrate a high bactericidal efficacy

even in the absence of light irradiation.?”!

3.3. Surface morphologies, particle morphologies, and the crystal phase distributions

Figure 5 shows the comparison between SEM images of the surfaces of untreated,
plasma-assisted-annealed, and air-annealed samples. Numerous aggregates composed of
P-25 NPs are observed on the surfaces of all the samples. The number of P-25 NP
aggregates with large sizes of more than 20 pm observed on the surface of plasma-assisted
annealed sample is the smallest among the samples. This is also confirmed by comparing
the RMS surface roughness values. The RMS surface roughness value of plasma-assisted
annealed sample, 401 nm, is smaller than those of air-annealed and untreated samples,
487 nm and 1.127 um, respectively. This indicates that the plasma-assisted annealing
reduces the aggregate size of P-25 NP as in the case of ST-01 NPs.?”! When observing
the sample surface at high magnification, a gathering of P-25 NP aggregates with various
sizes does not appear, as opposed to the case of ST-01 NPs.?”! In other words, P-25 NPs
immobilized on glass substrate are seen to be agglomerated with each other. This trend is
observed in all the samples.

Figure 6 shows the comparison between the particle morphologies of untreated,

plasma-assisted-annealed, and air-annealed samples. The size of plasma-assisted-
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annealed particles is similar to that of untreated particles. In contrast, careful observation
shows that the air-annealed sample contains the particles with larger sizes as reported in
the literature.!*! However, the majority of air-annealed particles are seen to have a size
similar to that of untreated particles. Thus, the plasma-assisted annealing does not change
the particle size of P-25 NPs.

Figure 7 shows the comparison between the Raman spectra of untreated, plasma-
assisted-annealed, and air-annealed samples. In the Raman spectra of untreated P-25 NPs,
there are five peaks centered at approximately 150, 205, 407, 527, and 647 cm ™! due to
the anatase phase.*®37! These are symbolized by Eg (A), Eg(A), Big(A), A1 (A), and E
(A), respectively, where the symbol (A) signifies the anatase phase.*®3”) There are also
other peaks centered at approximately 245, 458, and 622 cm ™! due to the rutile phase.[**"]
These peaks correspond to multi-photon process (R), E¢ (R), and Aig (R), respectively,

36,37 This result is consistent with that

where the symbol (R) signifies the rutile phase.!
reported in the literature for P-25 NPs.’%37l The Raman spectra of plasma-assisted-
annealed P-25 NPs resemble those of untreated P-25 NPs. For the air-annealed P-25 NPs,
a similar trend also appears; the Raman spectra of the three samples are similar. However,
there is a difference between the crystal phase distributions of the samples as shown in
Figure 8. This figure shows the Raman mapping images of the samples. The red portions

!, and the green

correspond to the anatase-phase-related peak intensity at 130—160 cm™
portions correspond to the rutile-phase-related peak intensity at 430-460 cm™!. The green
portions are seen to be randomly distributed in the Raman mapping image of untreated P-
25 NPs. For the plasma-assisted-annealed P-25 NPs, a similar result is also observed. In
contrast, the green portions are locally distributed in the Raman mapping image of air-
annealed P-25 NPs. These results suggest that the air-annealing agglomerates the rutile

phase particles, whereas the plasma-assisting annealing does not. On the other hand, the

red portions in the Raman mapping images of the three samples are seen to be similar,
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suggesting that the two post-treatment methods do not influence the distribution of
anatase phase crystal. The difference may be attributed to the difference between the
thermal conductivities of anatase and rutile phase crystals; the thermal conductivity of
rutile phase crystal is larger than that of anatase phase crystal.l*®! The rutile phase particles
may be agglomerated via surface diffusion driven by 700 °C-air-annealing, as in the case
of Au thin films.*”) The formation of this agglomerate may also be related to the crystal
instability of rutile phase particles with oxygen deficiency on the outmost surface due to

700 °C-air-annealing.

3.4. Crystalline structures

Figure 9 shows the XRD patterns of untreated, plasma-assisted-annealed, and air-
annealed P-25 NPs, which are superimposed on a halo pattern of the glass substrate. The
XRD pattern of untreated P-25 NPs is composed of A(101), A(004), A(200), A(221) and
A(105) plane orientations of anatase phase crystalline structure with lattice parameters, a
=b=3.79 A and ¢ = 9.51 AP and of R(110) and R(101) plane orientations of rutile
phase crystalline structure with lattice parameters, a = b =4.59 A and ¢ = 2.96 A.*!l Here,
the symbols A and R signify the diffraction peaks of anatase and rutile phases, respectively.
In the anatase phase, the intensity of A(101) diffraction peak is larger than those of other
diffraction peaks, and in the rutile phase, the intensity of R(110) diffraction peak is larger.
The XRD pattern of untreated P-25 NPs agrees with that reported in the literature.*?! The
XRD pattern of plasma-assisted-annealed P-25 NPs roughly resembles that of untreated
P-25 NPs, but the A(101) peak intensity appears to be slightly larger than that of untreated
P-25. The XRD pattern of air-annealed P-25 NPs appears to be similar to that of untreated
P-25 NPs.

However, a detailed analysis demonstrates a modification of crystal structure induced

by the plasma-assisted annealing. Figure 10 shows the comparison between the
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anatase/rutile ratios of the samples. The anatase/rutile phase ratios are estimated from the
equation, 0.8 Ia/ Ir, where /4 and Ir are the intensities of A(101) and R(110) diffraction
peaks, respectively.[***1 These values of /x and Ir are taken from the data in Figure 9.
The plasma-assisted annealing increases the anatase/rutile phase ratio of P-25 NPs,
indicating that the plasma-assisted annealing increases the density of anatase phase
crystal or decreases the density of rutile phase crystal. This may be due to the
amorphization or destruction of rutile phase TiO; structures originating from the plasma
irradiation and/or due to the growth of anatase phase TiO; structures by repairing oxygen
deficiency on the outermost surface with the plasma irradiation. The change in the
anatase/rutile phase ratio induced by the plasma-assisted annealing significantly differs
from that induced by the air-annealing. The air-annealing hardly changes or only slightly
decreases the anatase/rutile phase ratio of P-25 NPs, indicating that the air-annealing
increases the density of rutile phase crystal or decreases the density of anatase phase

(251 Thus, the plasma-

crystal. This is consistent with the result reported in the literature.
assisted annealing facilitates the phase transformation to the anatase phase, as opposed to

the air-annealing.

3.5. Chemical compositions

Figure 11 shows the O 1s and Ti 2p regions of measured XPS spectra of untreated,
plasma-assisted-annealed, and air-annealed P-25 NPs. The O Is spectrum of plasma-
assisted-annealed P-25 NPs significantly differs from that of untreated P-25 NPs. The O
Is spectrum of plasma-assisted-annealed P-25 NPs has two distinct peaks at binding
energies of approximately 530 and 532 eV. In contrast, the Ti 2p spectra of the two
samples are the same, having Ti 2p3/> at 457.8 eV and Ti 2pi1» peaks at 463.5 eV due to
the Ti—O bond.[***¢! For air-annealed P-25 NPs, the O 1s and Ti 2p spectra are

considerably similar to those of untreated P-25 NPs, suggesting that the air-annealing
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hardly influences the O 1s and Ti 2p spectra. Thus, the plasma-assisted-annealing
influences only the O 1 spectrum of anatase/rutile-mixed phase TiO2 NPs, as in the case
of anatase phase TiO, NPs.?]

The peak decomposition of the O 1s spectra into three pseudo-Voigt functions brings
about a deep understanding of the compositional changes induced by the plasma-assisted
annealing. The pseudo-Voigt functions used are located at binding energies of 529.7,
531.0, and 532.3 eV, which correspond to O—Ti bond in TiO- lattice, bridging oxygen
groups, and terminal oxygen groups adsorbed on the surface, respectively.[*”*8] The
pseudo-Voigt functions are determined so that the curves for the sum of the three pseudo-
Voigt functions (black curves) reproduce the measured O 1s spectra (red open circles) as
shown in Figures 11(a)—(c). The O/Ti ratios of O—Ti bond, bridging oxygen groups, and
terminal oxygen groups are estimated from multiplying the total O/Ti ratio by their
fractions determined from the peak decomposition analysis, respectively, as shown in
Figure 12. The total O/Ti ratio is the ratio of the integrated intensity of measured O 1s
peak to the integrated intensity of measured Ti 2p peak. The plasma-assisted annealing
reduces the O/Ti ratio of O—Ti bond but increases the O/Ti ratios of bridging and terminal
oxygen groups. This indicates that the plasma-assisted annealing causes the lattice oxygen
deficiency or oxygen vacancies and introduces more bridging and terminal oxygen groups.
This compositional change of plasma-assisted-annealed P-25 NPs is roughly similar to
that of plasma-assisted-annealed ST-01 NPs.?”) However, when compared in detail, the
O/Ti ratios of O—Ti bond and bridging oxygen groups for plasma-assisted-annealed P-25
NPs are smaller than those of plasma-assisted-annealed ST-01 NPs. This implies that the
plasma-assisted annealing neither causes the lattice oxygen deficiency nor increases the
bridging oxygen groups in anatase/rutile-mixed phase TiO2 NPs in comparison with those
in anatase TiO> NPs. This difference may be related to the fact that, in the absence of light

irradiation, the plasma-assisted-annealed anatase/rutile-mixed phase TiO, NPs have no
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bactericidal efficacy, whereas the plasma-assisted-annealed anatase phase TiO> NPs have
the bactericidal efficacy.”?”! The air-annealing of P-25 NPs slightly reduces the O/Ti ratio
of O—Ti bond and hardly influences the O/Ti ratios of bridging and terminal oxygen

groups.

3.6. Optical absorptions

Figure 13(a) shows the comparison between the UV absorption coefficients of
untreated and plasma-assisted-annealed P-25 NPs at a wavelength of 365 nm. The
absorption coefficient of plasma-assisted-annealed P-25 NPs is larger than that of
untreated P-25 NPs. The result indicates that the plasma-assisted annealing enhances the
absorption of 365-nm UV in anatase/rutile-mixed phase TiO> NPs. This increasing trend
of UV absorption is similar to that of anatase phase TiO> NPs annealed with the plasma.[*”!
Even in the case of 405-nm visible-light, a similar increasing trend is also observed as
shown in Figure 13(b). The absorption coefficient of plasma-assisted-annealed P-25 NPs
is the largest among the samples, indicating that the plasma-assisted annealing enhances
the absorption of 405-nm visible-light in comparison with air-annealing. Thus, the
plasma-assisted annealing contributes to the enhanced visible-light absorption as well as

the enhanced UV absorption of anatase/rutile-mixed phase TiO> NPs.

3.7. Electrical conductivities

Figure 14(a) shows the comparison between the electrical conductivities of the
samples in the presence and absence of 365-nm UV irradiation. In the absence of UV
irradiation, the conductivity of plasma-assisted-annealed P-25 NPs is smaller than that of
untreated P-25 NPs. This suggests that the plasma-assisted annealing contributes to
reducing the concentration of residual charged carriers attributed to oxygen vacancies

[49,50

unintentionally present in TiO». I The oxygen vacancies are known to act as shallow
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donors.*7! In the presence of UV irradiation, the conductivities of samples become
larger because of UV-photoexcited carriers generated in the samples. In particular, the
UV-induced conductivity of plasma-assisted-annealed P-25 is larger than that of untreated
P-25 NPs. This difference is quantitatively confirmed in Figure 14(b). This figure shows
the UV-induced relative conductivities, which are determined by a difference between the
conductivities in the presence and absence of UV irradiation. The UV-induced relative
conductivity of plasma-assisted-annealed P-25 NPs is larger than that of untreated P-25
NPs. This indicates that the plasma-assisted annealing contributes to increasing the
concentration of UV-photoexcited carries in anatase/rutile-mixed phase TiO2 NPs, as in

s.”7 Even in the presence of 405-nm visible-light

the case of anatase phase TiO, NP
irradiation, the conductivity of plasma-assisted-annealed P-25 NPs is larger than those of
the other samples or comparable to that of air-annealed sample as shown in Figure 15(a).
In contrast, in the absence of visible-light irradiation, the conductivity of plasma-assisted
annealed sample is the smallest among the samples. The visible-light-induced relative
conductivity of plasma-assisted-annealed P-25 NPs is accordingly larger as shown in
Figure 15(b). Thus, the plasma-assisted annealing is found to contribute not only to
increasing the concentration of UV-photoexcited carriers but also to increasing the

concentration of visible-light-photoexcited carriers in anatase/rutile-mixed phase TiO>

NPs.

4. Discussion

The plasma-assisted-annealed P-25 NPs exhibit higher UV- and visible-light-induced
photodecomposition and photobactericidal activities than the air-annealed P-25 NPs do,
as shown in Figures 1-4. The enhanced UV- and visible-light photocatalytic activities of
P-25 NPs due to the plasma-assisted annealing correlate closely with the increased UV-

and visible-light-induced relative conductivities, respectively (Figures 14 and 15). This
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suggests that the photoexcited carrier concentrations increased by the plasma-assisted
annealing under UV and visible-light irradiations greatly contribute to the enhanced
photocatalytic activities. The photoexcited carrier concentration increased under UV
irradiation is discussed in terms of the following four factors observed: the facilitated
phase transformation to anatase phase, the introduction of more oxygen vacancies, the
increased amounts of bridging and terminal oxygen groups, and the reduced P-25 NP
aggregate size. The first factor for the increased photoexcited carrier concentration is the
phase transformation to the anatase phase induced by the plasma-assisted annealing
(Figure 10). The anatase phase TiO> (101) surface has a substantially higher
photocatalytic activity than the rutile phase TiO2 (110) surface has.l>>>3! This originates
from a huge difference in the photoexcited carrier lifetime between anatase and rutile
phase crystals. The photoexcited carrier lifetime for the anatase phase crystal (> 10 ns) is
about an order of magnitude larger than that for the rutile phase crystal (< 1 ns).’>*3 This
difference is based on the fact that the energy band structures of anatase and rutile phase
crystals exhibit an indirect bandgap and a direct bandgap, respectively.’**%! The direct
bandgap structure of rutile phase crystal allows the photoexcited charge carriers to easily
recombine each other with the emission of photons. In contrast, the indirect bandgap
structure of anatase phase crystal allows the photoexcited charge carriers to recombine
each other with the assistance of phonons. This assistance of phonons suggests that the
photogenerated electrons in the anatase phase crystal do not directly recombine the
photogenerated holes, extending the photoexcited carrier lifetime and increasing the
photoexcited carrier concentration.***>! Thus, the phase transformation to the anatase
phase would contribute to the enhanced photoexcited carrier concentration under UV
irradiation.

The second factor for the increased photoexcited carrier concentrations is the

introduction of more oxygen vacancies into the plasma-assisted-annealed sample (Figure
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12(a)). The oxygen vacancies located at 0.75—1.18 eV below the conduction band edge

(49751361 The introduction

are responsible for the long lifetime of the photoexcited carriers.
of more oxygen vacancies is also confirmed by comparing the temperature dependences
of photoluminescence (PL) spectra from the samples as shown in Figure 16. The PL
spectra were measured at various sample temperatures with an excitation light of 313 nm
in wavelength (4 eV in photon energy). In the PL spectrum of untreated sample at a low
temperature of 16.6 K, an emission peak appears around a photon energy of 2.3 eV. A
similar trend also appears in the PL spectrum of plasma-assisted-annealed sample at 16.6
K. For the PL spectrum of air-annealed sample at 16.6 K, two emission peaks appear at
photon energies of 1.5 and 2.3 eV. The 2.3 eV emission peak originates from radiative
recombination of self-trapped excitons trapped by oxygen vacancies in Ti02.°7>% The
2.3 eV emission peak intensities of plasma-assisted-annealed and air-annealed samples
are quite similar, and they are larger than that of untreated sample. This result indicates
that the plasma-assisted annealing and air-annealing introduce a larger amount of oxygen
vacancies into P-25 NPs. The 1.5 eV emission peak observed only for the air-annealed
sample originates from titanium interstitial atoms or titanium vacancies.’’°! This
suggests that, in addition to oxygen vacancies, the air-annealing also introduces a larger
amount of titanium interstitial atoms or titanium vacancies into P-25 NPs. The 2.3 eV
emission peak intensities of untreated and air-annealed samples decrease while shifting
to the higher-photon-energy side owing to strong lattice relaxation'® as the temperature
rises from 16.6 K to room temperature. This is termed thermal quenching./®” In contrast,
the 1.5 eV emission peak observed only in the air-annealed sample intensity increases as
the temperature rises, then decreases and finally disappears at room temperature. This is
termed negative thermal quenching, which frequently appears in a variety of
semiconductors.[® Ultimately, the PL spectra of untreated and air-annealed samples at

room temperature become quite similar. In the case of plasma-assisted annealing, a
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similar temperature dependence of 2.3 eV emission peak intensity also appears. However,
the 2.3 eV emission peak intensity at room temperature is larger and shifts more
significantly to the higher-photon-energy side, in comparison with the other samples. The
larger shift of 2.3 eV emission peak to the higher-photon-energy side is consistent with
the facilitated phase transformation to the anatase phase having a larger bandgap energy
(Figure 10). Thus, the comparison between the PL spectra from the samples indicates
that a larger amount of oxygen vacancies is present in the plasma-assisted-annealed
sample even at room temperature. The introduction of such oxygen vacancies would be
due predominantly to the impact of O>", O, and O3~ oxygen ions coming from the O
plasma onto the surface.!*”! The larger amount of oxygen vacancies acts as more trapping
sites of photoexcited electrons as schematically illustrated in the black-colored portions
marked with (i) of Figure 17, reducing the recombination degree of more photoexcited
carriers.>® This would contribute to the enhanced photoexcited carrier concentration
under UV irradiation.

The third factor for the increased photoexcited carrier concentration under UV
irradiation is the increased amounts of bridging and terminal oxygen groups (Figures
12(b) and 12(c)). In the O> plasma generated at atmospheric-pressure, there are large
numbers of oxygen molecules and radicals such as O> and O. More oxygen molecules
and radicals are preferentially adsorbed on more subsurface oxygen vacancies introduced,
capturing or sharing excess electrons located on the oxygen vacancy sites.®! ¥ As a
result, this oxygen adsorption contributes to increasing the upward band-bending at the
surface.[®”) The oxygen adsorption also depresses the residual charged carrier
concentration, reducing the electrical conductivity of the plasma-assisted-annealed
sample (Figures 14 and 15). The depressed residual charged carrier concentration
contributes to increasing the width of the depletion layer from the surface. This reason is

that the depletion layer width is inversely proportional to the square root of charged carrier
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concentration.!®®®”] The increased upward band-bending and depletion layer width
intensify the near-surface electric field that plays a crucial role in the separation of
photoexcited carriers.[®®7] Specifically, the increased upward band-bending enhances the
strength of the near-surface electric field, and the increased depletion layer width extends
the region of the near-surface electric field, as schematically illustrated in the green-
colored portions marked with (i1) of Figure 17. Furthermore, the intensified near-surface
electric field can facilitate the charge transfer from rutile to anatase phase crystals.[%86]
The conduction band edge of rutile phase crystal is located at an energy of 0.2 eV above
that of anatase phase crystal as drawn in Figure 17 because the work function of rutile
phase crystal is 0.2 eV lower than that of anatase phase crystal.l’”) Considering this band
alignment, the photogenerated electrons in the conduction band of rutile phase crystal can
transfer to the conduction band of anatase phase crystal at an interface between the rutile
and anatase phases. In contrast, the photogenerated holes cannot transfer from the rutile
phase crystal. This can be accelerated by the intensified near-surface electric field, further
enhancing the charge separation. Thus, the increased amounts of bridging and terminal
oxygen groups can increase the upward band-bending, the depletion layer width at the
surface, and the charge transfer from rutile to anatase phase crystals, facilitating the
separation of photoexcited carriers. This would contribute to the enhanced photoexcited
carrier concentration under UV irradiation.

The fourth factor for the increased UV-photoexcited carrier concentrations is the size
reduction of P-25 NP aggregates (Figure 5). The size reduction of P-25 NP aggregates
can enhance the scattering of incident light. This contributes to the increased optical
absorption (Figure 13) as in the case of ST-01 NPs.*”) Thus, the reduced P-25 NP
aggregates size would be relevant to the enhanced photoexcited carrier concentration
under UV irradiation.

The increased photoexcited carrier concentration under visible-light irradiation is
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attributed primarily to the introduction of more oxygen vacancies, the increased amounts
of bridging and terminal oxygen groups, and the reduced TiO, NP aggregate size, as
discussed in the case of UV irradiation. This is because these key factors are
experimentally observed independently of polymorphs, i.e., anatase and rutile phases.
However, in the case of visible-light irradiation, the increased charge separation and
charge transfer of photoexcited carriers due to the above-mentioned key factors in the
rutile phase crystal are considered to be responsible predominantly for the enhanced
photocatalytic activities because of its smaller bandgap energy as drawn in Figure 17.
The higher UV- and visible-light-induced photodecomposition and photobactericidal
activities induced by the plasma-assisted annealing would be attributed to more reactive
oxygen species (ROS) produced by the increased bridging and terminal oxygen groups
on the surface (Figures 12(b) and 12(c)) due to the photoexcited carriers, as discussed in
the literature.l*” In the plasma-assisted-annealed sample, more superoxide anion radicals,
0>, can be generated from the increased terminal oxygen groups due to the transfer of
photogenerated electrons.’!! The generated O> can be oxidized into singlet oxygen
radicals, 'O, by photogenerated holes.[®”) Moreover, these ROS can generate hydroxyl
radicals through the photocatalytic reactions.?”-”!! Thus, more ROS produced from the
increased bridging and terminal oxygen groups due to the photoexcited carriers would
also contribute to enhancing the UV- and visible-light-induced photodecomposition and

photobactericidal activities.

5. Conclusion

We have clarified the photocatalytic activities of anatase/rutile-mixed phase TiO2 NPs
annealed with low-temperature O> plasma, by comparing them with those of air-annealed
samples. Under not only 365-nm UV irradiation but also 405-nm visible-light irradiation,

the photocatalytic activities of plasma-assisted-annealed sample greatly enhance as
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compared with the untreated sample. The photocatalytic activities of air-annealed samples
vary depending on the wavelength of the light-source. The photocatalytic activities of
samples annealed in ambient air at various temperatures do not enhance under 365-nm
UV irradiation. In contrast, the photocatalytic activities of samples annealed in ambient
air at 500—700 °C greatly enhance as compared with that of the untreated sample under
405-nm visible-light irradiation, but do not enhance as much as those of the plasma-
assisted-annealed sample. The plasma-assisted-annealing facilitates the phase
transformation to anatase phase in TiO; NPs, introduces more oxygen vacancies in the
surface, increases the amounts of bridging/terminal oxygen groups adsorbed on the
surface, and reduces the size of TiO, NP aggregates formed on the surface. The enhanced
photocatalytic activities due to the plasma-assisted annealing are attributed to the
increased photoexcited carrier concentrations under UV irradiation and visible-light
irradiation. The increased photoexcited carrier concentrations would be discussed in
terms of the four key factors observed: the facilitated phase transformation to anatase
phase (a), the introduction of more oxygen vacancies (b), the increased amounts of
bridging/terminal oxygen groups (c), and the reduced TiO, NP aggregate size (d). The
facilitated phase transformation to anatase phase (a) contributes directly to extending the
photoexcited carrier lifetime. The introduction of more oxygen vacancies (b) contributes
to trapping more photoexcited electrons. The increased amounts of bridging/terminal
oxygen groups (c) contribute to increasing the upward band-bending at the surface, the
depletion layer width from the surface, and the charge transfer from rutile to anatase
phases. These two key factors, (b) and (c), facilitate the separation of photoexcited
carriers, extending the photoexcited carrier lifetime. The reduced TiO2 NP aggregate size
(d) contributes to increasing the amounts of UV and visible-light optical absorptions.
More ROS produced from the increased bridging/terminal oxygen groups by the

photoexcited carriers would also enhance the UV- and visible-light-induced
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photodecomposition and photobactericidal activities. The present findings are extremely
important for deeply understanding the photocatalysis of anatase/rutile-mixed phase TiO2
NPs. The plasma-assisted annealing will provide a new perspective on further improving
the photocatalytic activities of anatase/rutile-mixed phase TiO2> NPs under not only UV

irradiation but also visible-light irradiation.
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Figure captions:
Figure 1. 365-nm UV-induced photodecomposition values of MB dye, In(C/Co), as a
function of irradiation time (a) for untreated and plasma-assisted-annealed P-25 NPs and

(b) for P-25 NPs annealed in ambient air at a variety of temperatures.

Figure 2. 405-nm visible-light-induced photodecomposition values of MB dye,
In(C/CY), as a function of irradiation time (a) for untreated and plasma-assisted-annealed

P-25 NPs and (b) for P-25 NPs annealed in ambient air at a variety of temperatures.

Figure 3. The log numbers of bacterial survival for untreated and plasma-assisted-

annealed P-25 NPs in the presence of 365-nm UV irradiation for 0, 1, and 2 min.

Figure4. The lognumbers of bacterial survival for untreated, plasma-assisted-annealed,
and 700 °C-air-annealed P-25 NPs in the presence of 405-nm visible-light irradiation for

0, 2, and 4 min.

Figure 5. SEM images of the surfaces of (a) untreated, (b) plasma-assisted-annealed,

and (c) 700 °C-air-annealed P-25 NPs.

Figure 6. Particle morphologies of (a) untreated, (b) plasma-assisted-annealed, and (c)

700 °C-air-annealed P-25 NPs.

Figure 7. Raman spectra of (a) untreated, (b) plasma-assisted-annealed, and (c)
700 °C-air-annealed P-25 NPs. The red and green curves were measured from the anatase-
rich and the rutile-rich surface portions, respectively. The symbols (A) and (R) correspond

to the peaks of anatase and rutile phases, respectively.

32



Figure 8. Raman mapping images of (a) untreated, (b) plasma-assisted-annealed, and
(c) 700 °C-air-annealed P-25 NPs. The red and green portions correspond to the anatase-
and rutile-phase-related Raman peak intensities at 130—160 cm™' and 430-460 cm ',

respectively.

Figure 9. XRD patterns of untreated, plasma-assisted-annealed, and 700 °C air-
annealed P-25 NPs. The symbols A and R represent the peaks of anatase and rutile phases,

respectively.

Figure 10. Anatase/rutile phase ratios of untreated, plasma-assisted-annealed, and

700 °C air-annealed P-25 NPs.

Figure 11. O 1s regions in XPS spectra of (a) untreated, (b) plasma-assisted-annealed,

and (c) 700 °C-air-annealed P-25 NPs. (d) Ti 2p regions in XPS spectra of these samples.

Figure 12. O/Ti ratios of (a) O—Ti bond, (b) bridging oxygen groups, and (c) terminal
oxygen groups for untreated, plasma-assisted-annealed, and 700 °C-air-annealed P-25

NPs.

Figure 13. (a) Absorption coefficients of untreated and plasma-assisted-annealed P-25
NPs at a wavelength of 365 nm. (b) Absorption coefficients of untreated, plasma-assisted-

annealed, and 700 °C-air-annealed P-25 NPs at a wavelength of 405 nm.

Figure 14. (a) Electrical conductivities of untreated and plasma-assisted-annealed P-25

NPs in the presence and absence of 365-nm UV irradiation. (b) UV-induced relative
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electrical conductivities of the samples.

Figure 15. (a) Electrical conductivities of untreated, plasma-assisted-annealed, and

700 °C-air-annealed P-25 NPs in the presence and absence of 405-nm visible-light

irradiation. (b) Visible-light-induced relative electrical conductivities of the samples.

Figure 16. Temperature dependences of PL spectra from (a) untreated, (b) plasma-

assisted-annealed, and (c) 700 °C-air-annealed P-25 NPs.

Figure 17. A proposed energy band structure model of anatase/rutile-mixed phase TiO>

NPs annealed with O; plasma.

34



In(C/Co)

365- LED 365-nm LED
0.0 — 0.0

(a)
= Untreated
O sample
-0.8 S -0.84
Untreated = Annealing in
sample e ambient air
—&— 300 °C
1 —&— 500 °C
Plasma-assisted —@— 700 °C
annealing —@— 900 °C
-1.6 ¥ T
0 2 4 0 2 4
Irradiation time (h) Irradiation time (h)

Figure 1. R. Kawakami ef al.



In(C/Co)

0.0

405-nm LED

(a)

-0.4- Untreated
sample
Plasma-assisted
-0.8- annealing
0 4 8

Irradiation time (h)

405-nm LED

(b)

0.0

Untreated
sample

1
S
=

[

Annealing in
ambient air

—@— 300 °C
—@— 500 °C
- 700 °C
- 900 °C

In(C/Co)

-0.8+

0o 4 8
Irradiation time (h)

Figure 2. R. Kawakami et al.



365-nm LED

=)

Untreated

sample /

Plasma-assisted
annealing

[\

log bacerial survival (CFU)
=

=

0 1 2
Irradiation time (min)

Figure 3. R. Kawakami et al.



405-nm LED

Untreated
sample

Air-annealing
at 700 °C

log bacerial survival (CFU)
=

2
Plasma-assisted
annealing
0 bl | | bl | |
0 2 4

Irradiation time (min)

Figure 4. R. Kawakami et al.



>

Figure 5. R. Kawakami et al.




(Q) Untreated sample (b) Plasma-assisted annealing (¢) Air-annealing at 700 °C

Figure 6. R. Kawakami et al.



< £z
B =
= =2
< =9 ~ = -
E < ES < g2 < Z 2
= = = = - 2
S P> g =m <« < =
3 (C) Air-annealing
,g _ at 700 °C___~__—~ ~ TN
§ (b) Plasma-lz;ssisted
L
= D annealing A TN\
(a) Untreated
————— sample T \47/
200 300 400 500 600

Raman shift (cm-1)

Figure 7. R. Kawakami et al.




(C) Air-annealing at 700 °C

=5

Figure 8. R. Kawakami et al.



Intensity (Arb. unit)

A(101)

Air-annealing

= at 700 °C

=

R =5 > o@
S o (=} (o =1
=S Q QaZ
Z = = <=

:

Plasma-
assisted
annealing

Untreated
sample

v A W

20 30 40 50 60
20 (degree)

Figure 9. R. Kawakami et al.



= =)

[\

Anatase/rutile phase ratio

Untreated Plasma- Air-.
sample  assisted annealing
annealing at 700 °C

Figure 10. R. Kawakami ez al.



Intensity (Arb. unit)

Untreated sample Plasma-assisted annealing Air-annealing at 700 °C

O-Ti bond Ti2p12  Ti2p32

O-Ti bond O-Ti bond .
Bridging O \ (b) ™ (C) (d) L Air- :
i i i annealing
Bridging O BridgingO £, t at 700 °C
@ .. H

groups
Terminal O\
groups

N\

Intensity (Arb. unit)
Intensity (Arb. unit)
Intensity (Arb. unit)

; i Plasma-
Terminal O Experiment | Terminal O assisted-
groups \' groups \ annealing
Experiment Experiment

Untreated
sample

%

(&
(E
Q@@ @&

)

536 532 528 524 536 532 528 524 536 532 528 524 465 460 455
Binding evergy (eV) Binding evergy (eV) Binding evergy (eV) Binding evergy (eV)

Figure 11. R. Kawakami et al.



O/Ti ratio

O-Ti bond

1.8

°
J
[ |

.
=)}
[ |

Untreated Plasma- Air-
sample  assisted annealing
annealing at 700 °C

Bridging O groups

(b)

—
—
1

O/Ti ratio
O/Ti ratio

Untreated Plasma- Air-
sample  assisted annealing
annealing at 700 °C

Figure 12. R. Kawakami et al.

Terminal O groups

—
(=)
L

0.5-

(c)

Untreated Plasma- Air-

sample

assisted annealing
annealing at 700 °C



365-nm LED 40S-nm LED

(b)

15

[—
e

(a)

[
)
1

N
1

Absorption coefficient (x10*cm)
Absorption coefficient (x10*/cm)
n

Untreated Plasma- Untreated Plasma- Air-
sample assisted- sample assisted- annealing
annealing annealing at 700 °C

Figure 13. R. Kawakami et al.



Electrical conductivity (mS/cm)

365-nm LED

[
[ ]

w/o light w/light w/o light w/light

Untreated Plasma-
sample assisted-
annealing

Figure 14. R.

365-nm LED

=
)

(b)

°
=
']

°
i
']

electrical conductivity (mS/cm)

UV-induced relative

0.0- Untreated  Plasma-
sample assisted-
annealing

Kawakami et al.



Electrical conductivity (mS/cm)

405-nm LED 405-nm LED

.
|

-
=

&
n
[ ]

electrical conductivity (mS/cm)

(=]
L

Visible-light-induced relative

w/o light w/ light w/o light w/ light w/o light w/ light 0.0- Untreated Plasma- Air-
Untreated Plasma- Air-. sample assisted-  annealing
sample assisted- annealing annealing at 700 °C

annealing at 700 °C

Figure 15. R. Kawakami et al.



x103 Untreated sample x103 Plasma-assisted annealing x103 Air-annealing at 700 °C

() { (b) { (©)

— 16.6 K 6 — 16.6 K 6 — 16.6 K
— 512K

—101.6 K
— 1518 K

=)
1
L
1

—3014 K

Intensity (Arb. unit)
=
Intensity (Arb. unit)
s
Intensity (Arb. unit)
=

1.5 20 25 3.0 35 1.5 20 25 3.0 35 1.5 20 25 3.0 35
Photon energy (eV) Photon energy (eV) Photon energy (eV)

Figure 16. R. Kawakami ef al.



Rutile Anatase

0,

(i) Increased oxygen vacancies (Vo)

(ii) Increased bridging and terminal
oxygen groups

A

(ii) Increased upward band bending

(ii) Increased depletion layer width

_ \(ii) Increased charge transfer

€

l“‘

Figure 17. R. Kawakami et al.



