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ABSTRACT

Enhanced photocatalytic activity of rutile-based TiO, materials under general lighting is practically desired. O, plasma-assisted annealing
(PAA) effects on Pt-doped rutile TiO, nanoparticles were clarified along with its visible-light-driven photocatalytic activity enhancement.
The PAA-treated samples were mainly analyzed using optical spectroscopy and x-ray photoelectron spectroscopy (XPS). The photocatalytic
activity was assessed by decomposing methylene blue dye and inactivating Bacillus subtilis under general lighting. The PAA treatment
changed the O 1s, Ti 2p, and Pt 4f spectra of XPS from those of the pristine sample. This change indicated that the PAA treatment
introduced more oxygen deficiency or oxygen vacancies and more oxygen groups adsorbed on the surface. The introduced oxygen vacancies
and adsorbed oxygen groups would change the band structure, which primarily narrowed the bandgap energy or broadened the valence
band edge, increased the number of electron-trapping sites from the shallow to midgap levels, and enhanced the upward band-bending at
the surface. The PAA-induced change in the band structure enhanced the decomposition and bacterial inactivation because it facilitated the
separation and concentration of photoexcited carriers. The findings provide a new perspective on enhancing the photocatalytic activities of

rutile-based TiO, nanoparticles under general lighting.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0003101

I. INTRODUCTION

Water and air pollution caused by organic contaminants and
microbes is a growing global challenge that needs to be addressed as
the world population increases.' ™"’ This pollution harms ecosystems,
raises health risks, and ultimately destabilizes society. To ensure
water and air quality and achieve a sustainable society, water and air
must be purified of organic contaminants and microbes. Therefore,
efficient water and air purification technologies are essential for
removing these pollutants from contaminated water and air.' ">

Semiconductors with photocatalytic activities have been
attracting the most attention in removing organic contaminants
and microbes from polluted water and air.'”™* TiO,-based semi-
conductors are some of the most promising photocatalysts because

of their high photocatalytic activity, excellent stability, and
nontoxicity.”' ~° Electrons and holes are generated when irradiated
with photons at higher energies than the TiO, bandgap energy
(3.0—3.2eV) or with ultraviolet (UV) at wavelengths smaller than
400 nm.”” Oxygen molecules (O,) adsorbed on the TiO, surface
can acquire the photogenerated electrons migrating to the surface.
This migration leads to the generation of superoxide anions (O,").
Water molecules adsorbed on the TiO, surface can capture the
photogenerated holes to form hydroxyl radicals (¢OH). These reac-
tive oxygen species (ROS) cause molecular chain breakage in
organic compounds.”® The generated ROS penetrate the bacteria
cell envelope, oxidize membrane fatty acids, induce lipid peroxida-
tion, oxidize proteins, and damage deoxyribonucleic acid.”’
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The high bandgap energy of TiO, (3.0—-3.2¢V) hinders and
restricts its use under visible light irradiation. Various photocata-
Iytic technologies have been developed to solve this issue of limited
visible light utilization. In particular, Pt doping of TiO, is an excel-
lent technology to enhance the photocatalytic activity under visible
light irradiation.””™** The Pt doping methods greatly narrow the
bandgap energy and significantly increase the optical absorption in
the visible light region, as compared with other metal doping.*®
The bandgap narrowing is thought to originate from the overlap of
the valence band with the energy level newly formed by the
d-orbital splitting.”” For example, anatase TiO, doped with Pt
greatly removes NO, under visible light irradiation as compared
with anatase/rutile-mixed TiO, (called P-25 supplied by Degussa
Corp., Germany).” P-25 is an anatase-based TiO, composed of
80% anatase TiO, with a bandgap energy of 3.2eV (a bandgap
wavelength of 388 nm) and 20% rutile TiO, with a bandgap energy
of 3.0 eV (a bandgap wavelength of 415 nm).™

However, rutile TiO, doped with Pt only inactivated bacteria
such as Escherichia coli O157:H7 to the same extent as P-25 under
visible light irradiation.”® This is thought to originate from the
shorter lifetime of photoexcited carriers in rutile TiO, (<1 ns) than
that in anatase TiO, (>10 ns).”*”” In other words, the recombina-
tion rate of photoexcited carriers is higher in rutile TiO,. The
shorter lifetime or higher recombination rate lowers the effective
carrier concentration and, in turn, reduces the concentration of
ROS generated. This reduction does not contribute to effectively
enhance the photocatalytic activity. If the lifetime of photoexcited
carriers in rutile TiO, was long, Pt doping would greatly inactivate
the bacteria. Thus, a technology for extending the photoexcited
carrier lifetime in rutile TiO, is required to enhance the photocata-
Iytic activity of rutile TiO, doped with Pt.

In previous studies, we clarified the O, plasma-assisted
annealing (PAA) effect on the photocatalytic activity of anatase-
based TiO,.”*" The PAA enhanced the decomposition of methy-
lene blue (MB) dye and inactivation of Bacillus subtilis (B. subtilis)
on anatase TiO, under UV irradiation.”® The PAA also enhanced
the dye decomposition and bacterial inactivation of P-25 under UV
irradiation and visible light irradiation at a wavelength of 405 nm,
unlike the thermal annealing that did not enhance those of P-25
under UV irradiation.”” The dominant factor for the PAA-induced
enhancement is the introduction of oxygen vacancies, which trap
the photogenerated electrons.”®”” The trapping lowers the carrier
recombination rate, thus prolonging the carrier lifetime."’
However, we did not demonstrate whether the PAA treatment
enhances the photocatalytic activity of rutile TiO, under visible
light irradiation. Therefore, a more detailed understanding of the
interactions between the PAA treatment and rutile TiO, is required
to enhance the visible-driven photocatalytic activity of rutile-based
TiO,.

The present study investigates the effect of O, PAA treatment
on Pt-doped rutile TiO, and its enhanced photocatalytic activity
under visible light irradiation. The Pt-doped rutile TiO, used con-
sisted of 0.1 wt. % Pt-doped rutile TiO, nanoparticles (MPT-623)
supplied by Ishihara Sangyo Co., Japan.*' The PAA treatment was
performed using a dielectric barrier discharge plasma device
equipped with a heater, developed by Kawakami et al.** For com-
passion, thermal annealing was also investigated using an electric
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furnace. The visible light sources used were white light-emitting
devices (white LEDs), commonly used as general lighting sources.
The photocatalytic activities of treated samples were evaluated
by measuring the decomposition of MB dye and inactivation of
B. subtilis under white LED irradiation. The concentrations of pho-
toexcited carriers were qualitatively analyzed by subtracting the
electrical conductivities of nonirradiated samples from those irradi-
ated with white LED light. The crystallization features of treated
samples were measured using x-ray diffraction (XRD). The surface
morphologies of treated surfaces were observed using scanning
electron microscopy (SEM). The chemical compositions of treated
surfaces were examined by x-ray photoelectron spectroscopy (XPS).
These physical and chemical characteristics enable discussion of
the photocatalytic activity enhancement. The present study is of
great importance for a comprehensive understanding of the
enhanced photocatalytic activities of Pt-doped rutile TiO, nanopar-
ticles under white LED irradiation. Our findings also provide infor-
mation for the industrial fabrication of Pt-doped rutile TiO,
nanoparticles with high decomposition efficiency and antibacterial
activity under general illumination.

Il. EXPERIMENTAL SETUP AND METHODOLOGY
A. Photocatalytic materials

The photocatalytic samples used were 0.1% Pt-doped rutile
TiO, nanoparticles called MPT-623,"" as described in Sec. I. The
MPT-623 nanoparticles were immobilized on a glass substrate to
improve sample handling. The surface of the glass substrate with
an area of 12.5 x 12.5 mm* was treated with a capacitively-coupled
argon plasma at 60 Pa for 10 min to enhance the wettability of the
glass surface. After irradiation, 100 ul of MPT-623 dispersion solu-
tion with a concentration of 2.5 x 10> mass ppm was dropped onto
the plasma-irradiated glass surface and allowed to dry naturally for
at least one day. The thickness of MPT-623 immobilized on the
glass was estimated to be approximately 380 nm using a mass
density of rutile TiO, of 4.2 g/cm®.*>** The method of immobiliz-
ing MPT-623 was the same as that used in immobilizing P-25.”

B. PAA treatment

A dielectric barrier discharge plasma reactor with a heater"”
was used to perform the PAA treatment of MPT-623 nanoparticles.
The reactor has two stainless electrodes: the electrically powered
and grounded electrodes. The discharge gap length between these
two electrodes was 2 mm. O, gas with a purity of 99.9 vol. % was
fed into the reactor with a flow rate of 15 ml/min. The pressure
inside the reactor was maintained at 100 kPa by a rotary pump.
The MPT-623 immobilized on the glass substrate was placed on
the grounded electrode with a diameter of 40 mm. This electrode
was heated from room temperature to 300 °C and kept at 300 °C
using a heater. Then, the other electrode covered with an alumina
dielectric with a diameter of 50 mm was powered with a 25kHz
sinusoidal wave with a maximum voltage of 1.5kV to generate a
low-temperature O, plasma. The maximum value of electric
current flowing into the sample was 100 mA. The electric power
consumption was approximately 8 W by multiplying the voltage
and current waveforms and then integrating them over one period.
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The treatment time of PAA was 1h. Further details of PAA treat-
ment can be found in our literature.”***

For comparison, MPT-623 nanoparticles were irradiated only
with a low-temperature O, plasma without external heating, using
the same plasma reactor used for the PAA treatment. The condi-
tions for the plasma generation were the same as those for the PAA
treatment except for external heating. The samples were also
annealed for 1h at 300 °C in O, gas at 100 kPa without generating
O, plasma in the same plasma reactor. Furthermore, the samples
were annealed for 1h at temperatures from 300 to 500°C in
ambient air with an electric furnace.

C. Photocatalytic activities

The decomposition of MB dye and inactivation of B. subtilis
under visible light irradiation were assessed for the photocatalytic
activities of MPT-623 nanoparticles. The light sources used were
white LEDs, i.e., general lighting sources, that emitted an optical
spectrum consisting mainly of two peaks at 450—470 nm and
550—560 nm."* The spectrum of the white LED used will be shown
in Fig. 3(a) in Sec. III. For the MB dye decomposition, the light
intensity emitted from the LEDs was set to 6 x 10° Ix at the sample
surface. The volume and concentration of MB dye solution used
were 4 ml and 10 mass ppm, respectively. Before light irradiation,
the samples were immersed in the MB dye solution for 1h in the
dark until adsorption equilibrium was reached. The immersed
samples were then irradiated with white LEDs for 8 and 16 h. The
reduction in the MB dye concentration was assessed by measuring
the decrease in the absorbance peak intensity at a wavelength of
664 nm using a spectrophotometer (Photal MCPD-370A, Otsuka
Electronics, Japan). This reduction was estimated as the MB dye
decomposition value, In(C/C,), where C was the MB dye concentra-
tion at a given irradiation time and C, was the MB dye concentra-
tion before light irradiation.

For the assessment of the bacterial inactivation, the white LED
light intensity was set to 1x 10*Ix at the sample surface. The bacte-
rium used was B. subtilis American Type Culture Collection 6633."
An aliquot of the bacterial suspension (0.01 ml) with 2 x 10° colony-
forming units per ml (CFU/ml) was dropped onto the sample
surface. Then, the sample surface was irradiated with white LEDs for
0 and 2 min. After light irradiation, the samples were immersed for
Imin in 10ml of soybean-casein digest lecithin polysorbate
(SCDLP) broth to extract the bacteria from the sample surfaces into
the SCDLP broth. The SCDLP broth (0.1 ml) containing the bacteria
was diluted serially 10-fold with the SCDLP broth. The diluted
broths were dropped on agar plates of SCDLP and incubated for
24h at 37 °C. After incubation, the common log numbers of viable
cells grown on the agar were determined using the colony counting
method.””*® The bacterial inactivation was performed in triplicate
for each sample, and then the data were averaged.

D. Characterization of PAA-treated photocatalytic
materials

The optical absorbance values of the samples, a, were mea-
sured using UV-visible light absorption spectroscopy (U-3900,
Hitachi, Japan). The bandgap energies of the samples were evalu-
ated based on the Tauc method using the measured absorbance
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values.”” ™" The electrical conductivities of the samples under white
LED irradiation and nonirradiation were assessed to estimate the
concentration of photoexcited carriers qualitatively using electrical
impedance spectroscopy (3522 ICR HiTESTER, Hioki, Japan). The
photoluminescence (PL) of the samples was measured at various
temperatures with an excitation light of 313nm in wavelength
(4 eV in photon energy) using a spectrometer employing a charge-
coupled device detector (i-trometer, BWTEK). The sample temper-
ature was controlled using a cryostat system.

The surface morphologies of the samples were observed with
SEM (JSM-6510A, JEOL). The root mean square (RMS) values of
sample surface roughness were analyzed in a scanning area of
10 x 10 yum? using an atomic force microscope (AFM, AFM5500M,
Hitachi High-Technologies, Japan). The XRD patterns were mea-
sured with Cu Ko radiation at an energy of 8048 eV using XRD
(RINT-2200/PC, Rigaku, Japan) to assess the crystallinity of the
samples. Ti 2p, O 1s, and Pt 4f peaks from the surfaces were mea-
sured with Al Ko radiation of an energy of 1486.6 eV using XPS
(PHI500, Ulvac-Phi, Japan) to assess the chemical compositions of
the samples.

lll. RESULTS

Figure 1(a) shows the white LED-induced MB dye decompo-
sition values, In(C/Cy), of the pristine, PAA-treated, O,-plasma-
only-treated, and O,-gas-annealed samples. A large MB dye
decomposition signifies a small value of In(C/Cy). The decrease in
In(C/Cy) in the gray area shows a reduction of MB dye concentra-
tion due to adsorption because the data in that area were measured
without white LED irradiation. The In(C/Cy) value of the pristine
sample hardly changes even when the adsorption time extends
from 0 to 1 h. However, the PAA-treated sample has the smallest
value of In(C/Cy) at an adsorption time of 1h among the treated
samples. The comparison between the results indicates that the
PAA treatment greatly enhances the MB dye adsorption of rutile-
based TiO, nanoparticles as compared with the other treatments.
Even under the white LED irradiation, the PAA-treated sample also
has the smallest value of In(C/C,) as the irradiation time extends.
For example, at an irradiation time of 16 h, the In(C/Cy) value of
the PAA-treated sample is approximately two times smaller than
that of the pristine sample. The In(C/C,) values of the O,-plasma-
only-treated and O,-gas-annealed samples are almost identical and
are approximately 1.5 times smaller than that of the pristine
sample. Specifically, the PAA-treated sample exhibits the largest
MB dye decomposition rate, defined by the decrease in In(C/Cy)
per hour, —4.3 x 1072 h™%; the decomposition rates of the O,-plasma-
only-treated, O,-gas-annealed, and pristine samples are —3.5 x 1072,
—3.6x1072, and —2.8x 107 2h7}, respectively. The comparison indi-
cates that the PAA treatment significantly enhances the MB dye
decomposition of rutile-based TiO, nanoparticles compared to the
other treatments.

Figure 1(b) shows the white LED-induced MB dye decomposi-
tion values, In(C/Cy), of the samples annealed in ambient air at
various temperatures. The In(C/C,) value decreases as the tempera-
ture increases to 300 °C but increases with further increasing tem-
perature. In particular, the In(C/C,) value of the sample annealed
at 500°C is similar to that of the pristine sample. The result
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FIG. 1. MB dye decomposition values, In(C/Cy), of (a) the pristine, PAA-treated, O,-plasma-only-treated, O,-gas-annealed samples, and (b) air-annealed samples under
white LED irradiation. The data in the gray areas in the figures represent the results in the absence of white LED irradiation.

indicates that the sample annealed at 300 °C has the largest MB dye Figure 2 shows the log numbers of bacterial survival of the glass
decomposition rate, —3.5 x 10~2h~!. However, this rate is similar substrate, pristine, PAA-treated, and 300 °C-air-annealed samples. A
to those of the O,-plasma-only-treated and O,-gas-annealed high bactericidal efficacy signifies a low log number of bacterial sur-
samples and is smaller than that of the PAA-treated sample. Thus, vival. The data for 0 min represent the survival numbers without &
the PAA treatment is found to be more effective in enhancing the white LED irradiation. In the absence of light irradiation, the 5
white LED-induced decomposition of rutile-based TiO, nanoparti- samples except for the PAA-treated sample have similar survival x
cles, as in the case of anatase-based TiO, nanoparticles (P-25).%%% numbers. The survival number of the PAA-treated sample is lower g
than those of the other samples. The comparison suggests that the =
PAA-treated sample inactivates B. subtilis by one order of magni- §

1to tude, even without light irradiation. This inactivation would be con-

g nected to more oxygen groups adsorbed on the surface, as shown
= s sed later by the XPS data. When irradiated with white LED irradiation
= for 2 min, the survival number of the PAA-treated sample is much
Q .
< 6 lower than that of the glass substrate, but the survival numbers of
E the other samples are similar. Specifically, the PAA-treated sample
§ inactivates B. subtilis by 4—5 orders of magnitude under white LED
g M 7 ; irradiation or 2 min, whereas the other samples hardly inactivate B.
E ;z . subtilis. The result indicates that the PAA treatment greatly enhances
2 2 ;j /; the bacterial inactivation of rutile-based TiO, nanoparticles as com-
= . 7 pared to the other treatment.

fz /f Figure 3(a) shows the absorbance values of the pristine,

0 - 2 s PAA-treated, and 300 °C-air-annealed samples. The spectrum of the
ristine : : white LED used is also shown in the figure. The absorbance value of

substrate sample a?lsrfglei’g-g th“;)i:)h"ncg the PAA-treated sample is larger thagn those of the pristine and
annealed samples. In particular, this trend is more pronounced in the

FIG. 2. Log numbers of bacterial survival for the glass substrate, the pristine, visible light range. For example, at wavelengths of 450—470 nm, the
PAA-treated, and 300 °C-air-annealed samples under white LED irradiation for 0 absorbance value of the PAA-treated sample is 1.3 times larger. The
and 2min. Data are presented as means + standard deviation (the number of result indicates that the PAA treatment greatly enhances the visible-
times =3) The abbreviation, n. s., Signiﬂes no Signiﬂcant differences, as esti- hght absorption of rutile-based T102 nanoparticles as Compared with

mated by the two-tailed and unpaired Student's t-test. The symbols ** and * cor-
respond to a P-value <0.01 and a P-value < 0.05, respectively, as estimated by
the t-test.

the air-annealing treatment. Figure 3(b) compares the Tauc plots of
(ahv)? for the treated samples, where h is the Planck constant and v
is the photon frequency. The optical bandgap energies of rutile-based
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FIG. 3. (a) Absorbance values of the pristine, PAA-treated, and 300 °C-air-annealed samples. The bottom curve corresponds to the spectrum of white LED used. (b) Tauc
plots of (ahv)? as a function of photon energy for the pristine, PAA-treated, and 300 °C-air-annealed samples.

TiO, nanoparticles with the direct transition bandgaps are extrapo-
lated using the Tauc plots.”””" The bandgap energy of the pristine
sample is estimated to be approximately 2.75eV (451 nm in wave-
length). This value is narrowed from the bandgap energy of rutile
TiO,, 3.0 €V, by Pt doping, as is consistent with the literature.” ">
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“In 1.0+
other words, the optical absorption edge of rutile TiO, is red-shifted
from 415 to 451 nm by Pt doping. The two post-treatments further
narrow the bandgap energy. In particular, the narrowing trend is
remarkable for the PAA-treated sample. The bandgap energy of the
PAA-treated sample, 2.35 eV (528 nm in wavelength), is smaller than
that of the air-annealed sample, 2.55eV (486 nm). This result sug-
gests that the PAA-treated sample absorbs visible light with longer
wavelengths more strongly than the other samples. Specifically, the
light with wavelengths between 400 and 528 nm emitted from the
white LEDs is strongly absorbed by the PAA-treated sample. The nar-
rowing of the bandgap energy would be attributed to the introduction
of more oxygen vacancies in TiO, due to the PAA treatment, which
will be described along with the XPS and PL data later. The oxygen /
vacancies create unpaired electrons associated with Ti>" species, intro- Wio light w/ light /o light w/ light wlo light w/ light
ducing donor levels within the bandgap.” > The occurrence of a Pristine Plasma- Air-
continuum of oxygen vacancy states within the bandgap contributes sample assisted- annealing
to the broadening of the valence band edge, thus narrowing the annealing at300°C
bandgap energy.”” > Thus, the PAA treatment is found to greatly
narrow the bandgap energy of rutile-based TiO, nanoparticles as FIG. 4. Electrical conductivities of the pristine, PAA-treated, and 300 °C-air-
compared with annealing treatment. qnnealed samples with and W|thout. white LED |rra]d|at|on. The.a.rrlows in the
Figure 4 shows the electrical conductivities in the presence flgureI correspond to the photon-induced electrical conductivities of the
and absence of the white LED irradiation for the pristine, samples.

>
>
H

0.5-

Electrical conductivity (mS/cm)
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FIG. 5. SEM images of the surfaces of (a) the pristine, (b) PAA-treated, and (c) 300 °C-air-annealed samples. The whitish-gray or white color portion in the circle
corresponds to the surface of glass substrate without the rutile-based TiO, nanoparticles. This portion can be found everywhere on the surface of each sample.

PAA-treated, and 300 °C-air-annealed samples. The difference
between these two conductivities for each sample represents the
photon-induced conductivity proportional to the concentration of
photoexcited carriers. The photon-induced conductivity of the
PAA-treated sample is higher than those of the pristine and
300 °C-air-annealed samples. This result indicates that more photo-
excited carriers are produced in the PAA-treated sample irradiated
with white LEDs. Thus, the PAA treatment enhances the photoex-
cited carrier concentration of rutile-based TiO, nanoparticles
under white LED irradiation.

Figure 5 shows the SEM images of the surfaces of the pristine,
PAA-treated, and 300 °C-air-annealed samples. There are lots of
whitish-gray or white portions on the surface of the pristine
sample. These portions are the surface of the glass substrate on
which the rutile-based TiO, nanoparticles are not present. The
other portions are the rutile-based TiO, nanoparticles agglomer-
ated on the glass surface. The aggregates of various sizes appear to
be somewhat locally distributed on the glass surface. This distribu-
tion differs from that of anatase-based TiO, nanoparticles (P-25)
uniformly distributed on the glass surface.”®”” The SEM images of
the PAA-treated and air-annealed samples resemble each other but
differ from that of the pristine sample. The PAA and air-annealing
treatments greatly reduce the area of one whitish-gray or white
portion and increase the number of those portions as compared
with the pristine sample. The change in the surface morphology
due to the post-treatments may originate from the thermal diffu-
sion of rutile phase particles because of their relatively larger
thermal conductivity.”® In response to the change in the surface
morphology, the RMS surface roughness is also changed. The PAA
treatment and 300°C air-annealing increase the RMS surface
roughness from 794 to 910 and 819 nm, respectively. Notably, the
surface roughness of the PAA-treated sample is larger. The
increased surface roughness generally facilitates optical scattering,
thereby enhancing optical absorption. Thus, the PAA-induced
change in the morphology would contribute to the increased
optical absorption [Fig. 3(a)].

Figure 6 shows the XRD patterns of the pristine, PAA-treated,
and 300 °C-air-annealed samples. These data were superimposed
on a halo pattern of the glass substrate. The XRD pattern of the
pristine sample consists of (110), (101), (111), (220), and (211)
plane orientations of the rutile phase crystalline structure with
lattice parameters, a=b=459A and ¢=2.96A."""° The average
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FIG. 6. XRD patterns of the pristine, PAA-treated, and 300 °C air-annealed
samples.
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FIG. 7. (a) Pt 4f and (b) Ti 2p regions in XPS spectra of the pristine, PAA-treated, and 300 °C-air-annealed samples.

using the Scherrer formula, 0.92/(8cos6). Here, A is the wavelength
of the x ray, 1.5406 A, B is the half-width of the (110) plane orien-
tation peak intensity, 0.56 x ©/180 rad, and 0 is the diffraction angle
of the (110) plane orientation, 27.46°.°>% The estimated particle
size is roughly similar to that of the anatase-based TiO, nanoparti-
cles, P-25 (20 nm).°' The XRD patterns of the PAA-treated and air-
annealed samples consist of the same plane orientations as that of
the pristine sample. This result suggests that the PAA treatment
does not change the rutile phase crystalline structure and the nano-
particle size, as in the case of air-annealing.

Figure 7 shows the Pt 4f and Ti 2p regions of the measured
XPS spectra of the pristine, PAA-treated, and 300 °C-air-annealed
samples. The Pt 4f spectrum of the pristine sample consists of a
peak at a binding energy of 74.6 eV, which is associated with the for-
mation of PtO,.”” The Ti 2p spectrum of the pristine sample consists
of two peaks at binding energies of 457.8 and 463.5 eV, which are
associated with Ti 2p;,, and Ti 2p;;, due to the Ti—O bond in the
TiO, lattice, respectively.”>** The Pt 4f and Ti 2p spectra of the air-
annealed sample are the same as those of the pristine sample.
However, the spectra of the PAA-treated sample shift to higher
energy sides by 1 eV. This change suggests that an increase in oxygen
vacancies increases the amount of oxygen groups adsorbed on the
surface, resulting in higher oxidation states of Pt—O and Ti—0.">*
Thus, the PAA treatment influences the chemical states of Pt 4f and
Ti 2p, whereas the air-annealing does not.

There is a different trend for the chemical states of O 1s.
Figure 8 shows the O 1s regions of measured XPS spectra of the
samples (open circles). The O 1s spectrum of the pristine sample
consists of two peaks at binding energies of approximately 530 and
532 eV, which are associated with the O-Ti bond in the TiO,

lattice and the terminal oxygen groups adsorbed on the surface,
respectively.”””*® The peak intensity of the O—Ti bond is larger
than that of the adsorbed oxygen groups. The O 1s spectrum of the
PAA-treated sample also consists of the same peaks but shifts to a
higher energy side by 1 eV. Moreover, the peak intensity associated
with the adsorbed oxygen groups is larger. This result suggests that
more oxygen groups are adsorbed onto the surface by an increase
in oxygen vacancies caused with O, plasma irradiation.”>*° In con-
trast, the O 1s spectrum of the air-annealed sample resembles that
of the pristine sample, suggesting that air-annealing does not con-
tribute to increasing the amount of adsorbed oxygen groups.

To gain a deeper understanding of the chemical states, we
decomposed the measured O 1s spectra of Fig. 8 into three
pseudo-Voigt functions located at binding energies of 529.7 eV due
to the O—Ti bond (blue curves in Fig. 8), 531.0 eV due to the bridg-
ing oxygen groups (green curves), and 532.3 eV due to the adsorbed
oxygen groups (purple curves), respectively.””** This peak decompo-
sition was performed such that the sum of the pseudo-Voigt func-
tions (black curves) was fitted to the measured O 1s spectra, as
shown in Fig. 8. Figure 9 shows the O/Ti ratios of the O—Ti bond,
bridging oxygen groups, and terminal oxygen groups, which are
determined by multiplying the total O/Ti ratio by their fractions esti-
mated from the peak decomposition, respectively. The total O/Ti
ratio is defined as the ratio of the integrated intensity of the mea-
sured O 1s spectrum to that of the measured Ti 2p spectrum.
For the pristine sample, the O/Ti ratio of the O—Ti bond is approxi-
mately 2, almost fulfilling the stoichiometry condition. The O/Ti
ratio of terminal oxygen groups is smaller than that of the O-Ti
bond but larger than that of the bridging oxygen groups. This result
suggests that the surface of the pristine sample is dominated by the
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FIG. 8. O 1s regions in XPS spectra of (a) the pristine, (b) PAA-treated, and (c) 300 °C-air-annealed samples.

adsorbed terminal oxygen groups, with no bridging oxygen groups such as O, and O from the O, plasma,™ are supplied to the surface
present. The two post-treatments decrease the O/Ti ratio of the O with the PAA treatment. Specifically, the PAA treatment increases

—Ti bond. In particular, this decreasing trend is more significant in the adsorbed oxygen groups by approximately twofold. The increase
the PAA treatment: the PAA treatment reduces the number of lattice in the terminal oxygen groups is consistent with the literature:
oxygen atoms by approximately 12%. This result indicates that more oxygen groups are readily adsorbed on the oxygen vacancy sites to
lattice oxygen deficiency or oxygen vacancies are introduced in the capture or share electrons located on the sites.”””"* Thus, the PAA 3
rutile-based TiO, nanoparticles with the PAA treatment. In the case treatment is found to introduce more lattice oxygen efficiency or &
of the bridging oxygen groups, there are no post-treatment effects; oxygen vacancies as well as more adsorbed terminal oxygen groups g
the O/Ti ratio hardly changes from that of the pristine sample. The into rutile-based TiO, nanoparticles. 8
PAA treatment increases the O/Ti ratio of the terminal oxygen Figure 10 shows the temperature dependences of PL spectra 5
groups from 1.5 to 3.5, but the air-annealing hardly changes the from the pristine, PAA-treated, and 300 °C-air-annealed samples. =
O/Ti ratio. This result suggests that the terminal oxygen groups, In the case of the pristine sample at 15K, there are two emission §
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FIG. 9. OfTi ratios of (a) O—Ti bond, (b) bridging oxygen groups, and (c) terminal oxygen groups for the pristine, PAA-treated, and 300 °C-air-annealed samples.
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FIG. 10. Temperature dependence of PL spectra from (a) the pristine, (b) PAA-treated, and (c) 300 °C-air-annealed samples.

peaks at photon energies of 1.6 and 3 eV in the PL spectrum. The
emission peak at 3 eV originates from the radiative recombination
of free excitons in rutile TiO, " The peak intensity slightly
increases as the temperature rises from 15 to 300 K. This is termed
negative thermal quenching, which would be attributed to part of
the thermal energy being changed into light radiative energy by
phonons.”* The emission peak at 1.6 €V in the PL spectrum origi-
nates from the radiative recombination between midgap trapped
electrons and free holes in rutile TiO,.”” The midgap trapping of
electrons would be attributed to oxygen vacancies located at 0.75
—1.18 eV below the conduction band edge of TiO,.”""*’° The peak
intensity decreases with shifting to the higher-photon energy side
as the temperature rises from 15 to 300 K. This is termed thermal
quenching, which results from the nonradiative relaxation of
excited electrons to the ground state.”” The temperature depen-
dences of the two peak intensities of PAA-treated and air-annealed
samples are similar to those of the pristine sample. However, when
compared in detail, their peak intensity values at each temperature
differ from those of the pristine sample. In particular, at a low tem-
perature of 15K, the 1.6eV peak intensity of the PAA-treated
sample is the largest among them. This comparison suggests that
the PAA treatment introduces more oxygen vacancies at the
midgap level in the rutile-based TiO, nanoparticles.

IV. DISCUSSION

The PAA treatment of Pt-doped rutile-based nanoparticles
greatly enhances the dye decomposition and bacterial inactivation
under white LED irradiation, as compared with the other post-
treatments (Figs. 1 and 2). This enhancement would be attributed
predominantly to the increased photocatalytic activity of Pt-doped
rutile TiO, particles because the photon-induced conductivity asso-
ciated with the photoexcited carrier concentration is the largest for

the PAA-treated sample (Fig. 4), as in the case of anatase-based
TiO, nanoparticles (P-25).”” This fact suggests that the PAA treat-
ment is highly effective in enhancing the photocatalytic activities
regardless of the TiO, crystallinity, ie., the rutile and anatase
phases.

The largest concentration of photoexcited carriers would be
due to the change in the band structure of Pt-doped rutile-based
nanoparticles, originating from the PAA-induced change in the O
1s, Ti 2p, and Pt 4f spectra of XPS (Figs. 7-9). The changed XPS
spectra indicate that the PAA treatment introduces more oxygen
vacancies and more terminal oxygen groups adsorbed on the
surface. The increased amount of the oxygen vacancies is also sup-
ported by the increased PL peak intensity of around 1.6 eV at a low
temperature of 15K (Fig. 10). This amount of oxygen vacancies is
estimated to be approximately four times larger than that in
anatase-based TiO, nanoparticles (P-25) because the PAA treat-
ment reduces the number of lattice oxygen atoms in P-25 by 3%.””
The amount of oxygen groups adsorbed on the rutile-based TiO,
nanoparticles is also estimated to be approximately twice as large
as that in P-25."" The comparison suggests that the PAA-treated
rutile-based TiO, nanoparticles have more oxygen vacancies and
more adsorbed oxygen groups than the PAA-treated anatase-based
TiO, nanoparticles do. The oxygen-related behavior significantly
changes the band structure of rutile-based TiO, nanoparticles.

The PAA-introduced amount of more oxygen vacancies con-
tributes to narrowing the bandgap energy or broadening the
valence band edge of Pt-doped rutile TiO, nanoparticles (Fig. 3)
and increasing the number of electron-trapping sites from the
shallow to midgap levels (Fig. 10), as described in Sec. III. The
PAA-introduced amount of more oxygen groups adsorbed with
capturing electrons®”~’* contributes to facilitating the upper band-
bending.””® This electron capturing is supported by the lower
electrical conductivity of the PAA-treated sample in the absence of
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FIG. 11. Proposed energy band structure model of (a) Pt-doped rutile TiO,
nanoparticles and (b) Pt-doped rutile TiO, nanoparticles treated by PAA. The
blue portions in (b) correspond to the changes induced by the PAA treatment.
The abbreviations, C.B. and V.B. signify the conduction and valence bands,
respectively. The PAA treatment introduces a continuum of more oxygen vacan-
cies (1) trapping electrons within the bandgap, which narrows the bandgap
energy or broadens the valence band edge (2) and increases the amount of
adsorbed oxygen groups such as O, and O (3). The bandgap narrowing (2)
contributes to an increase in the optical absorption (4), which increases the con-
centration of photoexcited carriers. The increased amount of adsorbed oxygen
groups (3) facilitates the upper band bending at the surface (5), leading to
enhanced charge separation.

white LED irradiation (Fig. 4). Thus, the PAA treatment is consid-
ered to significantly change the band structure of Pt-doped rutile
TiO, nanoparticles to enhance the concentration of photoexcited
carriers, as shown in Fig. 11. When irradiated with white LEDs, the
amount of optical absorption is increased by the bandgap narrow-
ing or the valence band edge broadening. This increase leads to
increasing the concentration of photoexcited carriers. The photo-
generated electrons are trapped by more oxygen vacancies intro-
duced at the shallow to midgap levels. The photogenerated holes
migrate to the surface due to the increased upper band bending.
These carrier behaviors lead to the charge separation, suppressing
the recombination. As a result, the concentration of photoexcited
carriers increases, causing more ROS that decompose chain break-
age in organic compounds or that penetrate the bacterial cell enve-
lope with damage. This contributes to the PAA-enhanced
photocatalytic activities, i.e., the enhanced dye decomposition and
bacterial inactivation.

The PAA treatment has another effect on the surface of rutile-
based TiO, nanoparticles. The PAA treatment increases the MB
dye adsorption (Fig. 1). The increased MB dye adsorption would
be related to more oxygen groups adsorbed on the surface
(Figs. 7-9). The adsorbed oxygen groups constitute functional
polar groups with high wettability and adhesive properties.””™*'
Thus, more adsorbed oxygen groups induced by the PAA treatment

ARTICLE pubs.aip.org/avs/jvb

would also affect the increased MB dye adsorption. This result sug-
gests that the PAA treatment has a high possibility of enhancing
the wettability of polymers such as polypropylene.”” '
Furthermore, the adsorbed oxygen groups would also be associated
with the PAA-induced bacterial inactivation without light irradia-
tion (Fig. 2). The adsorbed oxygen groups may contain a small
amount of ROS, such as H,0, having a long lifetime.”* The pres-
ence of this small amount would contribute to bacterial inactiva-
tion under nonirradiation.

V. SUMMARY AND CONCLUSIONS

We have clarified the PAA treatment effect on Pt-doped rutile
TiO, nanoparticles and its photocatalytic activity under white LED
irradiation used as general lighting. The PAA treatment signifi-
cantly changes the O 1s spectrum of XPS from that of the pristine
sample and shifts the O 1s, Ti 2p, and Pt 4f XPS spectra to the
higher energy sides. This change indicates that the PAA treatment
introduces more oxygen vacancies and more terminal oxygen
groups adsorbed on the surface. The change in the XPS spectra
would contribute to a change in the band structure of rutile-based
TiO, nanoparticles to enhance the separation and concentration of
photoexcited carriers. The PAA-introduced amount of more
oxygen vacancies contributes not only to narrowing the bandgap
energy or broadening the valence band edge but also to increasing
the density of electron-trapping sites from the shallow to midgap
levels. The PAA-introduced amount of more oxygen groups
adsorbed with capturing electrons contributes to facilitating the
formation of the upper band-bending. The PAA-induced change in
the band structure greatly enhances the photocatalytic activities of
the dye decomposition and bacterial inactivation because it facili-
tates the separation and concentration of photoexcited carriers, as
compared with air-annealing, O,-annealing, and O, plasma-only
treatment. Our finding provides a new perspective on enhancing
the photocatalytic activities of rutile-based TiO, nanoparticles
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