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Electronic Structure of TiO2 Studied
by Far-Ultraviolet and Deep-Ultraviolet
Spectroscopy
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Abstract The electronic structure and photocatalytic activities of TiO2 and metal-
nanoparticle-modified TiO2 were investigated by far-ultraviolet and deep-ultraviolet
spectroscopy and photodegradation reaction of methylene blue. First, spectra of
naked anatase TiO2 (Sect. 6.2) and metal (Au, Pd, Pt)-nanoparticle-modified TiO2

(Sect. 6.3) were measured. The naked TiO2 spectrum corresponded well with
the previously reported reflection spectrum and theoretical calculations. Then, the
deposition of metal nanoparticles substantially changed the spectral shape, which
indicates changes in the electronic states of TiO2, and the degree of spectral changes
strongly depends on the work function of the modified metal. In addition, consistent
changes of photocatalytic activities were also observed. Next, two crystalline types
of TiO2 (anatase and rutile) were compared (Sect. 6.4), and a larger enhancement
of the photocatalytic activity of rutile TiO2 upon Pt nanoparticle deposition was
revealed. Subsequently, size effects of modified Au nanoparticle on electronic
structures and photocatalytic activities of TiO2 were discussed (Sect. 6.5), and it
was made clear that the smaller Au nanoparticle induced the larger electronic-
state changes and the higher photocatalytic-activity enhancements. These results
demonstrated that the novel far-ultraviolet and deep-ultraviolet spectroscopy is a
considerable promising method to investigate the electronic states of materials, lead-
ing to the development of high-efficiency optical materials such as photocatalysts
and solar cells.
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6.1 Introduction

6.1.1 TiO2 and Metal-Nanoparticle-Modified TiO2 as
Photo-Functional Materials

TiO2 is considered one of the most attractive materials in a wide range of fields
[1–6] and may find application as a photocatalyst [1–3] and next-generation
solar-cell material [4–6]. It shows photocatalytic activity under ultraviolet (UV,
<400 nm), deep-UV (DUV, <300 nm), and far-UV (FUV, <200 nm) irradiation,
as its bandgap is �3.2–3.0 eV [7]. Under irradiation with these lights, the electrons
in the valence band of TiO2 are promoted into the conduction band, and, at the same
time, corresponding holes are generated in the valence band. This photoinduced
charge separation is the main cause of its photocatalytic activity; the enhanced
electrons and generated holes are then consumed by reduction and oxidation
reactions, respectively. Several studies have confirmed that a variety of reactions
can be promoted in the presence of TiO2 and UV light, such as alcohol dehydration
[8], oxidation of organic materials [9], and reduction of nitrogen oxide [10]. TiO2

can even promote water splitting, which produces hydrogen and oxygen [11].
Therefore, it can be applied for the purification of water and air. In addition,
TiO2 is expected to be also suitable for solar cells based on photoinduced charge
separation [4–6].

However, the quantum yields of most photocatalytic reactions and incident
photon-to-current conversion efficiency of naked TiO2 are extremely low (<1 %)
[12]. To address this issue, a number of studies have been proposed for enhancing
the charge-separation efficiency of TiO2 [13–15]. For example, doping TiO2 with
various transition metal cations (Fe3C, Ru3C, V4C, etc.) [13] and anions such as F�
[14] can increase its photocatalytic activity. The modification of TiO2 with quantum
dots [6] and dye molecules [4, 5] expands its wavelength range to the visible region;
quantum-dot and dye-sensitive solar cells are thus considered promising candidates
as the next-generation solar cells.

Among other systems, the combination of TiO2 with metal nanoparticles has
been extensively investigated in recent decades by many research groups [1, 16–21].
Loading TiO2 with Pt nanoparticles increases its activity for hydrogen-production
reactions from water and other photocatalytic reactions [16, 17]. The deposition of
other metal nanoparticles (e.g., Ag, Au, Pd, and Ir) [18] also improves the pho-
tocatalytic activity of TiO2. These metal nanoparticles function as a photoexcited
electron sink, as the electron transfer from TiO2 to metals shifts the Fermi level
of TiO2 to negative potentials, thus enhancing the photoinduced charge-separation
efficiency [20, 21].



6 Electronic Structure of TiO2 Studied by Far-Ultraviolet and Deep. . . 101

6.1.2 Attenuated Total Reflectance (ATR)–DUV–FUV
Spectroscopy

As mentioned above, naked TiO2 can be activated by UV, DUV, and FUV irradia-
tions. However, the measurement of the optical properties of TiO2 in these regions is
complicated by its very large absorption (in the 200–300-nm region, the absorbance
index ’ is �106–107 cm�1) [22]. Irradiation in the DUV–FUV region can provide
critical information about the electronic states of materials and is typically employed
for research activities and a diverse range of applications [23–25]; therefore,
the investigation of TiO2 and modified TiO2 materials in this region is very
important. However, only a few studies provide systematic information about the
modification of TiO2 through spectrum observations in the DUV–FUV region. Most
spectroscopic investigations in this region have been carried out only by reflectance
or diffuse reflectance spectra measurements, and the measurement ranges were
mostly limited to the DUV region (>200 nm) [26]. Moreover, the effects of surface
modifications such as metal nanoparticle deposition on TiO2 electric states cannot
be easily estimated; thus, many studies on the enhancement of the charge-separation
efficiency of TiO2 are performed using polycrystalline TiO2 powders and films [18–
21]. Therefore, a versatile DUV–FUV measurement method that can be applied not
only to single crystals but also to polycrystalline forms is needed.

We have recently developed a completely new DUV–FUV spectrometer based
on ATR [23–25] that enables the measurement of the spectra of liquid and solid
samples such as water [27], aqueous solutions [28, 29], and organic molecules [30–
32] in the 140–300-nm region. During the ATR–DUV–FUV measurement, samples
are typically placed on a sapphire internal reflection element (IRE), and ATR
spectra are measured using the evanescent wave as a probe light [27]. This method
allowed us for the first time to successfully observe the entire first electronic-
transition absorption band of water and aqueous solutions without band saturation
[27–29]. Moreover, a comparison of the observed spectra of organic molecules such
as alkanes [32], alcohols [30], and ketones [31] with the corresponding quantum
chemical calculations revealed the existence of Rydberg transitions in the liquid
states. The more detailed description of the instrument is described in Chap. 2
Instrumentation for FUV spectroscopy.

6.2 Electronic States of Anatase TiO2 Studied by DUV–FUV
Spectroscopy [33]

Figure 6.1a shows a typical DUV–FUV spectrum in the 150–300-nm region of
a commercial anatase TiO2 particle (diameter D �5 �m, ST-41, Ishihara Sangyo
Kaisha, Ltd.). As the refraction index at 250 nm of anatase TiO2 (�2.5) is higher
than that of sapphire (�1.8), ATR does not occur at their interface. However, the
contact area between TiO2 and the sapphire IRE is very small (point contact, ide-

http://dx.doi.org/10.1007/978-4-431-55549-0_2
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Fig. 6.1 (a) A typical DUV–FUV spectrum of TiO2 and (b) the ATR-spectrometer measurement
scheme

ally), because a spherical TiO2 particle was used. Therefore, the absorption spectra
of TiO2 in the evanescent wave range were successfully measured (Fig. 6.1b). In
this case, the penetration depth of the evanescent wave is less than 50 nm, with
an incident angle of 70ı and a measured wavelength region of 150–300 nm in air
(n D 1).

In a previous study of Hosaka and coworkers [34], the reflection spectra of
anatase TiO2 single crystals were measured in the 40–620-nm wavelength range
using synchrotron orbital radiation. According to these studies, the measured
reflection spectra of anatase TiO2 have three peaks in the 150–300-nm region (at
�155, 200, and 260 nm), in agreement with the absorption spectrum discussed here.
The measured spectra were interpreted based on electronic-structure calculations
performed by these authors [34, 35] and other research groups [36]. Hosaka and
coworkers calculated the electric states of anatase TiO2 using the linear combination
of atomic orbital (LCAO) approximation with a discrete variational (DV)-X’

method based on the TiO6 cluster model. By comparing the experimental and
calculated spectra, they assigned the spectra in the 120–400-nm range to the
transition from O(2p) to Ti(3d) states.

In addition, Sério and coworkers [37] measured the DUV–FUV absorption
spectra of TiO2 using a synchrotron-radiation facility; however, as they reported,
only the data obtained in the DUV region (>200 nm) were considered to be reliable
because of a strong influence of the adsorbed water. In line with their results, in
our study we observed very weak and broad absorption bands at �200 and 260 nm
(Fig. 6.1a). Sério and coworkers assigned these two bands to the eg(¢) ! t2g( *)
and t2g( ) ! t2g( *) transitions, respectively, based on a molecular orbital energy-
level diagram [19] and band structures [19, 36] calculated by other groups. The
comparison of the present DUV–FUV spectrum with these calculations suggests
that the clear peak at 160 nm may be assigned to the t2g( ) ! eg(¢*) transition
(inset in Fig. 6.1a). It should be noted that the upper t2g( *) and eg(¢*) and lower
t2g( ) and eg(¢) orbitals mainly consist of Ti(3d) and O(2p) orbitals, respectively.

The present spectral shape in the 150–180-nm region clearly differs from that
of water, and thus the measurement of the absorption spectrum of TiO2 in the
150–300-nm region, including the FUV region, was successfully achieved. The
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assignments of the three bands to these electric states were confirmed by the
reported theoretical calculations. Notably, this DUV–FUV spectrum was obtained
using a 30-W deuterium lamp and commercial TiO2 powder, instead of synchrotron
orbital radiation and a TiO2 single crystal.

6.3 Consistent Changes in the Electronic States
and Photocatalytic Activities of TiO2 upon Metal (Au,
Pd, Pt)-Nanoparticle Deposition [33]

6.3.1 TiO2 Spectral Changes upon Metal-Nanoparticle
Deposition

TiO2 and metal (Pt, Pd, Au) colloids were mixed in an agate mortar until the solvent
completely evaporated. The DUV–FUV spectra of TiO2 with Pt nanoparticles
(diameter D 1–6 nm) were then measured. Figure 6.2 compares the DUV–FUV
spectra of the TiO2–Pt nanoparticles with that of TiO2. When the amount of the
mixed Pt nanoparticle is 0.04 wt% (green line in Fig. 6.2), the absorption intensity
at longer wavelengths decreases, while that at shorter wavelengths increases upon
Pt-nanoparticle deposition. The amount of the mixed Pt nanoparticle was changed
from 0.02 to 0.12 wt%. The DUV–FUV spectrum of TiO2 mixed with the 0.04 wt%
Pt nanoparticle showed the largest increase in the shorter-wavelength region; when
the amount of the Pt-nanoparticle was larger than 0.06 wt%, the absorption intensity
was suppressed in the entire wavelength range. This indicates that the increase in the
shorter-wavelength region is not due to the absorption of Pt nanoparticles.

If TiO2 comes in contact with a metal with a higher work function, the electrons
in TiO2 flow into the metal until the Fermi levels become equal [1]. In this study, we

Fig. 6.2 DUV–FUV spectral changes of TiO2 with various concentrations (0.00–0.12 wt%) of Pt
nanoparticles
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Fig. 6.3 (a) DUV–FUV spectra of TiO2 (blue) and Au (red)-, Pd (green)-, and Pt (purple)-
modified TiO2. (b) Integrated intensity ratio between the absorption in the 150–180-nm region
and that in the 270–300-nm region vs. the work-function difference between TiO2 and each metal

determined the work functions of TiO2 and Pt to be �4.0 and 5.7 eV, respectively;
thus, the electrons transfer from TiO2 to Pt. As a result, the number of electrons
in the relatively high-energy levels (i.e., electrons that can be excited at a relatively
longer wavelength) is decreased, leading to a suppression of the absorption intensity
at longer wavelengths. However, a Pt nanoparticle on TiO2 can act as a sink for the
photoexcited electrons [20, 21], which can enhance the charge-separation efficiency
as described in Sect. 6.1.1. This results in an increase in the absorption intensity
at shorter wavelengths. This enhancement may also occur at longer wavelengths;
however, in this case, the total change of the absorption intensity is affected by both
the enhancement and the decrease in the electrons upon contact of TiO2 with Pt.

In addition, we also used Pd and Au instead of Pt nanoparticles on TiO2 and
measured the DUV–FUV spectra of the resulting systems (Fig. 6.3a). In all the
studied cases, the absorption intensity at longer wavelengths decreases, while that at
shorter wavelengths increases. The absorption intensity over the entire wavelength
region changes by several percentage points depending on the sample, because the
TiO2 particle is not a perfect sphere; as a result, the amount of TiO2 in the evanescent
wave changes, but the spectral shapes of each sample are virtually the same. In
order to provide an in-depth description of the degree of the spectral changes, we
calculated an integrated intensity ratio between the absorption in the 150–180-nm
region and that in the 270–300-nm region.

The integrated intensity ratios of TiO2, TiO2–Au, TiO2–Pd, and TiO2–
Pt were determined to be 0.133 ˙ 0.018, 0.252 ˙ 0.025, 0.295 ˙ 0.030, and
0.423 ˙ 0.035 nm (average ˙ standard deviation, n D 15), respectively. Figure 6.3b
displays the plots of the obtained ratios as a function of the difference in the work
function between TiO2 (�4.0 eV) and each metal (Au, Pd, Pt �4.7, 4.9, 5.7 eV,
respectively). Notably, a strong positive correlation between the intensity ratio and
the work-function difference was found, indicating that a larger work-function
difference results in a larger number of electrons that flow from TiO2 into the metal
as well as stronger enhancement of the charge separation.
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Fig. 6.4 (a) DUV–FUV spectra of TiO2–Pt nanoparticles before (purple) and after (pink) heating
(at 200 ıC for 1 h, to remove the protecting agent PVP). (b) ATR–FUV spectra of TiO2–Pd
nanoparticles before (green) and after (deep green) heating (200 ıC, 1 h). (c) ATR–FUV spectra
of TiO2–Au protected by PVP (red) and citric acid (brown) nanoparticles

To confirm the effect of the protecting agent (PVP) of the metal nanoparticles, it
was removed by heating TiO2–Pt (Fig. 6.4a) and TiO2–Pd (Fig. 6.4b) at 200 ıC for
1 h [38]. The DUV–FUV spectra did not change; in addition, a comparison of the
DUV–FUV spectra of TiO2–Au protected by PVP and citric acid (Fig. 6.4c) hardly
differed. These results clearly suggest that the protecting agents have no substantial
effects on the DUV–FUV spectra.

6.3.2 Photocatalytic-Activity Enhancement of TiO2 upon
Metal-Nanoparticle Deposition

The photocatalytic activities of TiO2 and TiO2 modified with Au, Pt, and Ad
nanoparticles were estimated by the photodegradation reaction of methylene blue.
Methylene blue was purchased from Wako Pure Chemical Industries, Ltd. A Hg–Xe
lamp (Luminar Ace LA-300UV, Hayashi Watch Works) equipped with a UV-pass
filter (wavelength D 300–350 nm, UTVAF-50S-34U, CVI Laser, LLC.) was used as
the UV-light source. Methylene blue aqueous solution (10 �M, 10 mL) was mixed
with TiO2, TiO2–Au, TiO2–Pd, and TiO2–Pt powder (5 mg) using a magnetic stirrer,
followed by UV irradiation (�10 �W cm�2) for 60 min. After the irradiation, TiO2
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Fig. 6.5 (a–d) Absorption spectra of methylene blue aqueous solution before (black) and after
(color) UV irradiation with (a) TiO2 and (b) Au-, (c) Pd-, and (d) Pt-modified TiO2. Inset values
represent the absorption at 665 nm. (e) Photocatalytic activity (1 � [I/I0]) plotted against the work-
function difference between TiO2 and each metal

was separated from the solution by centrifugation (15,000 rpm, 1 min). Before and
after the UV irradiation, absorption spectra of the methylene blue aqueous solution
were measured; the results are shown in Fig. 6.5a–d. The photocatalytic activity of
each sample was estimated using Eq. (6.1), where I0 and I represent the absorption
intensities at 665 nm before and after the photodegradation reaction, respectively:

Photocatalytic activity D 1 � I=I0 (6.1)

Figure 6.5e shows the relationship between the photocatalytic activity and work-
function difference between TiO2 and each metal. Notably, a strong positive
correlation, similar to that of the degree of spectral changes shown in Fig. 6.3b,
was found.
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This strong positive correlation indicates that the larger work-function difference
results in an increased electron inflow from TiO2 to the metal and, therefore,
in a stronger enhancement of the charge separation, thereby increasing the TiO2

photocatalytic activity (Fig. 6.5). This finding is in agreement with previous studies
[18, 39] that reported a clear correlation between the work function of the metals
and the photocatalytic activity assessed in other reactions such as the generation of
NH3 from N3

� [18] and H2 from the dehydration of 2-propanol [39]. These results
indicate that the photocatalytic activity of modified TiO2 can be systematically
estimated by simple spectral measurements.

6.4 Significant Enhancement of the Photocatalytic Activity
of Rutile TiO2 Compared to That of Anatase TiO2 upon
Pt-Nanoparticle Deposition [40]

6.4.1 Two Types of Crystalline TiO2: Anatase and Rutile

The two types of readily available varieties of crystalline TiO2, anatase and rutile
(Fig. 6.6), exhibit different chemical, physical, optical, and photocatalytic properties
[19, 26, 41]. The bandgap energy of anatase TiO2 (�3.2 eV) is higher than that of
rutile TiO2 (�3.0 eV) [19]; the reflectance spectra of anatase and rutile TiO2 in the
DUV region have also been reported [26]. However, until quite recently, several
difficulties have limited the measurement of the optical properties of TiO2 in the
FUV region; thus, it has not been possible to clarify the differences in the optical
properties of anatase and rutile TiO2 in the FUV region, despite the fact that this

Fig. 6.6 Schematic representation of (a) anatase and (b) rutile structures
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region potentially provides substantial information about the electronic states of
these materials. TiO2 is activated upon UV irradiation (<390 nm and <410 nm
for the anatase and rutile phases, respectively); therefore, the investigation of the
optical properties in both the DUV and FUV regions is important.

In addition, the differences in the electronic state and photocatalytic activ-
ity between anatase and rutile TiO2 upon surface modifications such as metal-
nanoparticle deposition are not well understood. A simple and systematic method to
measure these differences for material design is thus needed. Herein, we measured
the DUV–FUV spectra of anatase and rutile TiO2 particles with a 5-�m secondary
particle diameter and 200- and 40-nm diameters, respectively. Subsequently, the
DUV–FUV spectra of TiO2 with Pt nanoparticles were also obtained, and the
spectral changes and photocatalytic activities of all TiO2 species were investigated.

6.4.2 DUV–FUV Spectra of Various Sizes Anatase and Rutile
TiO2

The DUV–FUV spectra in the 150–300-nm wavelength region of commercial
anatase and rutile TiO2 particles with a 5-�m secondary particle diameter and 200-
and 40-nm diameter, respectively, were measured. The spectra of the anatase TiO2

particles showed a broad band at �160 nm, regardless of the particle size, which,
as mentioned in Sect. 6.2, is assigned to the t2g( ) ! eg(¢*) transition (Fig. 6.7a).
In addition, the spectral intensities of rutile TiO2 particles were found to be lower
than those of anatase TiO2 (Fig. 6.7b), and the spectra showed no clear peak in
the FUV region. Figure 6.8a–h displays the SEM images of the TiO2 particles.
Commercial TiO2 nanoparticles have definite diameters for both the anatase and
rutile phases (200 and 40 nm, respectively); however, for TiO2 particles with 5-
�m secondary particle diameters, the original particle diameters of the anatase and
rutile phases vary by several dozen and several hundred nanometers, respectively.
Absorbance of the DUV–FUV spectrum of anatase TiO2 with a 5-�m secondary
particle diameter is similar to that of anatase TiO2 with a 40-nm particle diameter
(Fig. 6.7a). Likewise, the intensity of rutile TiO2 with a 5-�m secondary particle
diameter is similar to that of rutile TiO2 with a 200-nm particle diameter (Fig. 6.7b).
These results suggest that the intensity of the TiO2 spectra is largely dependent on
the particle size. This is because the amount of TiO2 with 40-nm-diameter particles
in the evanescent wave range (Fig. 6.8i) is larger than that of TiO2 with 200-nm-
diameter particles (Fig. 6.8j).

6.4.3 DUV–FUV Spectral Changes of Anatase and Rutile TiO2

upon Pt-Nanoparticle Deposition

The DUV–FUV spectra of TiO2 modified with Pt nanoparticles were also measured.
The Pt nanoparticles (1–6 nm in diameter) were deposited by mixing TiO2 particles
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Fig. 6.7 DUV–FUV spectra of (a) anatase and (b) rutile TiO2 particles with diameters of (blue)
5 �m, (red) 200 nm, and (green) 40 nm

(1 g) with commercially available Pt nanoparticle colloids (200 �L, 10 mM in
water/ethanol solution, protected by PVP, Wako Pure Chemical Industrial, Ltd.) in
an agate mortar until the solvent completely evaporated. Figure 6.9a–f compares the
ATR–FUV spectra of TiO2–Pt nanoparticles (red lines) with those of TiO2 (black
lines). The ATR–FUV spectra of rutile TiO2 particles modified with Pt nanoparticles
and those of anatase TiO2 particles show bands at �170 nm and �160 nm,
respectively. This behavior results from the differences in the electronic structures of
the anatase and rutile phases, as shown by previous calculations [42]. The spectral
differences between the anatase and rutile phases in the DUV (>200 nm) region
have been previously reported [26]; according to this study, the band wavelengths
of rutile-phase TiO2 are longer than those of anatase-phase TiO2. By employing an
ATR–FUV spectrometer, we can compare for the first time the optical spectra of
anatase and rutile TiO2 in the FUV region.

Upon Pt-nanoparticle deposition, the spectral intensity of the anatase-TiO2

particles (Fig. 6.3a–c) at longer wavelengths decreases, while that at shorter
wavelengths increases. As described in Sect. 6.3, the decrease in the intensity in
the longer-wavelength region is due to a charge transfer at the TiO2–Pt interface,
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Fig. 6.8 SEM images of (a–d) anatase and (e–h) rutile TiO2 particles with diameters of (a, b, e,
and f) 5 �m, (c and g) 200 nm, and (d and h) 40 nm. (i and j) Scheme of ATR–FUV spectrometer
measurement of TiO2 particles with diameters of (i) 40 nm and (j) 5 �m

and the increase in the shorter-wavelength region is due to the enhancement of
the charge-separation efficiency upon the deposition of the Pt nanoparticles. The
work function of TiO2 (�4.0 eV for anatase-phase TiO2) is smaller than that of
Pt (�5.7 eV). Therefore, when TiO2 contacts the Pt nanoparticles, the electrons
in TiO2 flow into the Pt nanoparticles until the Fermi levels are equalized. As a
result, the number of electrons in the relatively high-energy levels (i.e., electrons
that can be excited at a relatively longer wavelength) is decreased, resulting in the
suppression of the spectral intensity in the longer-wavelength region. In contrast, Pt
nanoparticles on TiO2 can act as a sink for the photoexcited electrons, resulting
in an enhancement of the charge-separation efficiency and an increase in the
spectral intensity in the shorter-wavelength region. This process may also occur
in the longer-wavelength region; however, the total change in the spectral intensity
depends on this enhancement and the decrease in the number of electrons upon
contact between TiO2 and Pt nanoparticles.

In contrast, the spectral intensity of the rutile-TiO2 nanoparticles (Fig. 6.9d–f)
increases over the entire region upon deposition of Pt nanoparticles. When anatase
TiO2 is modified with Au nanoparticles, the intensity in the longer-wavelength
region decreases, as it does for the anatase TiO2–Pt nanoparticles based on
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Fig. 6.9 DUV–FUV spectra of (a–c) anatase and (d–f) rutile TiO2 particles with diameters of (a
and d) 5 �m, (b and e) 200 nm, and (c and f) 40 nm, before (black) and after (red) the deposition
of Pt nanoparticles

the electron transfer described above. The work function of Au (�4.7 eV) is
approximately 1.0 eV lower than that of Pt, while that of rutile TiO2 is 0.2 eV lower
than that of anatase TiO2 (at most) [19, 41]. Therefore, if the magnitude of the effect
of the charge-separation enhancement for rutile TiO2 is the same as that for anatase
TiO2, the intensity in the longer-wavelength region should decrease. However, in
practice, the spectral intensity of rutile TiO2 increases even in the longer-wavelength
region. In this regard, the increase in the spectral intensity implies an enhancement
of charge separation, as ascribed in Sect. 6.3.1. Therefore, these results indicate
that the magnitude of the effect of charge-separation enhancement for rutile TiO2

is higher than that for anatase TiO2. In order to estimate this enhancement, we
investigated their photocatalytic activities.
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6.4.4 Photocatalytic-Activity Enhancement in Anatase
and Rutile TiO2 upon Pt-Nanoparticle Deposition

The photocatalytic activities of TiO2 particles with and without Pt nanoparticles
were estimated based on the photodegradation reaction of methylene blue. A
methylene blue aqueous solution (20 �M, 20 mL), including TiO2 particles
with/without Pt nanoparticles (5 mg), was irradiated with UV light (300–350 nm,
�10 �W cm�2) for 30 min, and the absorption spectra before and after UV
irradiation were measured (Fig. 6.10). The photocatalytic activity of each sample
was also estimated using Eq. (6.1).

Figure 6.11(a) (anatase TiO2) and (b) (rutile TiO2) show the plots of the
photocatalytic activities of TiO2 (black) and TiO2 with Pt nanoparticles (red) as a
function of the particle diameter. For a 5-�m secondary particle diameter and 200-
nm-diameter TiO2 particles, the photocatalytic activity of anatase TiO2 is higher
than that of rutile TiO2 of the same size, in agreement with previous studies [3]. For
rutile TiO2, a smaller TiO2 particle shows a larger photocatalytic activity, and TiO2

with a 5-�m secondary diameter shows the smallest photocatalytic activity. These
trends are a result of the smaller particle size and the consequent larger surface area
[43].

The anatase TiO2 particles with 40-nm diameters show an exceptionally low
photocatalytic activity, probably because of the synthesis of small anatase TiO2

nanoparticles, which requires a lower temperature than that of large anatase particles
and rutile particles [44]. In addition, anatase TiO2 particles with 40-nm diameters
are characterized by a larger number of lattice defects, which may decrease the
photocatalytic activity [45]. The photocatalytic activities of all TiO2 nanoparticles
are enhanced upon deposition of Pt nanoparticles. The photocatalytic activities
of anatase TiO2 were determined to be 0.47, 0.53, and 0.33 (5-�m-, 200-nm-,
and 40-nm-diameter particles, respectively) and increased to 0.52, 0.62, and 0.36,
respectively, upon the deposition of Pt nanoparticles. The photocatalytic activities
of rutile TiO2 were found to be 0.13, 0.23, and 0.44 (5-�m-, 200-nm-, and 40-nm-
diameter particles, respectively) and increased to 0.18, 0.28, and 0.55, respectively.
The “enhancement factor” was calculated for each TiO2 particle as the ratio between
the photocatalytic activity of TiO2 modified with the Pt nanoparticles and that of
TiO2 alone [46, 47]. As shown in Fig. 6.11c, the rutile TiO2 particles (open circles)
show a higher photocatalytic-activity enhancement than the anatase TiO2 particles
(filled circles). Several research groups have reported that the photocatalytic activity
of TiO2 is improved upon the deposition of metal nanoparticles [1, 16–21, 48].
However, most of these groups have focused on either anatase TiO2 or a mixture
of anatase and rutile TiO2 [16–21], because both these systems show a higher
photocatalytic activity in many reactions than bare rutile TiO2. Rutile TiO2 has
been primarily used for the investigations of reaction mechanisms. For example, Li
and coworkers showed that the (110) surface of rutile TiO2 can be more selectively
deposited with Pt nanoparticles than the (001) surface and that the photocatalytic
activity is improved by Pt deposition [48]. However, no studies are available about a
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Fig. 6.10 Absorption spectra of aqueous methylene blue before (black) and after (color) UV
irradiation with (a–f) anatase or (g–l) rutile TiO2. TiO2 particle size and state (i.e., with/without Pt
nanoparticles) are displayed in each graph
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Fig. 6.11 Photocatalytic activities (1 � [I/I0]) of (a) anatase and (b) rutile TiO2 particles (black)
before and (red) after the deposition of Pt nanoparticles. (c) Enhancement factors of (filled circle)
anatase and (open circle) rutile TiO2 particles. TiO2 particle diameters are 5 �m, 200 nm, and
40 nm

systematic comparison of anatase and rutile TiO2 in terms of their optical and/or
photocatalytic property changes upon metal deposition. In our study, we have
systematically compared the electronic-state changes and photocatalytic activity
of anatase and rutile TiO2; based on the DUV–FUV spectral measurements and
estimations of the photodegradation reaction activity, we have shown that the
enhancement of the charge-separation efficiency upon Pt-nanoparticle deposition
is higher for rutile TiO2 than for anatase TiO2.

6.5 Size Effect of Modified Au Nanoparticles on TiO2

Electronic States [49]

6.5.1 Size Effect of Modified Au Nanoparticles on the TiO2

Photocatalytic Activity Under UV- and Visible-Light
Irradiation

The effects of the Au-nanoparticle size on the photocatalytic activity of TiO2–
Au nanoparticles have been reported. For instance, Idriss and coworkers estimated
the photocatalytic activity of TiO2 modified with Au nanoparticles, whose size
ranged between 3 and 30 nm, based on the photocatalytic hydrogen production
from ethanol under UV-light irradiation [50]. When they adopted anatase TiO2, the
photocatalytic-reaction rate was not affected by the Au-nanoparticle size over the 3–
12-nm range. When the size was increased to 16 nm, the reaction rate of the anatase
TiO2–Au nanoparticle was considerably reduced. In the case of rutile TiO2 with Au
nanoparticles with a diameter of 20–35 nm, the photocatalytic activity was found to
be virtually independent of the Au-nanoparticle size.

Tatsuma’s group has reported that the responsible wavelength range of TiO2

can be expanded into the visible region by decorating TiO2 with Au nanoparticles
that absorb visible light via the localized surface plasmon resonance (LSPR)
[51–53]. They used the deposited Au nanoparticles with different sizes (e.g., 15, 40,
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Fig. 6.12 SEM images of (a) TiO2 and Au-modified TiO2 with Au-nanoparticle diameters of (b)
5 nm, (c) 10 nm, (d) 20 nm, and (e) 60 nm

and 100 nm) and found that the quantum efficiency proportionally increased with
the particle size, while the maximum photocurrent decreased under visible-light
irradiation [53]. Ohtani et al. [54] measured the visible-light-induced photocatalytic-
reaction rate of the oxidation reaction of 2-propanol. In their study, the Au-particle
size on TiO2 was varied in the 10–60-nm range, and a positive relationship was
found between the particle size and the photocatalytic activity under visible-light
irradiation.

Heretofore, only a few studies about the electronic-state changes of TiO2–Au
nanoparticle as a function of the Au-nanoparticle size have been reported. Kamat
and coworkers measured the Fermi levels of TiO2–Au nanoparticle samples (the
diameters of the Au nanoparticles were 3, 5, and 8 nm on average) under UV-light
irradiation [55]. However, the particle-size range was strictly limited to 3–8 nm,
and no information about the shape of the Au nanoparticles was provided. The
photocatalytic activity is strongly related to its electronic states, and, therefore,
insight into the electronic states may help understand the mechanism of the
photocatalytic enhancement and develop high-efficiency optical materials such as
solar cells.

6.5.2 Size Effect of Modified Au Nanoparticles on TiO2

Electronic States

Spherical Au colloids (diameters of 5, 10, 20, and 60 nm, aqueous solution,
protected by hexadecyltrimethylammonium bromide, CTAB) were purchased from
Tanaka Kikinzoku Kogyo. Anatase or rutile TiO2 powder (5-�m secondary particle
diameter) and Au colloids were mixed in an agate mortar until the solvent
completely evaporated. In this study, the amount of colloids was regulated to obtain
a similar number of Au nanoparticles (�3.8 � 1010 per 1 g TiO2). Figure 6.12 shows
the typical SEM images of Au nanoparticles on rutile TiO2 (5-�m secondary particle
diameter; the original particle diameter is several hundred nanometers).

Then, the DUV–FUV spectra of the TiO2–Au nanoparticles were measured.
Upon the deposition of Au nanoparticles on anatase TiO2, the spectral intensity at
longer wavelengths (> about 210 nm) decreased, while that at shorter wavelengths
(< about 210 nm) increased independently from the size of Au (Fig. 6.13a); these



116 I. Tanabe

Fig. 6.13 DUV–FUV spectra of (a) anatase and (b) rutile TiO2 with/without Au nanoparticles (5,
10, 20, and 60 nm)

Fig. 6.14 DUV–FUV
spectra of anatase TiO2

with/without Au nanospheres
(5, 20, and 60 nm). The
weight of the Au nanospheres
is regulated to be
approximately the same

spectral changes are a result of the electron transfer from TiO2 to the metal and the
enhancement of the charge separation, respectively, as discussed in Sect. 6.3.1. In
addition, the degree of the spectral changes at both longer and shorter wavelengths
increased as the size of the deposited Au nanoparticles decreased. When rutile
TiO2 was used (Fig. 6.13b), the spectral intensity after the deposition of the Au
nanoparticles increased over the entire wavelength region, similarly to the effect
of the deposition of the Pt nanoparticles (Fig. 6.9d–f). The degree of the spectral
changes also increased as the size of the deposited Au nanoparticles decreased.

Even with a similar weight of the deposited Au nanoparticles (�1.3 � 10�4 g
on 1 g TiO2), the amount of spectral changes decreased as the size of the Au
nanoparticles increased (Fig. 6.14).

These results suggest that smaller Au nanoparticles lead to larger electronic-
state changes, which in turn may exert a strong effect on the photocatalytic
activities. Therefore, these were measured based on the photodegradation reaction
of methylene blue. The experimental details are described in the Sects. 6.3.2 and
6.4.4.

The photocatalytic activities of TiO2 alone and TiO2 with Au nanospheres of
size 5, 10, 20, and 60 nm were determined to be 0.30 ˙ 0.030, 0.51 ˙ 0.031,
0.41 ˙ 0.024, 0.37 ˙ 0.043, and 0.33 ˙ 0.058, respectively (average ˙ standard
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Fig. 6.15 Photocatalytic
activities (1 � [I/I0]) of
anatase TiO2 with/without Au
nanospheres of various sizes

deviation, n D 3). As shown in Fig. 6.15, the photocatalytic activity strongly depends
on the Au size, i.e., TiO2 with smaller Au nanoparticles shows a higher photocat-
alytic activity. Our results are in agreement with those of Wei and coworkers, who
reported that the photocatalytic activity of TiO2 with �5-nm Au is larger than that
of TiO2 with �40-nm Au under UV-light irradiation [56]. From the results obtained
from the DUV–FUV spectra (Figs. 6.13 and 6.14) and photocatalytic activities
(Fig. 6.15), we concluded that the electronic state changed significantly and the
photocatalytic activities increased as the Au size decreased, confirming that these
strongly depend on the Au-nanoparticle size.

We then measured the DUV–FUV spectra of TiO2–Au nanorod samples with
various aspect ratios. All Au nanorods have the same diameter (25 nm), and their
lengths are 34, 47, and 60 nm, with the corresponding aspect ratios being 1.36,
1.88, and 2.40, respectively. The SEM images of the Au nanorods are shown in
Fig. 6.16. Au nanorods (purchased from Sigma-Aldrich Co. LLC.) were dissolved
in the aqueous solution with CTAB used as a stabilizer. The number of Au nanorods
was chosen to be �3.8 � 1010 per 1 g TiO2 (as for the Au nanospheres). As shown
in Fig. 6.17, no significant changes in the DUV–FUV spectra of TiO2 modified
with these three types of Au nanorods were observed. This result suggests that the
electronic state of TiO2 may mainly depend on the diameter of the modified Au
nanoparticles, with the length (i.e., aspect ratio) of the nanorods exerting only a
small effect.

In addition, we synthesized Au nanocubes (Fig. 6.18, �60 nm length) [57]
and measured the DUV–FUV spectra of anatase TiO2 with these Au nanocubes
(Fig. 6.18). No significant differences between the spectrum of TiO2 with Au
nanocubes and that with the Au nanospheres of the corresponding size (60 nm diam-
eter) were observed, indicating that the electronic-state changes are independent of
the Au-nanoparticle shapes. We discuss reasons why the electronic states of TiO2

with Au nanoparticles strongly depend on the Au size rather than on the Au shape.
As described in Sect. 6.3.1, upon the contact between TiO2 and a metal, the

electrons in TiO2 are transferred to the metal. At the same time, a potential
gradient is generated at the interface between TiO2 and the metal, which prevents
a recombination between the electrons in the metal and the holes in TiO2, leading
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Fig. 6.16 SEM images of Au nanorods on TiO2 with the following sizes: (a) 25 nm � 34 nm, (b)
25 nm � 47 nm, and (c) 25 nm � 60 nm

Fig. 6.17 DUV–FUV spectra of (a) anatase and (b) rutile TiO2 modified with Au nanorods of
various aspect ratios. The sizes of the Au nanorods are (S) 25 nm � 34 nm, (M) 25 nm � 47 nm,
and (L) 25 nm � 60 nm

Fig. 6.18 DUV–FUV
spectra of anatase TiO2

modified with (red) Au
nanospheres or (yellow) Au
nanocubes. The SEM image
of a deposited nanocube is
also shown (inset)

to an enhancement of the charge-separation efficiency. The depth and width of the
potential gradient depend on the Fermi levels, size, electric conductivity, and other
properties of TiO2 and the metal. In the present case, only the Au-nanoparticle size
and shape were systematically changed. However, the width of the Au nanoparticle
was not changed, i.e., the diameter of all the Au nanorods was maintained constant
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at 25 nm. Therefore, the ATR spectra suggest that the width of the deposited Au
nanoparticles may have a strong effect on the electronic states of TiO2. Thus, we
have discussed not only the effect of the size of Au nanoparticles in the wide range
of 5–60 nm but also that of their shape.

6.6 Conclusions and Perspectives

By using our DUV–FUV spectroscopy method, we systematically studied the
electronic states of TiO2 alone and those of TiO2 with metal nanoparticles.

The obtained naked TiO2 spectra were in line with the previously reported reflec-
tion spectra and theoretical calculations (Sect. 6.2). The deposition of metal (Au, Pd,
and Pt) nanoparticles significantly affected their spectral shape, indicating changes
in the electronic states of TiO2. A strong positive relationship was found between the
degree of the spectral changes and the work function of the modified metal. Larger
spectral changes indicate a stronger enhancement of charge separation, which in
turn leads to an improvement of the photocatalytic activity of TiO2 (Sect. 6.3).
Anatase TiO2 and rutile TiO2 showed different spectra and spectral changes upon
Pt-nanoparticle deposition. In particular, the photocatalytic activity of rutile TiO2

showed a stronger enhancement than that of anatase TiO2 (Sect. 6.4). Although
a low shape dependence was observed, smaller Au nanoparticles induced larger
electronic-state changes, leading to a higher photocatalytic activity (Sect. 6.5).

The results illustrated in this contribution clearly demonstrate the potential of
DUV–FUV spectroscopy as a novel investigation method for the electronic states
of various materials. Now, we are applying this method not only to TiO2 but also
to other materials (other semiconductors such as ZnO, organic phosphates, ion
liquids, and so on). It is also important to confirm the electronic changes by other
methods such as X-ray photoelectron spectroscopy (XPS) and ultraviolet photo-
electron spectroscopy (UPS), which is in progress. The application of this method
provides critical information about the enhancement mechanism and supports the
development of high-efficiency optical materials such as photocatalysts and solar
cells.
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