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Significant enhancement of photocatalytic activity of 
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nanoparticle deposition studied by far-ultraviolet 

spectroscopy†††† 
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Absorption spectra of anatase and rutile TiO2 in the 150–300-nm region before and after the 

deposition of Pt nanoparticles were measured. For anatase TiO2, the spectral intensity in the 

longer wavelength region decreased (> ~210 nm), while that in the shorter wavelength region 

increased (< ~210 nm). In particular, spectral band intensity in far-ultraviolet (FUV) region (~ 

160 nm) was increased. In contrast, the spectral intensity of rutile TiO2 increased over the 

entire wavelength region under investigation. Rutile TiO2 showed spectral band at a longer 

wavelength region (~170 nm) than anatase TiO2, and the difference in the band wavelengths in 

the FUV region was due to the differences in the electronic structures of their phase. The 

decrease and increase in the intensity upon the Pt nanoparticle deposition suggests electron 

transfer from the TiO2 to Pt nanoparticles and enhancement of charge-separation, respectively. 

The photocatalytic activity of rutile TiO2, as evaluated by a photo-degradation reaction of 

methylene blue, increased more than that of anatase TiO2 upon the deposition of Pt 

nanoparticles. Thus, we concluded that the charge-separation efficiency of rutile TiO2 is 

enhanced relative to that of anatase TiO2 upon the deposition of Pt nanoparticles.  

 

Introduction 

Titanium dioxide (TiO2) is one of the most attractive materials 

with applications in a wide range of fields,1-6 particularly in 

photocatalysis1-3 and next-generation solar cell materials.4-6 

Two types of readily available varieties of crystalline TiO2, 

anatase and rutile, exhibit different chemical, physical, optical, 

and photocatalytic properties.7-9 The band-gap energy of 

anatase TiO2 (~3.2 eV) is higher than that of rutile TiO2 (~3.0 

eV);8 the reflectance spectra of anatase and rutile TiO2 in the 

near-ultraviolet (NUV, 200–400 nm) region have also been 

reported.9 However, until quite recently, it was difficult to 

measure the optical properties of TiO2 in the far-ultraviolet 

(FUV, 140–200 nm) region because of very intense absorption 

(absorbance index α > 107 cm-1);10 thus, it was not possible to 

clarify the differences in the optical properties of anatase and 

rutile TiO2 based on the FUV region, despite the fact that this 

region provides substantial information about the electronic 

states of various materials.11-13 TiO2 is activated upon 

irradiation with NUV-FUV light (<390 nm for anatase phase, 

<410 nm for rutile phase), and therefore, exploration of optical 

properties in both the NUV and FUV regions is highly 

important.  

TiO2 containing metal nanoparticles have also been 

extensively investigated in recent decades by many research 

groups.8,14-20 Loading TiO2 with metal (such as Pt, Pd, and Au) 

nanoparticles increases the photocatalytic activity of TiO2.
14-16 

However, it is difficult to systematically estimate the effects of 

these surface modifications on TiO2 electronic states in the 

FUV–NUV region. Therefore, the differences in the electronic 

state and photocatalytic activity between anatase and rutile 

TiO2 upon surface modifications such as metal nanoparticle 

deposition are not well understood. Because the ability to 

measure these differences by a simple and systematic method is 

important for material design, we have recently measured the 

FUV–NUV (150–300 nm) spectra of TiO2 and metal (Pt, Pd, 

and Au)-modified TiO2, and found that the deposition of metal 

nanoparticles alters the spectral shape and intensity. Upon the 

deposition of metal nanoparticles, intensity in the longer 

wavelength region decreases, while that in the shorter 

wavelength region increases. The former reflects the transfer of 

electrons from TiO2 to metals, and the latter indicates 

enhancement of charge-separation efficiency.21 Moreover, there 

is a strong positive relationship between the degree of spectral 

changes, photocatalytic activities, and the work function of the 

deposited metals.21 To measure the spectra (including the FUV 

region), we employed our original FUV spectrometer that is 

based on attenuated total reflection (ATR),11-13 which enables 

us to measure the spectra of liquid and solid samples such as 

water,11,12 aqueous solutions,22,23 and organic molecules24-26 in 

the 140–300 nm region. 

In this study, the ATR–FUV spectra of anatase and rutile 

TiO2 particles with 5-µm secondary particle diameter, 200- and 

40-nm diameters, respectively, were measured. Subsequently, 

the ATR–FUV spectra of TiO2 with Pt nanoparticles were also 

obtained, and the spectral changes and photocatalytic activities 
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of all TiO2 species were investigated. The anatase TiO2 

particles showed a broad feature at ~160 nm. Upon the 

deposition of Pt nanoparticles, the intensity of the spectrum in 

the region containing this band (150–180 nm) increased, while 

the intensity in the longer wavelength region (240–300 nm) 

decreased. In contrast, for the rutile TiO2 particles, the intensity 

increased over the entire measured region (150–300 nm) upon 

the deposition of Pt nanoparticles, and the spectrum showed a 

band at a longer wavelength region (~170 nm) than anatase 

TiO2. The differences in band wavelength in the FUV region 

are due to differences in the electronic structure of anatase and 

rutile TiO2. The increase over the entire region of rutile TiO2 

upon the deposition of Pt nanoparticles indicates that the 

enhancement of the charge-separation efficiency of rutile TiO2 

is larger than that of anatase TiO2. The photocatalytic activities 

of the rutile TiO2 particles were more enhanced by the 

deposition of Pt nanoparticles than those of the anatase TiO2 

particles. In this way, we have revealed the differences in the 

electronic states of anatase and rutile phase TiO2, and how they 

change upon the deposition of Pt nanoparticles, which is 

strongly related to their photocatalytic activities.  

Experimental 

Anatase and rutile TiO2 (5-µm secondary particle diameter) 

were purchased from Wako Pure Chemical Industries, Ltd. 

Anatase TiO2 (200- and 40-nm diameters) and rutile TiO2 (40-

nm diameter) were purchased from Ishihara Sangyo Kaisya 

Industries, Ltd., while rutile TiO2 (200 nm) was purchased from 

Toho Titanium Company, Ltd. All varieties of anatase and 

rutile TiO2 particles were used as purchased. Pt nanoparticle 

colloids (10 mM, water and ethanol solvent, 1–6-nm diameter, 

protected by polyvinylpyrrolidone) were purchased from Wako 

Pure Chemical Industries, Ltd. During the ATR–FUV 

measurement, the samples were placed on a sapphire internal 

reflection element (IRE), and the ATR spectra were measured 

using an evanescent wave as a probe light.  

TiO2 (1 g) and metal colloids (200 µL) were mixed in an 

agate mortar until the solvent completely evaporated off to the 

atmosphere. TiO2 particles with and without Pt nanoparticles 

were placed on the sapphire IRE, and the FUV–NUV spectra 

were measured using an ATR–FUV spectrometer. In the FUV 

region, both H2O and O2 present in the atmosphere yield very 

intense absorptions, and thus the spectrometer must be purged 

with N2 gas. The ATR–FUV system employed in this study 

used a 30-W deuterium lamp as a light source. SEM images 

were observed by model S-5000 (Hitachi Ltd., Tokyo, Japan), 

operated at 20 kV.  

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 = 300–350 nm, UTVAF-50S-34U, CVI Laser, 

LLC) was used as the UV light source. An aqueous solution of 

methylene blue (20 µM, 20 mL) was mixed with TiO2 only and 

TiO2–Pt powder (5 mg) using a magnetic stirrer, followed by 

UV irradiation (~10 µW cm-2) for 30 min. After the irradiation, 

TiO2 was separated from the solution by centrifugation (15,000 

rpm, 1 min). The absorption spectra of the methylene blue 

aqueous solutions were measured both before and after UV 

irradiation.  

 

 

 

Results and discussion 

ATR-FUV-NUV spectra of anatase and rutile TiO2 

ATR–FUV–NUV spectra in the 150–300 nm wavelength 

region of commercial anatase and rutile TiO2 particles with 5-

µm 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 independent of the 

particle size, which, as previously reported, was assigned to the 

t2g(π) → eg(σ*) transition (Fig. 1a).21 On the other hand, the 

spectral intensities of rutile TiO2 particles were lower than 

those of anatase TiO2 (Fig. 1b), and the spectra showed no 

defined peak in the FUV region. Fig. 2a–h shows the SEM 

images of 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-

µm secondary particle diameters, the original particle diameters 

of the anatase and rutile phases vary by several dozen and 

several hundred nanometers, respectively. In actuality, the 

intensity of the FUV–NUV spectrum of anatase TiO2 with 5-

µm secondary particle diameter is close to that of anatase TiO2  

 
Fig. 1 ATR–FUV–NUV spectra of (a) anatase and (b) rutile TiO2 particles with 

(blue) 5-μm, (red) 200-nm, and (green) 40-nm diameters. 

 
Fig. 2 (a–h) SEM images of (a–d) anatase and (e–h) rutile TiO2 particles with (a, b, 

e, f) 5-μm, (c, g) 200-nm, and (d, h) 40-nm diameters. (i, j) Measurement 

mechanism of TiO2 using ATR–FUV spectrometer for (i) 40-nm and (j) 5-μm 

diameter TiO2. 
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with 40-nm particle diameter (Fig. 1a). Likewise, the intensity 

of rutile TiO2 with 5-µm secondary particle diameter is close to 

that of rutile TiO2 with 200-nm particle diameter (Fig. 1b). 

These results show that the intensity of the TiO2 spectra is 

largely dependent on particle size. This is because the amount 

of TiO2 with 40-nm diameter particles in the evanescent wave 

range (Fig. 2i) is larger than the amount of TiO2 with 200-nm 

diameter particles (Fig. 2j). Actually, calculated occupancies of 

40-nm and 200-nm diameters spheres in the evanescent wave 

range (penetration depth = 50 nm) are approximately 63% and 

32%, respectively. On the other hand, integrated intensity ratios 

of absorbance of 40-nm diameter TiO2 to that of 200-nm 

diameter TiO2 are ~1.7 (for Fig. 1a) or ~2.3 (for Fig. 1b), which 

are corresponding with the occupancies.  

Spectral changes of anatase and rutile TiO2 upon Pt 

nanoparticles deposition 

The ATR–FUV–NUV spectra of TiO2 modified with Pt 

nanoparticles were also measured. The Pt nanoparticles (1–6-

nm diameter) were deposited by mixing TiO2 particles (1 g) 

with commercially available Pt nanoparticle colloids (200 µL, 

10 mM in water/ethanol solution, protected with 

polyvinylpyrrolidone (PVP), Wako Pure Chemical Industrial, 

Ltd.) in an agate mortar until the solvent completely evaporated 

off to the atmosphere. A typical SEM image of the TiO2-Pt 

nanoparticles is shown in Fig. S1. Fig. 3a–f shows a 

comparison of the ATR–FUV spectra of TiO2–Pt nanoparticles 

(red lines) with that of TiO2 only (black lines). It is noted that 

PVP has no substantial effect on the ATR-FUV spectra as 

shown in our previous paper.21 The ATR–FUV spectra of rutile 

TiO2 particles modified with Pt nanoparticles have bands at 

~170 nm, while the spectra of anatase TiO2 particles have bands 

at ~160 nm. The difference in the band wavelengths in the FUV 

region is due to the differences in the electronic structures of 

the anatase and rutile phases, as previous calculations have 

shown.27 The spectral differences between the anatase and 

rutile phases in the NUV (>200 nm) region have also been 

previously reported,9 and the band wavelengths of rutile-phase 

TiO2 are longer than those of anatase-phase TiO2. By 

employing an ATR–FUV spectrometer, we can, for the first 

time, compare the optical spectra of anatase and rutile TiO2 in 

the FUV region.  

For anatase TiO2 particles (Fig. 3a–c), the spectral intensity 

in the longer wavelength region decreases, while that in the 

shorter wavelength region increases upon the deposition of Pt 

nanoparticles. As we have previously reported,21 the decrease in 

the intensity in the longer wavelength region is due to charge 

transfer at the TiO2–Pt interface, and the increase in the shorter 

wavelength region is due to the enhancement of the charge-

separation efficiency upon the deposition of Pt nanoparticles. 

The work function of TiO2 (~4.0 eV for anatase-phase TiO2) is 

smaller than that of Pt (~5.7 eV).16 Therefore, when TiO2 

contacts the Pt nanoparticles, electrons in TiO2 inflow to the Pt 

nanoparticles until both the Fermi levels are equalized.1 As a 

result, the number of electrons in relatively high-energy levels 

(i.e., electrons that can be excited at a relatively longer 

wavelength) is decreased, resulting in the suppression of 

spectral intensity in the longer wavelength region. In contrast, 

Pt nanoparticles on TiO2 can act as a sink for photo-excited 

electrons,18,19 resulting in the enhancement of the charge-

separation efficiency, and an increase in the spectral intensity in 

the shorter wavelength region. This enhancement process may 

also occur in the longer wavelength region; however, the total 

change in the spectral intensity is affected by this enhancement 

as well as by the decrease in the number of electrons upon 

contact between TiO2 and Pt nanoparticles.21 

 Fig. 3 ATR–FUV–NUV spectra of (a–c) anatase and (d–f) rutile TiO2 particles with (a, d) 5-μm, (b, e) 200-nm, and (c, f) 40-nm diameters, before (black) and after (red) 

the deposition of Pt nanoparticles. 

In contrast, the spectral intensity of rutile TiO2 nanoparticles 

(Fig. 3d–f) increases over the entire region upon the deposition 

of Pt nanoparticles. When the 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 the electron transfer described above.21 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).7,8 Therefore, if the magnitude of the 

effect of 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. Herein, it is important that the increase of 
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ATR-FUV intensity means the enhancement of charge-

separation as mentioned above. Therefore, these results indicate 

that the magnitude of the effect of charge-separation 

enhancement for rutile TiO2 is higher than it is for anatase TiO2. 

Subsequently, we estimated their photocatalytic activities in 

order to value the enhancement of the charge-separation 

efficiency upon the Pt nanoparticles deposition.  

Enhancement of photocatalytic activities of anatase and rutile 

TiO2 upon Pt nanoparticles deposition 

Photocatalytic activities of TiO2 particles with and without Pt 

nanoparticles were estimated using a photo-degradation 

reaction of methylene blue. A methylene blue aqueous solution 

(20 µM, 20 mL), including TiO2 particles with and without Pt 

nanoparticles (5 mg), was irradiated with UV light (300–350 

nm, ~10 µW cm-2) for 30 min, and the absorption spectra before 

and after UV irradiation were measured (Fig. S2). The 

photocatalytic activity of each sample was estimated by 

Equation (1), where I0 and I represent the absorbance values at 

665 nm before and after the photo-degradation reaction, 

respectively.  

  Photocatalytic activity = 1 – I/I0  (1) 

 
Fig. 4 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 μm, 200 nm, and 40 nm. 

Fig. 4a (anatase TiO2) and 4b (rutile TiO2) show the plots of 

the photocatalytic activities of TiO2 (black) and TiO2 with Pt 

nanoparticles (red) as a function of particle diameter. For 5-µm 

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, which is in agreement 

with previous reports.3 For rutile TiO2, the smaller TiO2 particle 

shows larger photocatalytic activity, and TiO2 with 5-µm 

secondary diameter shows the smallest photocatalytic activity. 

These results are obtained because the smaller particle has the 

larger surface area.28  

The anatase TiO2 particles with 40-nm diameters show 

exceptionally low photocatalytic activity. This is likely because 

the synthesis of small anatase TiO2 nanoparticles require lower 

temperatures than large anatase particles and rutile particles 

do,29 as well as because anatase TiO2 particles with 40-nm 

diameters have more lattice defects that decrease the 

photocatalytic activity.30 The photocatalytic activities of all 

TiO2 nanoparticles are enhanced upon the deposition of Pt 

nanoparticles. The photocatalytic activities of anatase TiO2 

were 0.47, 0.53, and 0.33 (5-µm, 200-nm, and 40-nm diameter 

particles, respectively), and increased to 0.52, 0.62, and 0.36 

upon the deposition of Pt nanoparticles. For rutile TiO2, the 

photocatalytic activities were 0.13, 0.23, and 0.44 (5-µm, 200-

nm, and 40-nm diameter particles, respectively), and increased 

to 0.18, 0.28, and 0.55. The ratios of the photocatalytic activity 

of TiO2 modified with Pt nanoparticles to that of TiO2 only 

were calculated as an “enhancement factor”31,32 for each TiO2 

particle. As shown in Fig. 4c, the rutile TiO2 particles (open 

circles) show higher enhancement of their photocatalytic 

activity than anatase TiO2 particles (filled circles). Many 

research groups have reported that the photocatalytic activity of 

TiO2 is improved upon the deposition of metal nanoparticles.14-

20,33 However, most of these groups have focused on either only 

anatase TiO2 or a mixture of anatase and rutile TiO2,
14-20 

because both bare anatase and a mixture of anatase and rutile 

TiO2 show higher photocatalytic activity than bare rutile TiO2 

does in many reactions. Rutile TiO2 has been used primarily for 

deliberations of reactive mechanisms. For example, Li and co-

workers revealed that the (110) surface of rutile TiO2 was more 

selectively deposited with Pt nanoparticles compared with the 

(001) surface, and that the photocatalytic activity was improved 

by Pt deposition.33 However, there are no literature reports 

involving the comparison of anatase and rutile TiO2 in terms of 

their optical and/or photocatalytic property changes upon the 

deposition of metal. In the study herein, we have systematically 

compared the electronic state changes and photocatalytic 

activity of anatase and rutile TiO2, and have shown, on the 

basis of ATR–FUV–NUV spectral measurements and 

estimations of photo-degradation reaction activity, that the 

enhancement of charge-separation efficiency upon the 

deposition of Pt nanoparticles for rutile TiO2 is higher than that 

for anatase TiO2. 

Conclusions 

In summary, the absorption spectra of anatase and rutile TiO2 

particles (with 5-µm, 200-nm, and 40-nm diameters) with and 

without Pt nanoparticles were measured in the FUV–NUV 

(150–300 nm) region. The intensity of the anatase TiO2 

spectrum decreased in the longer wavelength region and 

increased in the shorter wavelength region, which indicates the 

transfer of electrons from TiO2 to the Pt nanoparticles and the 

enhancement of charge separation, respectively. On the other 

hand, for rutile TiO2, the spectral intensity increased over both 

wavelength regions, indicating that the effect of the 

enhancement of charge separation is larger than the effect of the 

transferred electron. The measurements of the photocatalytic 

activities also showed that rutile TiO2 showed greater 

enhancement than did anatase TiO2. These results show that the 
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photocatalytic activity of rutile TiO2 is more enhanced than that 

of anatase TiO2 upon the deposition of Pt nanoparticles, and 

also demonstrates that the corresponding changes in the 

electronic states can be estimated by facile and systematic 

ATR–FUV–NUV spectral measurements. When designing 

TiO2-based materials, it is important to have an insight 

regarding the enhancement of the charge-separation efficiency, 

which depends on the nature of the crystalline structure. This 

can allow for the elucidation of the enhancement mechanism, 

and lead to the development of high-efficiency optical materials 

such as photocatalysts and solar cells.  
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