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Abstract Lutetium-doped titanium dioxide (Lu-TiO2) was synthesized using a sol–gel

method. The obtained compounds were characterized by X-ray diffraction and electron

paramagnetic resonance. The photocatalytic decomposition of adenosine 50-triphos-

phate (ATP) under UV irradiation was investigated to estimate the effect of the doped

lutetium. Our results showed that the Lu-TiO2 nanoparticles have higher photoactivity

than an undoped TiO2. Furthermore, the role of lutetium in Lu-TiO2, the structure of

the photoreaction site on Lu-TiO2 and the reaction mechanism are also discussed.

Keywords Lutetium-doped titanium dioxide � Sol–gel � Photocatalytic

decomposition � Electron paramagnetic resonance

Introduction

Photocatalytic properties of titanium dioxide semiconductors (TiO2) are well

established [1–30]. Titanium dioxide is capable of completely oxidizing various

hazardous materials to nontoxic products. It has become the benchmark
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semiconductor for use in photodetoxification of contaminated water. The sufficient

band gap of TiO2 can generate electron–hole pairs onto the surface of TiO2 powder.

The current hypothesis in photocatalysis is that a surface-adsorbed OH� radical is the

initial product after the hole trapping at the hydrate TiO2 surface. Hydroxyl radicals

have been detected using spin-trapping techniques at room temperature [3, 31–33].

The points of designing effective photocatalysts are that the organic substrate can

easily approach the semiconductor surface and be trapped on it, and that the reactive

radicals can effectively be generated on the surface. Concentration of an organic

pollutant at the semiconductor surface has been achieved by selective doping of the

TiO2 [34, 57], surface modification of the photocatalyst with chelating agents [35],

and surface modification of the catalyst with electron acceptor groups [36].

Titanium dioxide (TiO2) has three crystal phases, anatase, rutile and brookite.

Anatase TiO2 has been extensively investigated owing to its notable functions for

photocatalysis and photon-electron transfer [37, 38]. On the other hand, rutile TiO2

is a thermodynamically stable phase possessing a smaller band gap energy (3.0 eV)

than the anatase phase (3.2 eV) [39, 40]. In photocatalysis research, chemists have

been paying much greater attention to anatase TiO2 than to rutile TiO2 because the

anatase form is considered more active than the rutile form. Excellent properties of

rutile TiO2 have been recently disclosed; Beck and Siegel reported the high

photocatalytic activity for decomposition of H2S gas [41], and Ohno et al. [42]

reported the high activity of rutile TiO2for photooxidation of water with Fe3? as an

electron acceptor. The report written by Hurum et al. [43] provides especially

valuable information. They explained that the mixed-phase catalysts consisting of

anatase TiO2 and rutile TiO2 had ‘‘hot-spots’’ at the rutile–anatase interface and

these hot spots caused its high photocatalytic activity.

Metal ion-doped TiO2, of course, has been studied extensively [44–46] with the

purpose of extending the absorption spectrum to visible light. But the results were

often controversial; some reports showed that the photooxidativity and photore-

ducibility were improved through doping, but the other reports showed that the

photooxidativity and photoreducibility were reduced. The preparation of lanthanide

ion-doped TiO2 nanoparticles, as well as their photoelectrochemical and photocat-

alytic properties, have been reported by a few chemists. In previous work, it is

reported that the photocatalytic activities increase with modification of TiO2 with

lanthanide ion [47, 48]. In this work, lutetium(III) ion was used to modify materials

in order to create high-activity points like hot spots.

Yi et al. and Zhou et al. used electron paramagnetic resonance spectroscopy

(EPR) to investigate the formation of Ti3? in the bulk of TiO2 because the highest

concentration of Ti3? corresponds to the strongest absorption intensity of catalyst in

the visible-light region [58, 59]. Therefore, EPR measurements for metal ion-doped

TiO2 were really useful for obtaining information about Ti3? in bulk and the effect

of doped metal ions.

Here, our experimental results showed that lanthanide ion-doped TiO2 nanopar-

ticles indicated higher photoreactivity for the photocatalytic degradation of

adenosine 50-triphosphate (ATP) than undoped TiO2 particles. In addition to these

results, the characteristic features of each powder were clearly exhibited by using

X-ray diffraction (XRD) measurement, high-performance liquid chromatography
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(HPLC) measurement and the Langmuir–Hinshelwood mechanism. In succession,

EPR is used as the measurement apparatus to clarify the nature of this powder under

both non-irradiation and UV irradiation conditions. At last, this paper proposes the

role of lutetium ion doped into TiO2 structure and the reason for the high

photoactivity of Lu-TiO2.

Experiment

Materials

Unmodified titanium dioxide (TiO2) powders denoted by ST-01 (228.40 m2 g-1 of

surface area) as produced by Ishihara Sangyo Kaisha, Ltd., anatase-type TiO2 and

rutile-type TiO2 as produced by Catalysis Society Japan were used for the reference

samples. Titanium(IV) isopropoxide (97.0%; Aldrich Chemical Co. Inc.) and

2-propanol (99.5%; extra pure grade Wako Pure Chemical Industries Ltd.) were

used in synthesizing the lutetium ion-doped TiO2 photocatalysts (Lu-TiO2). Acetic

acid (CH3COOH, 99.7%, Wako Pure Chemical Industries Ltd.) was used as the pH

moderator. Lutetium chloride hexahydrate (LuCl3�6H2O: 99.99?%; Aldrich

Chemical Co. Inc.) was also used. ATP disodium salt trihydrate (C10H14N5Na2-

O13P3�3H2O, 99.0%, Aldrich Chemical Company Inc.) was used as a model

compound in photocatalytic studies and also in adsorption experiments with Lu-

doped TiO2 particles.

Synthesis method of metal ion-doped TiO2 photocatalyst

In order to synthesize the Lu-TiO2 powder, titanium isopropoxide (10 g,

1.89 mol L-1) was mixed with 2-propanol (10 g, 7.41 mol L-1) in a beaker (inner

diameter, 30 mm) and the solution was stirred at room temperature for 30 min.

Because the pH value of these solutions was 6, the pH value was adjusted with

acetic acid (4 g, 2.91 mol L-1: 40% for the amount of 2-propanol) to pH = 3, and

stirring was continued for another 30 min. Subsequently, the lutetium salt was

dissolved in a mixture solution for approximately 2 h. The amount of dissolved salt

was 10% of the Ti ion contained in titanium isopropoxide. The solution was then

concentrated under reduced pressure (the water bath temperature was 50 �C and the

pressure was 45 hPa) using a rotary vacuum evaporator. A small amount of white

powder was obtained after concentrating the mixture solution. The white Lu-TiO2

powder was crushed and calcined under aerobic condition using a furnace (Sanstat

furnace type SYK-450-T; Sanyo Rigaku Seisakusho K.K.). Before each experiment,

powder was dried under vacuum to remove adsorbed water on the powder surface.

The calcination temperature was raised to 800 �C and the samples were calcined for

9 h. For preparation of non-doped titanium dioxide (denoted as pure TiO2), the

same procedure was used, except for lutetium ion. The sample name and preparation

conditions are shown in Table 1. Before EPR measurement, all samples were dried

under vacuum to remove adsorbed water on the powder surface.
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Possible elution of doped metal ions during synthetic or photocatalytic processes

was examined repeatedly using EDTA titration, and the results were all negative.

Therefore, the doped metal ions were inferred to remain in the catalyst.

Analytical methods

In adsorption experiments, the ATP concentration was determined by means of

HPLC apparatus (SHISEIDO NANOSPACE SI-2). HPLC measurement utilized a

Capcell Pak C18 AQ column (Shiseido Fine Chemical Co., Ltd, column length

150 mm, internal diameter 1.5 mm, sample size 1.0 lL), which was specially

developed for measurement of aqueous samples. The ATP concentrations were

evaluated in accordance with the procedures as described in a previous paper [49].

Experimental procedures for photocatalytic reaction

Titanium dioxide and synthesized powder (20 mg) were dispersed into the 0.1 mM

ATP solution (20 mL) in a beaker (inner diameter, 35 mm). During the photocat-

alytic decomposition experiment under UV irradiation (black light, Toshiba; 1.8

mW cm-2 light intensity at 365-nm wavelength), the suspension sample in the

beaker was cooled in an ice bath to prevent hydrolysis of the ATP sample. After the

irradiation, the suspension sample was filtered by an Autovial filter (pore size

0.45 lm, AV125UORG, Whatman) and the filtrate was examined with HPLC.

Adsorption of ATP onto the photocatalyst’s surface during photocatalytic

reaction was examined with the same setups and procedures as used in

Table 1 Summary of preparation procedures of the standard, pure TiO2 and Lu-TiO2 samples

Sample name Amount of doped Lu ion (%) Calcination temperature (�C) Color of powder

Anatasea – RTc White

Rutileb – RTc White

ST-01 – RTc White

Pure TiO2 RT – RTc White

Pure TiO2 40 – 400 White

Pure TiO2 50 – 500 White

Pure TiO2 60 – 600 White

Pure TiO2 80 – 800 White

Lu-TiO2 RT 10.00 RTc White

Lu-TiO2 40 10.00 400 White

Lu-TiO2 50 10.00 500 White

Lu-TiO2 60 10.00 600 White

Lu-TiO2 80 10.00 800 White

aAnatase means the anatase-type TiO2

bRutile means the rutile-type TiO2

cRT means the non-calcined condition
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photocatalytic decomposition experiment except for UV irradiation. The ATP

concentration was periodically evaluated with the HPLC profile. The ATP

concentration started to decrease just after TiO2 and Lu-TiO2 powders were

dispersed into the solution. The decrement was ascribed to adsorption onto the

photocatalyst’s surface (cf. the text).

Experimental procedures for adsorption reaction: adsorption experiments
to obtain the number of adsorption sites (NS) and the adsorption
equilibrium constant (K) of each photocatalytic powder

All ATP concentrations were evaluated with the HPLC profile. The amount of

adsorbed ATP was calculated from before and after dispersing each TiO2 powder

into ATP solution. The suspension prepared by mixing each photocatalytic powder

(10 mg) with ATP solution (20 mL) in a beaker (inner diameter, 35 mm) was set in

an ice bath with an inner temperature of 0.2 �C and was stirred with shielding from

light using a magnetic stirrer. The ice bath prevented hydrolysis of ATP. In the

experiment of time-dependent behavior of ATP adsorption, an initial ATP

concentration was set at 0.1 mM with stirring up to 200 min. On the other hand,

the equilibrium concentration of ATP from 0.1 to 0.3 mM was used for estimating

NS and K. The stirring time was kept at 90 min.

XRD measurement and particle size evaluation method

The crystal structures of all sample powders were determined from XRD patterns

measured with an X-ray diffractometer (Rigaku, Geigerflex RAD-RA) with a Cu

target Ka-ray (k = 1.5405 Å). Particle size distribution of ST-01 and Lu-TiO2 60

powder was measured through the courtesy of Sysmex Ltd.

EPR spectroscopy

The X-band (9.5 GHz) EPR spectra of Lu-TiO2, pure TiO2 and ST-01 powders were

measured on a spectrometer (EXM; Bruker Analytik) at RT, 77 and 4.4 K. The

powder samples, contained in a special quartz tube that can connect to the original

vacuum line, were introduced into a resonance cavity. Tube conditions were set to

suitable states: aerobic, vacuum, or nitrogen gas conditions. The samples were

transferred to a 77-K Dewar flask mounted on the EPR spectrometer, and irradiated

by a 468-W cm-3 xenon lamp with a 400-nm cutoff filter. In these experiments,

samples were irradiated directly in the EPR cavity at 77 K. EPR spectra were

recorded before irradiation, at each 3 min during irradiation, after 40 min of

irradiation, and at 1 day after irradiation; this set was repeated if necessary.
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Results and discussion

Photocatalytic reaction

The ATP solution was irradiated with UV light in the presence of TiO2 for 90 min.

Variation of the HPLC profile with elapsed time is presented in Fig. 1. The signal N

means the peak of non-identified products. After 10 min of irradiation, a signal peak

for generated adenine was clearly observed at a 9.7-min retention time. As the

irradiation time elapsed, the peak due to ATP decreased and that for adenine

increased. Since this variation profile of using Lu-TiO2 60 is similar to that of ST-

01, the ATP photodecomposition mechanism also has a good agreement with the

previous report [49]. In addition to this, the ATP photodecomposition rate of Lu-

TiO2 60 is faster than that of ST-01. The sample of Lu-TiO2 60 is considered to

have higher photoactivity compared with ST-01.

The adsorption and photocatalytic ability of samples were examined so as to

obtain more information regarding the nature of the synthesized samples. The HPLC

studies revealed that a considerable amount of the ATP in solution disappeared upon

the addition of sample powders, even in the dark. In the absence of sample powders,

the ATP concentration remained unchanged within experimental errors. Then, the

disappearance of ATP in the dark was concluded to be due to adsorption of ATP

onto the surface of TiO2 (denoted by Dads[ATP], hereafter). The Dads[ATP] values

were repeatedly evaluated under conditions similar to the photocatalytic reactions.

The results are summarized in Table 2, where nominal values of disappeared ATP

in the photocatalytic reaction Dnom[ATP] are also listed. The photocatalytic

degradation of ATP (denoted by Dphoto[ATP]) can be estimated by the difference

between Dnom[ATP] and Dads[ATP] values as shown in Table 2. The concentration

of photogenerated adenine Dphoto[ADE], as evaluated by HPLC along the elapsed

irradiation time, is also summarized in Table 2.

The Dphoto[ADE] values are clearly less than those of the Dphoto[ATP] at the

corresponding time in Table 2, except for Lu-TiO2. At the end of 90 min of

Fig. 1 Variation of the HPLC
profile for ATP degradation
during UV irradiation up to
90 min by using Lu-TiO2 60
sample
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irradiation, for example, the Dphoto[ADE] value was 78% of the Dphoto[ATP]. In

other words, the fate of the adenine moiety in the rest of the degraded ATP (ca.

20%) should be still clarified. In the case of Lu-TiO2 40, the cause of the large

Dphoto[ADE] value as compared to the Dphoto[ATP] value is assumed to create the

many ATP molecules adsorbed on the Lu-TiO2 40 sample.

Table 2 indicates that the Lu-TiO2 60 sample had higher photodecomposition

ability than adsorptive ability; the Lu-TiO2 40 had only the highest adsorptive

ability. Though all samples of pure TiO2 had only small photocatalytic ability, Lu-

TiO2 samples may have the adsorptive ability caused by the modification of

lutetium ion in basic TiO2 structure. Then, the difference of adsorptive ability of Lu-

TiO2 was understood to be created from the aggregation of samples by

thermodynamic effect during calcination process. For ST-01, this had both

photocatalytic and adsorptive ability, but, these were not much higher than the

adsorptive ability of Lu-TiO2 40 and the photocatalytic ability of Lu-TiO2 60.

Adsorption reaction

Greater consideration was given to the details of the adsorptive ability between Lu-

TiO2 60 and ST-01 was in the subsequent experiments. The ATP solutions with

dispersed Lu-TiO2 and ST-01 powder were prepared and the variation in ATP

concentration was followed by HPLC analysis. No signal other than ATP was

detected, and the ATP signal intensity simply decreased with elapsed time after

dispersing these powders. Then the decrement of ATP signal intensity was ascribed

to the amount of ATP adsorption onto the surface of the powders. The ATP

concentration in the solution varied along the elapsed time, as shown in Fig. 2.

The ATP concentration in the solution rapidly decreased with the elapsed time at

first. The rate of decrease in ATP concentration quickly diminished. As compared

with the result of ST-01, that of Lu-TiO2 60 was rather different; the ATP

concentration in the solution of Lu-TiO2 60 approached asymptotic values, as

Table 2 Estimated concentrations of the adsorbed and degraded ATP during the UV irradiation

Sample name Dads[ATP] (mM) Dnom[ATP] (mM) Dphoto[ATP] (mM) Dphoto[ADE] (mM)

Pure TiO2 40 0.001 0.016 0.015 0.005

Pure TiO2 50 0.000 0.020 0.020 0.006

Pure TiO2 60 0.000 0.005 0.005 0.004

Lu-TiO2 40 0.087 0.095 0.009 0.023

Lu-TiO2 50 0.058 0.092 0.034 0.027

Lu-TiO2 60 0.017 0.101 0.084 0.042

ST-01 0.055 0.099 0.044 0.036

Elapsed time is 90 min

Experimental error 0.001 mM

Dphoto[ATP] = Dnom[ATP] - Dads[ATP]

Dphoto[ATP] means the photogenerated adenine
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shown in Fig. 2. This result indicated the Lu-TiO2 60 powder does not have

adsorptive ability like ST-01.

The total number of adsorption sites (NS) and the adsorption equilibrium constant

(K) were estimated by plotting the amount of adsorbed ATP molecules on TiO2

([ATP]ads) against the ATP concentration in solution ([ATP]), or from the Langmuir

isotherm for ATP adsorption on TiO2 powder (Fig. 3):

1

ATP½ �ads

¼ 1

NS

þ 1

KNS

1

ATP½ �

The plots give NS and K for TiO2 (ST-01) as 1.9 mM and 10 mM-1, and 0.3 mM

and 4 mM-1 for Lu-TiO2 60, respectively. It is interesting that the properties of

these two powders were different from each other: NS and K for ST-01 were about

6.3 times and 2.5 times rather than those of Lu-TiO2, respectively.

Fig. 2 Variation of ATP
concentration with the elapsed
time after dispersing the Lu-
TiO2 60 powder and standard
TiO2 powder into the ATP
solution

Fig. 3 Estimation of NS and
K values by plotting the amount
of adsorbed ATP on TiO2

against the ATP concentration in
solution
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XRD measurement

Figure 4 shows the XRD patterns of the standard powder (anatase, rutile and ST-01)

and synthesized powders. The signal of ST-01 is rather broader than the other

standard samples because this powder comprised [ 90% antase and \ 10% rutile

TiO2 particles, and the size of ST-01 powder is rather smaller than the other

standard samples (see Fig. 4a). Almost all profiles of pure TiO2 samples may be

ascribed to an anatase or rutile signal. One can confirm that the A signal (anatase

TiO2) gradually increases with the increment of calcined temperature and that the

temperature of phase transformation from anatase to rutile is 600 �C. Signals, both

anatase and rutile, calcined at high temperature,[ 600 �C, are sharper than that of

anatase and rutile calcined at low temperature\ 500 �C. These changes suggest that

the particle size increases because these particles are aggregated by a thermody-

namic effect. On the other hand, the profile of Lu-TiO2 shows the temperature of

phase transformation is 800 �C and the particle sizes of these samples are rather

smaller than that of the pure TiO2 samples. These results are caused for doping the

lutetium ion into TiO2 structure using the present method. One may guess that this

sample would have the interface between anatase and rutile particles created by the

doped lutetium ion having a large ionic radius as compared to a titanium ion or

oxygen ion.

Fig. 4 XRD profiles of the a standard, b pure TiO2 and c Lu-TiO2 samples. The A and R marks in
(b) mean an anatase and rutile signal ascribed from the profile in (a), respectively, and N means a non-
identified signal
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EPR spectroscopy

EPR spectra of Lu-TiO2 60 (Fig. 5) were recorded at RT (A), 77 K (B) and 4.4 K

(C) to investigate the spectral feature. Spectra of pure TiO2 and ST-01 as a reference

are indicated in Figs. 6 and 7, respectively. For all three samples, comparison of

spectra at RT (A) and 77 K (B) shows that the spectra obtained at 77 K (B) is better

in signal-to-noise ratio than those in RT (A). Furthermore, the spectrum at 4.4 K

indicates well-resolved signals compared to that in 77 K. It means that a

temperature lower than 77 K could make the rate of spin–lattice relaxation slower.

However, the experimental condition of 4.4 K was not suitable for UV irradiation,

so that 77 K was chosen to measure EPR spectra in this study. Forms of two spectra

in Figs. 5b and 6b were mutually resemblance, and differed from the spectrum in

Fig. 7b. The difference in the spectral feature may occur from the powder structure.

There can be two reasons; the ratio of anatase-to-rutile and the synthesis method.

Figure 8 depicts the variation of EPR spectra for Lu-TiO2 60 during UV

irradiation up to 40 min: panel (A) shows the spectra attributable to each UV

irradiation time, panel (B) superimposed the spectra on a pre-irradiation spectrum

and panel (C) portrays the spectra obtained before and after UV irradiation. An

identical experiment (called as the second experiment) was repeated using the same

powder and experimental conditions after the primary experiment (Fig. 8). The

signals indicated by a-c in Fig. 8 are discussed here. Panels (A) and (B) show that

peak a and peak c were created after UV irradiation and that peak c decreased

gradually during 40 min. On the other hand, panel (C) shows clearly that peaks a

Fig. 5 X-band EPR spectra of Lu-TiO2 recorded at a RT, b 77 K and c 4.4 K. Measurement conditions
are indicated in each figure
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and c disappeared 1 day after UV irradiation. The intensity of all peaks in the second

experiment became smaller than those obtained in the first experiment. The

variation of EPR spectra at 3 min was greatest in comparison with other spectra.

These results mean that the generation of those peaks, a and c, were moderately

related to the electron–hole pair generated upon adsorption of UV light energy by

Lu-TiO2 60, and reaction needed UV irradiation at least for 3 min.

Similar experiments were carried out with pure TiO2 60 and ST-01 (Figs. 9,10)

as reference experiments. The signals indicated by d–i in Figs. 9 and 10 are

discussed here. The intensity of peak d just after UV irradiation (denoted by 0 min)

becomes the biggest peak compared with that given at another irradiation time. On

the other hand, the peak f did not hold its intensity and formed under UV irradiation

up to 30 min, and then the peak e generated with UV irradiation could be observed

present for a period up to 30 min. As the positions of peaks d (3372.9 Gauss) and f

(3401.4 Gauss) agreed well with those of the corresponding peaks a (3372.9 Gauss)

and b (3401.4 Gauss) in Fig. 8, these peaks are considered to have the same origin.

In case of ST-01 in Fig. 10, variations of EPR spectra differ from those of the other

two samples. It is readily noticed that the three peaks (indicated by g, h and i) are

observed only during UV irradiation and that the forms of the spectra before and

after UV irradiation remained the same. Three minutes of UV irradiation needed for

the ST-01 showed the biggest change. Peaks g–i (3379.5, 3401.8 and 3413.9 Gauss,

Fig. 6 X-band EPR spectra of pure TiO2 recorded at a RT and b 77 K. Measurement conditions are
indicated in each figure

Fig. 7 X-band EPR spectra of ST-01 recorded at a RT and b 77 K. Measurement conditions are
indicated in each figure
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respectively), however, are regarded as having the same origin as the signals

(a & d & 3372.0, b & h & 3401.0 and c = 3412.8 Gauss, respectively) in

Figs. 8a and 9a.

In order to confirm the condition of powders, interesting experiments were

carried out using the same apparatus. After two cycles of UV irradiation

experiments, the sample powder was calcined in a nitrogen gas condition, and

EPR spectrum was obtained at RT (Fig. 11). Then the sample was calcined in an

oxygen gas condition, and EPR was measured. Sharp signals (j and k) in Fig. 11

appeared at around 3350 Gauss. In the ‘before’ condition, the signals j and k are

relatively broad. Both the signal intensity increase in signal j when the temperature

increases from 200 �C at 30 min to 200 �C at 2 h; this signal disappears at the

calcination temperature of 300 �C. In addition, signal k disappears at 200 �C by

30 min. Upon re-oxidation at 300 �C by 2 h, signal j appears weakly at the same

position, but signal k does not appear at all. These results explain that the

calcination treatment using nitrogen gas reveals various Ti3? sites that are produced

in the labile TiO2 structure on Lu-TiO2 60 surface. Consequently, re-oxidation by

oxygen gas converts Ti3? ions on the surface of Lu-TiO2 60 to Ti4?. The same

experiments were carried out for pure TiO2; the signal j disappeared by oxidation

treatment at 200 �C. It is notable that the temperature of this treatment was lower

Fig. 8 Variation of EPR spectra for Lu-TiO2 60 during UV irradiation up to 40 min. a Spectra due to
each UV irradiation time, b superimposed spectra on a before spectrum and c spectra of before and after
UV irradiation
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than that of Lu-TiO2 60. It shows that the lutetium ion modified the TiO2 structure

and made a more labile Ti3? spot on the surface structure.

Many chemists have already reported EPR spectra for various TiO2, not only for

powder, but also for the colloidal state [43, 50–56]. No literature has confirmed the

presence of peaks A, B, D and E in Fig. 12(a). These peaks are considered

characteristic of the method of sample synthesis because the ST-01 had no peaks

like A, B, D and E (see Figs. 7, 10). Howe explained that some peaks appearing in

the region of 3350–3600 Gauss were ascribed to Ti3? present in the TiO2 structure

and O- created by trapped holes [50–52]. Signals ascribed to anatase TiO2 and

rutile TiO2 are therefore easily found in the region of 3350–3600 Gauss. The

respective g-values of anatase and rutile are g//= 1.957, g\ = 1.990 and g//= 1.940,

g\ = 1.975. Figure 12 and Table 3 show EPR spectra just after UV irradiation for

10 s (0 min means UV irradiation for 10 s) and g-values calculated from each

spectrum in Fig. 12. One may understand that two powders, Lu-TiO2 60 and pure

TiO2 60, have g-values attributed to Ti3? ions in the anatase and rutile structures;

subscripts of K, C and L may look just like anatase g\ and rutile g// and g\. The g//-

values of anatase TiO2 were not obtained because they were obscured by a broad

rutile signal. From theses spectra, the main structure of two powders was considered

to be as follows: the Lu-TiO2 60 has a lot of anatase structure and the pure TiO2 60

Fig. 9 Variation of EPR spectra for pure TiO2 60 during UV irradiation up to 40 min. a Spectra due to
each UV irradiation time, b superimposed spectra on a before spectrum and c spectra of before and after
UV irradiation. (Color figure online)
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Fig. 10 Variation of EPR spectra for ST-01 during UV irradiation up to 40 min. a Spectra due to each
UV irradiation time, b superimposed spectra on a before spectrum and c spectra of before and after UV
irradiation. (Color figure online)

Fig. 11 Redox calcined EPR spectra of Lu-TiO2 60 recorded at 77 K. Measurement conditions are
indicated in each figure. (Color figure online)
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has many rutile structures and a small amount of anatase structure. The XRD results

of Fig. 4b, c were in good agreement with these EPR results.

Howe et al. [50] experimented with hydrated and deuterated anatase and their

works proposed that g-tensor values for the low-field signal (g1 = 2.016, g2 = 2.012

and g3 = 2.002) arose from trapped positive holes at lattice oxide ions (O- radical

anion). They explained that the theoretical expressions for the g-tensor components

of O- are in first order:

gzz ¼ ge

gxx ¼ ge þ
2k
Ex

gyy ¼ ge þ
2k
Ey

Fig. 12 EPR spectra for Lu-TiO2 60 and pure TiO2 60 under UV irradiation at different regions of g-
values of: a 2.090–1.861 and b 2.026–1.947. (Color figure online)

Table 3 The g-values obtained

from EPR spectra of Lu-TiO2 60

and pure TiO2 60 in Fig. 12

Signal index g-Value

Lu-TiO2 60

Signal index g-Value

pure TiO2 60

A 2.061 A 2.062

B 2.052 B 2.049

C 1.933 C 1.933

D 1.907 D 1.907

E 1.895 E 1.895

F 2.013 F 2.014

G 2.003 G 2.004

H 2.001 H 2.000

I 1.999 – –

J 1.997 J 1.996

K 1.990 – –

L 1.978 L 1.973
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where k is the spin–orbit coupling constant for oxygen (0.014 eV) and Ex and Ey are

the energy separation for the orbital containing the unpaired electron (pz) from the

px and py orbitals, respectively. In addition to this, the g-tensor components for the

low-field signal could be fitted to theses expressions, yielding Ex = 2.00 eV and

Ey = 2.80 eV, respectively. Though the low-field signal also formed on irradiation

in vacuo is more difficult to identify and the sample conditions are remarkably

different, the behavior under UV irradiation treatment and g-tensor values of signals

F and G is thought to be similar to that of the low-field signal that appeared in

Howe’s works. From the g-values, E\ = 2.5 eV for Lu-TiO2 60 and E\ = 2.3 eV

for pure TiO2 60. It is, therefore, possible to conclude that F and G are ascribed to

the signal of an O- radical anion.

Conclusions

The most effective photocatalytic powder for ATP decomposition in the present

study was unquestionably the Lu-TiO2 60 sample. This highest photoactivity could

be achieved by doping the lutetium ion into basic TiO2 structure and by calcination

under aerobic condition at 600 �C. This powder features a low adsorptive ability of

ATP during the photodecomposition reaction. Then, the observed decrement in ATP

concentration should be ascribed to the reaction of photogenerated radicals at the

surface of Lu-TiO2 60. As this powder consisted of anatase and rutile TiO2 fine

particles, the high photoactivity was ascribed to the interaction between anatase and

rutile TiO2 fine particle with doped lutetium ion. In addition, the presence of

Lu2Ti2O7 and Lu2O3 particles might be partly responsible for the high photocat-

alytic property of Lu-TiO2 60.

Howe et al. proposed a possible pathway for the formation of O-: (1) the primary

photochemical event is a creation of holes and electrons, (2) electrons are trapped at

Ti4? sites to form Ti3? and holes at subsurface oxide ions to form O-. Therefore,

the EPR signals F and G in Fig. 12 are considered to be the generated O- under UV

irradiation. The property of the peaks C, K and L agree with that of the Ti3? in

anatase and rutile structure; the signals of these paramagnetic species were

decreasing under UV irradiation. At the point of intensity decrement, here, the

signals H, I and J are also ascribed to the generated Ti3? under UV irradiation.

Especially, peak J suggests that another type of structure consisting of Ti3? or O-

may exist in the two powders, Lu-TiO2 60 and pure TiO2 60, and the preferred new

structure is Lu-TiO2 60 rather than pure TiO2 60. Results of redox calcination

treatment indicate the labile Ti3? spot in the surface structure of Lu-TiO2 60.

This work found that the high photocatalytic ability of Lu-TiO2 60 results from

the presence of labile Ti3? spots in the Lu-TiO2 60 surface structure created from

the Lu3? ions doped into TiO2 structure using the original method. In other words,

the role of the Lu3? ion is to create the different type of Ti3? spots on the powder’s

surface, and the recombination of electron–hole pairs required a longer time

compared with pure TiO2 60 and ST-01 powders.
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