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Abstract

The effects of the morphology-change of StTiO; particles on the behavior of photogenerated charge carriers are
studied by time-resolved absorption (TA) spectroscopy from the visible to mid-IR region. In the case of
as-purchased defect-rich commercial SrTiO; particles, most of the charge carriers are deeply trapped, showing a
transient absorption peak at 11000 cm™. Scanning electron microscopy reveals that the irregular-shaped primary
particles are heavily aggregated and that the photocatalytic activity for the water splitting reaction is negligibly
small. However, when this powder is flux-treated by SrCl,, fine cubic SrTiO; crystals exposing well-defined
surfaces are formed and the photocatalytic activity is greatly improved. TA measurements show that the spectral
shape is changed dramatically: the number of deeply trapped electrons is reduced, and that of shallowly trapped
electrons producing the absorption band at 2500 cm™ is increased. The change in electron trap depth, observed
upon flux treatment, is due to the decrease in the number of defects. We also found that further flux treatment in
an AlO; crucible (i) induces Al doping into SrTiOs, (ii) enhances the photocatalytic activity, (iii) changes the
spectral shape, and (iv) prolongs the lifetime of shallowly trapped electrons. The increase in photocatalytic

activity is presumably due to the change in lifetime.
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1. Introduction

SrTiO; is one of the most widely used materials for optical and electronic devices, owing to such
properties as a strong dielectric constant, a strong nonlinear optical effect, and ferroelectricity. It is also used as a
photocatalyst since it is nontoxic and stable during photocatalytic reactions. [1-4] Furthermore, it turns to a
visible-responsive photocatalyst when doped with impurities such as Cr, Ni and Rh: doping induces visible light
absorption and promotes photocatalytic reactions. [2-4] For optoelectronic devices, well-defined single crystals
are often used, but for photocatalysts, the powder form is preferred since the surface area of a powder is much
larger than that of a single crystal. However, there is a disadvantage associated with powders: they are richer in
surface defects than single crystals. It is widely believed that these defects capture photogenerated charge carriers
and decrease the photocatalytic activity. Therefore, in principle, the number of defects should be reduced in order
to increase the photocatalytic activity. Flux treatment is a powerful method that can be used to this end, since
dissolution and recrystallization proceed in molten salts. It has been reported that flux treatment of CaZrTi,O5, [5]
TasNs, [6, 7] LaTiO,N [8] and SrTiOj3 [9] results in well-crystallized particles exposing well-defined surfaces and
enhances their photocatalytic activity. Since photocatalytic activity is determined by the behavior of
photogenerated charge carriers, the behavior of charge carriers should be elucidated for a precise understanding of
the role of flux treatment in activity enhancement.

Time-resolved absorption spectroscopy in the visible to mid-IR region [10, 11] is a powerful method for
elucidating the behavior of photogenerated charge carriers, since free electrons [12-20] in the conduction band
(CB) give rise to structureless broad absorption in the mid-IR region. Trapped electrons and holes in mid-gap
states also give transient absorption peaks in the visible or near-IR (NIR) regions [21-27]; therefore, the energy
states of photogenerated charge carriers as well as the decay processes can be examined. We have demonstrated
the effectiveness of this method in elucidating the behavior of photogenerated charge carriers in CoO-loaded
LaTiOs, [10] which is the most efficient photocatalyst for oxidizing water under visible light. We found that the
CoOy cocatalyst captures holes from LaTiO,N rapidly (within a few ps) and enhances the charge separation of
holes and electrons in CoOy and LaTiO,N, respectively. Furthermore, most of the electrons in LaTiO,N are deeply
trapped in the mid-gap states but the CoOy cocatalyst decreases the depth of the electron traps. This method was
also used to investigate the behavior of charge carriers in powder and single-crystalline SrTiOs. [11] We found
that free or shallowly trapped electrons are dominant in single crystals, while most charge carriers are deeply
trapped in the case of powder particles. However, the trapped charge carriers in powder particles have longer
lifetimes than those in single crystals and still show reactivity toward the reactant molecules. Thus, time-resolved
visible to mid-IR absorption spectroscopy is very useful for investigating the behavior of photogenerated charge
carriers in semiconductors.

In the present study, we employed time-resolved visible to mid-IR spectroscopy to study the effects of
flux treatment on the behavior of photogenerated charge carriers. Defect-rich commercial SrTiO; powder was
used. The powder was flux-treated with molten SrCl, salt. Changes in the structure and steady-state photocatalytic
activity of the SrTiO; powder were measured, and the behavior of photogenerated charge carriers was

investigated.

2. Experimental

Time-resolved absorption measurements were performed with laboratory-built spectrometers as
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described in our previous papers. [10, 11, 28] Briefly, in the mid-IR region (6000 to 1000 cm™), the probe IR light
was focused on the sample and the transmitted light was monochromated by the spectrometer. The output IR light
was detected by an MCT detector (Kolmar) with an AC-coupled amplifier (Stanford Research Systems; SR560).
Temporal profiles of the absorption changes were recorded by a digital oscilloscope. The bandgap of the
photocatalysts was excited by 355-nm laser pulses from a Nd:YAG laser (Continuum, Surelite I, 6 ns duration,
repetition rate of 10-0.2 Hz). In the visible (25000-10000 cm'l) and near-IR (NIR; 10000-6000 cm'l) regions, the
probe light from a halogen lamp (50 W) was focused on the sample, and the diffuse reflected light was
monochromated by the spectrometer. The monochromated visible or NIR light was detected by a Si-photodiode or
InGaAs detector, respectively. The time resolution of this spectrometer in the NIR and IR regions was 1-2 us,
limited by the time constant of the AC-coupled amplifier, and that in the visible region was ~4 ps, limited by the
stray light of the pump pulse and/or short-lived strong emission from the sample.

As-purchased SrTiO; powder (Wako Pure Chemicals Industries, Ltd., 99.9%) was employed as a raw
material without any further treatment. For the flux treatment, SrTiO; powder and SrCl, (Kanto Chemicals Co.,
Inc., 98.0%, anhydrous) were thoroughly mixed in an agate mortar. The mixture was heated in an alumina
crucible at 1100°C for 10 h. After the mixture cooled to room temperature, SrTiO; was separated from the
solidified mass by repeated washing with deionized water until no chloride ions were detected by an AgNO;
solution. SrCl, to SrTiO; molar ratios of 0.01, 0.1, 1.0, 5.0, 10, and 20 were used; these powders are denoted as
FLUX=0.01, 0.1, 1, 5, 10, and 20, respectively.

The crystal structure of the powders was characterized by X-ray diffractometry (XRD; RINT, Rigaku
Co.). Specific surface areas were measured with a Belsorp-mini (BEL Japan Inc.). The morphology of the
powders was observed using scanning electron microscopy (SEM; S-4700, Hitachi High-Technologies Co.). The
photocatalytic activity of the synthesized materials was tested after loading Rh,Cr, O3 cocatalysts by the
impregnation method. [29] The rate of H, and O, evolution from water were measured in a closed gas circulation
system with a top-irradiation-type reactor. The deionized water (100 mL) was evacuated to remove air completely.
The reactor was irradiated using a 300-W xenon lamp (A > 300 nm). The evolved gases were analyzed by a gas
chromatograph (Shimadzu, GC-8A) equipped with a thermal conductivity detector, using Ar as the carrier gas.
The apparent quantum efficiency was measured using a top-irradiation-type reactor with a quartz window. The
photocatalyst powder (0.1 g) was dispersed in deionized water (150 mL), and a high-pressure mercury lamp
attached with a band pass filter (4 = 350 nm) was used to illuminate monochromatic light. The number of incident
photons was measured by a photodiode, and the number of reacted electrons was determined from the amount of
evolved Ho.

For elemental analysis, inductively coupled plasma optical emission spectroscopy (ICP-OES; Shimazu
Co., ICPS-8100) was used. STO powder (0.01 g) was melted together with 1.0 g of 3:1 mixture of Na,CO3 and
B(OH); by heating. Aqueous solution of Tartaric acid (5%, 10 mL), HCI (20%, 4 mL), and H,O, (30 wt%, 1 mL)
were further added to dissolve the melt, and diluted with distilled water to make the total volume of 100 mL. The

obtained solution was used to measure Al and Y. The solution was further diluted 10 fold to measure Sr and Ti.

3. Results and Discussion
3.1 Morphology change in SrTiO; particles upon SrCl, flux treatment
Figure 1A shows an SEM image of the SrTiO; powder as purchased from Wako Chemicals. Clearly, the
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crystal shape is not fine: many irregular-shaped primary particles smaller than 1 um have formed agglomerates
larger than 10 um. When this powder is flux-treated with SrCl,/SrTiO3;=0.01 (FLUX=0.01), the primary particles
take on a cubic shape, however, they remain aggregated. The addition of further SrCl, to SrCl,/SrTiO;=0.1
promotes recrystallization, resulting in the formation of isolated particles. In Figure 1C, the primary particles
observed in Figure 1A have disappeared completely, and new crystals have formed with particle sizes ranging
from the submicron range to ~10 pm. Thus, they are still relatively coarse. At SrCl,/SrTiOs;=1 (FLUX=1), the
morphologies of the SrTiO; crystals are further changed: fine cubic crystals exposing well-defined surfaces have
formed with a size of a few microns, as shown in Figure 1D. The addition of flux beyond FLUX=1 does not result
in a further improvement in the crystal structure: as seen in Figures 1E and 1F, the shape of the SrTiO; crystals is
comparable to that for FLUX=1. These results show that the flux treatment improves the crystal structure of
StTiOs3, but a SrCl,/SrTiO; ratio of 1 is sufficient for fine recrystallization.

The change in particle shape induced by the flux treatment was also studied by XRD measurements, as
shown in Figure 2. Upon flux treatment, the intensities of the diffraction peaks increased, while their widths
decreased, as seen in Table 1: the full width at half maximum (FWHM) of the (110) peak was 0.107 for
as-purchased sample and 0.058 for FLUX=0.1. This provides further confirmation that the crystallinity improved

upon flux treatment.

3.2 Enhancement of photocatalytic activity of SrTiO; particles by SrCl, flux treatment

The photocatalytic activity for H, and O, evolution during water splitting reactions was investigated
under UV light irradiation. The results obtained are tabulated in Table 1. In the case of the as-purchased sample,
the photocatalytic activity was almost negligible: the rates of H, and O, evolution were both less than 1 pmol h'.
However, upon flux treatment, the photocatalytic activity for H, evolution gradually increased from 1 to 400 pmol
h™'. The increase was monotonic between FLUX=0.01 and FLUX=5. The activity was not any higher at FLUX=10,
and the highest apparent quantum efficiency was estimated to be 30% under irradiation of 350 nm light.

The increase in photocatalytic activity was presumably due to the change in the morphology of the
StTiO; particles. However, as shown in Table 1, Al is doped into SrTiO; during the flux treatment from the Al,O3
crucible. Takata et al. have reported that substitution of Ti** with lower-valence cations such as Ga’* enhances the
photocatalytic activity. [30] Since Al is doped as AI**, it should also promote the photocatalytic activity (we will
publish the results studying the detailed effects of Al-doping in other paper). Thus, the morphology change and Al

doping of SrTiO; presumably both contribute to the enhancement of photocatalytic activity.

3.3 Behavior of photogenerated charge carriers in as-purchased commercial SrTiQO; particles

In order to determine the effects of flux treatment on photocatalytic activity, we need to study how the
morphology change and Al-doping affect the behavior of photogenerated charge carriers. Thus, we performed
time-resolved absorption measurements on the flux-treated SrTiO;. Figure 3A shows the transient absorption
spectra of as-purchased SrTiOs particles. A clear absorption peak is observed around 11000 cm™. The spectral
shape is totally different from that for other commercial SrTiO; powders purchased from Aldrich and Kojindo Co.,
which are already reported in our previous paper [11]. In the case of Aldrich and Kojindo powders, three peaks
appear at 20000, 11000 and 2500 cm’, which are assigned to trapped holes, trapped electrons, and shallowly

trapped electrons, respectively. However, in the case of the Wako Pure Chemicals powder, the absorption
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intensities around 20000 and 2500 cm™ are very small. This suggests that the energy states of the photogenerated

charge carriers are completely different, which should be ascribed to the difference in the structure and the
property of the defects on the purchased powders.

The cause of the transient absorption is investigated by observing the decay processes of the transient
absorption in the presence and absence of electron- and hole-consuming reagents, O, gas and MeOH vapor,
respectively. Figure 4 shows the decay curves of the transient absorption at 2500, 11000, and 20000 cm™ for as
purchased sample. The intensity change at 2500 cm™ shows that the decay is accelerated by exposure to O, and
decelerated by exposure to MeOH. Since O, [13] and MeOH [16] consume electrons and holes, respectively, as
reported in our previous papers, this result suggests that the intensity at 2500 cm™' reflects the number of electrons.
At 20000 cm™ (Figure 4C), the decay is decelerated by the exposure to O,. This suggests that the intensity at
20000 cm™' mainly reflects the number of holes. However, the exposure to MeOH did not accelerate the decay. We
consider the trapped holes giving the transient absorption at 20000 cm™ are less reactive with MeOH. More
reactive free or shallowly trapped holes should be present in the catalysts, but it may not give transient absorption
in the range from visible to mid-IR. As demonstrated in our previous work [11], no signal derived from free or
shallowly trapped holes is observed in the defect free single-crystal SrTiOs.

By contrast, the intensity at 11000 cm™ reveals complex changes: as shown in Figure 4B, exposure to
MeOH vapor and exposure to O, both decelerated the transient decay. This suggests that the band intensity at
11000 cm™ involves contributions from both photogenerated electrons and holes. This result can be explained as
follows: the hole-consuming reaction decreases the number of holes but increases the number of surviving
electrons, and vice versa. Numerical simulation [13] is useful to understand these phenomena, therefore the decay
curves of the number of electrons and holes are calculated based on a simple model. As discussed in our previous
papers [10, 12-14], the decay of carriers in microsecond regions follow the first-order law, suggesting that the
number of electron-hole pair is less than one pair per one particle. In this case, the recombination is represented as
follows, [13]

e—h—" shy and/or A (1)
where e-h is the electron-hole pair in SrTiO; particles, and k; is the rate constant of recombination. On the other
hand, the electron- and hole-consuming reactions by adsorbed O, and methoxy species (MeO") derived from

adsorbed MeOH are represented as follows,

e—h+0,(a)—2->h! +0;() and e +0,(aA)—2—-0,(a) )

e—h+MeO (a)—2—e, +MeO'(a) and h! + MeO (a)—+—>MeO"(a) 3)

where k; and k; are the rate constants, e, and h, represent the separated electron and hole from electron-hole pair in
the SrTiO; particles, respectively. When k,[O,] and k3;[MeQ] are replaced by k,” and k;’, the rate equations are

described as follows,

d[ed; bl (ke ke feh] 0
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dt
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For the simplicity of the model, we assumed the single component of recombination and initial values at time O
were set to [e-h]=1, [e;]=[h;]=0. The decay curves in a vacuum were calculated by setting the rate constants to
k;=0.01, k;=k;’=0. In the presence of O,, k;’ was changed to 0.00005. The calculated [e]=[e-h]+[e],
[h*]=[e-h]+[h,], and the sum of [¢] and [h"] are shown in Figure 5. It is clearly shown that the decay of electrons
is accelerated by the reaction with O,, but that of holes is decelerated. As a result, the decay of the sum of [e] and
[h'] is slowed down by the exposure to O, compared to that in a vacuum. Essentially, the same results are
obtained for MeOH, by setting the parameters to k, =0 and k;’=0.00005. These results confirm us that either the
electron- or hole-consuming reaction increases the number of sum of surviving electrons and holes, when the
charge-consuming reactions proceed during the recombination. This is that observed in Figure 4B

We have reported in our previous paper [11] that the absorption intensity around 11000 cm™ is very
sensitive to the defect structure: in the case of the Aldrich powder this absorption intensity mainly reflects the
number of electrons, whereas it reflects mainly holes in the case of the Kojundo powder. These results indicate
that the defects on Wako powder that give transient absorption at 11000 cm™ have mixed properties with respect

to those of Aldlich and Kojundo, although the detailed structure of the defects are still unknown.

3.4 Behavior of photogenerated charge carriers on flux-treated fine SrTiO; particles: effects of morphology
change

When as-purchased SrTiO; powders are flux-treated with SrCl,, the spectral shape changed dramatically,
as shown in Figures 3B-E. The peak intensity at 11000 cm™ decreased slightly for FLUX=0.01 (Figure 3B),
disappearing almost completely for FLUX=0.1 (Figure 3C). Interestingly, new peaks appeared at 20000 and 2500
cm’' with a cut-off at around 2000 cm™. It looks like the peak at 11000 cm™ was split into two bands at 20000 and
2500 cm™. Upon further addition of flux to SrCl/SrTiOs=1 (Figure 3D), the intensities at 20000 and 2500 cm’’
increased further. As discussed in Section 3.1, the shape of the SrTiO; particles was greatly improved from
irregular to fine-cubic shape by increasing the amount of mixed flux from SrCl,/StTiO5=0.01 to 1: the particle
agglomerates broke up, and fine cubic crystals were formed. The Al concentration increased upon flux treatment;
however, the concentration of doped Al remained constant at ~0.2% between SrCly/SrTiO;=0.01 and 1. Thus, the
abrupt change in the transient spectra between FLUX=0.01 and FLUX=1 is presumably mainly attributable to the
morphological change of the SrTiOj; particles.

The cause of the transient absorption is investigated by observing the intensity change in the presence
and absence of electron- and hole-consuming reagents. Figure 6 shows the decay curves for the transient
absorption at 2500, 11000, and 20000 cm’! on FLUX=I. In the case of the band intensity at 2500 cm'l, the
absorption is ascribed to shallowly trapped electrons, since it decreases and increases upon exposure to O, and
MeOH, respectively. The depth of the electron trap is estimated to be ~0.24 eV from the low-frequency
cut-off wavenumber located at around 2000 cm™ (0.24 eV), which is shallower than that estimated from the
position of the peak located at 2500 cm-1 (0.31 eV). As for the absorption at 11000 and 20000 cm™, the
intensity also increases and decreases upon exposure to O, and MeOH, respectively. These results suggest that the
absorption at 20000 and 11000 cm™ mainly reflect the number of trapped electrons. We note that these charge

carriers are trapped in the defects, but they still show reactivity toward the reactant molecules.



3.5 Behavior of photogenerated charge carriers on flux-treated fine SrTiO; particles: effects of Al doping

Further increase of the mixed flux to SrCly/StTiOs=10 induced a dramatic change in the shape of
transient absorption spectra (Figure 3E): the band intensities at 20000 and 2500 cm™ increased further. However,
the peak at 11000 cm™, which was present in the as-purchased sample (Figure 3A) but had disappeared upon flux
treatment (FLUX=0.1 and FLUX=1, Figures 3C and D), reappeared. SEM and XRD analysis revealed that there
was no large difference in crystal structure between FLUX=1 and FLUX=10. Therefore, the reappearance of the
11000-cm™ peak could not be due to a change in morphology of the crystal. As shown in Table 1, the
concentration of doped Al increases to 0.31% when the mixed flux increases to SrCl,/SrTiO;=10. Thus, the
appearance of the 11000-cm™ band is presumably attributable to the Al doping.

The decay processes for the transient absorption at 20000, 11000, and 2500 cm™ are further investigated
in the presence and absence of reactant gases (Figure 7). In the case of the absorption at 2500 cm™, the decay is
slightly accelerated and decelerated upon exposure to O, and MeOH, respectively. However, the change is not as
large as in the case of as purchased sample and FLUX=1. On the other hand, the band intensities at 20000 and
11000 cm™ are changed little by exposure to O, or MeOH, presumably due to the lower adsorption of these
molecules on the surface. It is reported that O, [31] and MeOH [32, 33] prefer to adsorb on surface defects, so
very little adsorption occurs on the fine crystal surfaces: it is widely believed that surface defects work as reaction
centers for chemical reactions [31-33].

The decay curves for the shallowly trapped electrons on the flux-treated SrTiOj; are plotted in Figure 8A.
It is clearly seen that the lifetime of electrons observed at 2500 cm™ was prolonged by the flux treatment in going
from as purchased to FLUX=10. This trend is well correlated with that for the steady-state photocatalytic activity,
as shown in Table 1. In contrast, the decay curves for the deeply trapped electrons and holes, which gave a
transient absorption at 20000 and 11000 cm™', are much more complex (Figure 8B and C): it looks like there is no
correlation with the steady-state photocatalytic activity, indicating that the deeply trapped carriers are less reactive
with water. As discussed in previous sections, both electrons and holes can show a transient absorption in the
visible to NIR region. Therefore, it is very difficult to distinguish the contribution from electrons and holes.
However, it should be noted here that the transient absorption in the visible to NIR region is absent in defect-free
single-crystalline SrTiO; [11] and is very sensitive to the structure of defects and impurities. The present study
demonstrates that the spectral shape changes dramatically upon flux treatment. We believe that a detailed analysis
of the transient absorption in the visible to mid-IR region would enable a fuller understanding of photogenerated
charge carriers associated with defects. We cannot remove defects and impurities from powder particles; therefore,
a thorough understanding of the behavior of photogenerated charge carriers at defects and impurities is essential

for the development of highly active photocatalysts.

4. Conclusion

In this work, we performed time-resolved visible to mid-IR absorption spectroscopy to investigate the
effects of flux treatment on the behavior of photogenerated charge carriers in SrTiO; particles. In the case of the
as-purchased sample, most of the charge carriers generated by bandgap excitation were deeply trapped at defects.
The depth of the trapped states depended on the defect structure, i.e., the shape of the transient absorption

spectrum was totally dependent on the company from which the powder was purchased. When commercial SrTiO;
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powders were flux-treated with molten SrCl,, the number of defects was much reduced and fine cubic crystals
were formed. In the flux-treated sample, the number of deeply trapped charge carriers was reduced while that of
shallowly trapped electrons was increased. We also found that further flux treatment in an Al,O; crucible induced
Al doping into SrTiO; and led to further changes in the transient absorption spectra: a new peak appeared as a

result of the Al doping, and the lifetime of shallowly trapped electrons was prolonged.
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Fig. 1 SEM images of flux-treated SrTiO; particles. The amount of flux was varied
from SrCl,/SrTiO3=0.01 to 20, and these samples are denoted as FLUX=0.01 to 20.
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Fig. 2 XRD patterns of flux-treated SrTiO3 particles. The amount of
flux was varied from SrCl,/SrTiO3=0.-1 to 20 (FLUX=0.01 to 20).
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Fig. 3 Transient absorption spectra of flux-treated SrTiO; particles
irradiated by UV (355 nm) laser pulses under vacuum. The pump energy
was 0.5 mJ per pulse, and the repetition rate was 5 Hz. The amount of
flux was varied from SrClo/SrTiO3=0.01 to 20 (FLUX=0.01 to 20).
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Fig. 4 Decay curves of transient absorption of as-purchased SrTiOs powder
irradiated by 355 nm laser pulses (0.5 mJ per pulse at 0.2 Hz). The decay curves were
measured at 2500 cm™ (A), 11000 cm™ (B), and 20000 cm™ (C), in vacuum, 50 Torr
O, and CH3OH.
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Fig. 6 Decay curves of transient absorption of flux-treated SrTiO3 powder (FLUX=1)
irradiated by 355 nm laser pulses (0.5 mJ per pulse at 0.2 Hz). The decay curves were
measured at 2500 cm™ (A), 11000 cm™ (B), and 20000 cm™ (C) in vacuum, 50 Torr Oa,
and CH3OH.
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Fig. 7 Decay curves of transient absorption of flux-treated SrTiOs powder (FLUX=10)
irradiated by 355 nm laser pulses (0.5 mJ per pulse at 0.2 Hz). The decay curves were
measured at 2500 cm™ (A), 11000 cm™ (B), and 20000 cm™ (C), in vacuum, 50 Torr
O, and CH3OH.
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Fig. 8 Flux dependent decay curves of transient absorption of SrTiOsz powder
irradiated by 355 nm laser pulses (0.5 mJ per pulse at 0.2 Hz). The amount of flux was
varied from SrCly/SrTiO3=0 to 10. The decay curves were measured in a vacuum at

2500 cm™ (A), 11000 cm™ (B), and 20000 cm™ (C).



Table. 1 Rates of H, and O, evolution from water splitting reaction on

Rh,Cr.4Os-loaded SrTiO3, BET surface area, and elemental analysis of

flux-treated samples.

FLUX Activity(umol/h) FWHM of (110) peak  BET Surfacearea  [Stl/[Ti]  2[AI/([SF]+[Ti])
(SrCl,/STO) H, 0, m? g % %

0 <1 <1 0.107 3.6 1.09 0.04
0.01 1 1 0.083 - 1.01 0.20

0.1 6 6 0.058 <0.3 1.02 0.19

1 40 21 0.061 0.5 1.00 0.18

5 470 240 0.064 0.8 -

10 450 240 0.066 0.9 0.98 0.31
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