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ABSTRACT: Dye-sensitized solar cells and photocatalysts that consist
of a light-absorbing dye and a wide gap oxide semiconductor substrate
have been studied extensively as a means of solar energy conversion.
Although defects existing at an oxide surface have a significant impact
on the electron injection efficiency from the excited state dye-molecule
into the oxide, the effects of defects on the electron injection process
have not been fully understood in any dye-sensitized system. In this
study, we present a systematic evaluation of electron injection into
defects using emissive Ru(II) complexes adsorbed on oxide substrates
(HCa2Nb3O10 nanosheets and nonstoichiometric SrTiO3−δ), which had
different defect densities. Using these oxides, electron injection from adsorbed Ru(II) complexes was observed by time-resolved
emission spectroscopy. It was shown that electron injection from the excited state Ru(II) complex into an oxide was influenced
by the defect density of the oxide as well as by the excited state oxidation potential (Eox*) of the Ru(II) complex. Electron
injection was clearly accelerated with increasing defect density of the oxide, and was inhibited with increasing electron density of
the oxide because of a trap-filling effect. Even though the Eox* of the Ru(II) complex was more positive than the conduction
band edge potential of the oxide, electron injection into defects could be identified when a defective oxide was employed. The
electron injection event is discussed in detail, on the basis of the defect density and the energy levels of oxides as well as the Eox*
values of the Ru(II) complexes. Overall, the results suggest that it is possible to estimate the potential of surface defect states in
oxide by changing Eox* of an emissive complex dye.

■ INTRODUCTION

Dye-sensitized solar cells (DSSC) and photocatalysts have
been widely studied as a potential means of solar energy
conversion.1−10 Such dye-sensitization systems typically
consist of a wide gap metal oxide material and dye molecules,
which are adsorbed onto the oxide surface. The dye
photosensitizers absorb visible light, and the excited electrons
are transferred into the conduction band of the oxide material.
The transferred electrons are consumed by (cathodic)
reduction reactions, while the oxidized form of the photo-
sensitizer is reduced by an electron donor to regenerate its
original form.
It is well known that defects in metal oxides have a

significant impact on dye-sensitized photocatalyst systems11 as

well as on the DSSC.9,10 Defects can work as traps for the
injected electrons and reduce charge mobility significantly,8

thereby decreasing the efficiency of the desired process.10

Therefore, numerous efforts have been made to investigate the
effects of defect formation on the efficiency, particularly in dye-
sensitized systems.9,10,12−17 For example, Dittrich and cow-
orkers have shown that the energy conversion efficiency of a
DSSC drops dramatically with increasing defect density of the
TiO2 substrate, which can be qualitatively controlled by heat
treatment of TiO2 under different oxygen partial pressures.10
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Some researchers have reported that electron injection from
alizarin, C-343 dye or N3 dye into ZrO2 could occur through
the surface defect levels, even though the conduction band
edge potential (EC) of ZrO2 is significantly more negative than
the excited state oxidation potential (Eox*) of the dye
molecule.18−20

These early works about the influence of defects in oxide
substrates on the electron injection process give rise to
predictions of three different electron injection pathways,
which depend on Eox* of the dye molecule and EC of the oxide,
as shown in Scheme 1. When Eox* of the dye molecule is more
negative than EC of the oxide, electron injection both into the
conduction band and into defect levels can be observed
(Scheme 1a). When Eox* of the dye molecule is more negative
than the defect level but more positive than EC, electron
injection in principle occurs only into the defect level (Scheme
1b). When Eox* of the dye molecule is more positive than the
defect level, however, no electron injection from the dye
molecule to the oxide is observed (Scheme 1c). These
conjectures have not been quantitatively investigated so far,
and the effects of defect density and the energy levels of
electron-accepting defects on the electron injection efficiency
have not been fully clarified.
The difficulty in examining this question is at least in part

due to the lack of a methodology to quantitatively control the
density of defects in an oxide. In principle, one should prepare
an oxide without varying any other physicochemical properties
(e.g., chemical composition, crystal structure, surface area, and
surface electronic structure), because the excited electrons in
dye molecules are quite sensitive to the character of the
substrate, particularly the details of interactions to the
surface.13−15,19,21 For example, it is well known that the pH
of the solution affects the electron injection efficiency from Re
complex dyes into TiO2 or SnO2 because the pH varies the
band edge potentials of the oxide substrate surface.21 In
addition, Katoh and coworkers found that decreasing the
quantity of surface-adsorbed water molecules reduced the
electron injection efficiency measured in a nonaqueous
environment, and claimed that the cause was an increase in
Gibbs energy for electron injection due to the presence of
protons surrounding the dye molecules at the substrate
surface.22 These observations reinforce the need for substrate
materials to be prepared with care so as to avoid any unknown
factors that might influence the surface conditions.
In this study, we employed two oxide materials

(HCa2Nb3O10 nanosheets11,23−26 and nonstoichiometric

SrTiO3−δ
27) as substrates for evaluating electron injection

from adsorbed Ru(II) tris-diimine type dyes into surface
defects. The defect density of HCa2Nb3O10 nanosheets can be
controlled qualitatively by calcination of the host layered
HCa2Nb3O10 at different temperatures, while keeping an
almost identical surface area.26 The energy level of electron-
accepting defects was evaluated by using three kinds of Ru(II)
complexes on two different HCa2Nb3O10 substrates synthe-
sized at different temperatures. Our group recently reported
that annealing a SrTiO3 powder under oxygen partial pressure-
controlled atmosphere and subsequent quenching enabled the
production of nonstoichiometric SrTiO3−δ that had a
controlled oxygen defect density while keeping other
parameters such as crystallinity, (surface) chemical composi-
tion, morphology, and specific surface area unchanged.27 Four
kinds of SrTiO3−δ substrates, which had different oxygen defect
densities ranging from ∼1015 to ∼1019 cm−3, were used for
evaluation of the effects of defect density on the electron
injection by combining with two kinds of methylphosphonic
acid-functionalized Ru(II) complexes. Using these two oxide
materials and five Ru(II) complexes, electron injection from
dye molecules into defects in the substrate was evaluated by
means of time-resolved emission spectroscopy in a powder
suspension system. Because time-resolved emission measure-
ments with the time-correlated single-photon counting method
is a powerful technique for observation of the first electron
transfer after excitation,28,29 electron injection into defects can
be observed. The overall effort makes it possible to evaluate
the impact of defects on electron injection in terms of the
density and energy levels of defects.

■ EXPERIMENTAL SECTION
Preparation of Oxide Materials. HCa2Nb3O10 nano-

sheets were synthesized according to a procedure reported
previously.23 Briefly, a KCa2Nb3O10 precursor was synthesized
by the polymerized complex method30 and subsequently
annealed at different temperatures (1273 or 1673 K) for 2 h in
air. The as-synthesized layered KCa2Nb3O10 was subject to
proton exchange with HNO3, followed by reaction with an
aqueous TBA+OH− solution (Aldrich Chemical Co., 40 wt %
in H2O) to exfoliate the layered structure. The resulting
colloidal sheets were precipitated by adding HCl. Finally, the
precipitates were dried in an oven at 343 K overnight.
The details of the synthesis of nonstoichiometric SrTiO3−δ

powder can be found in our previous paper, which includes the
results of physicochemical characterization.27 Briefly, an oxide

Scheme 1. Energy Diagrams of Dye Molecule-Oxide Hybrid Materials with Different Oxidation Potentials in the Excited State
of the Dye Molecules
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precursor of Sr and Ti was prepared by the polymerized
complex method, followed by annealing at 1423 K for 2 h
under controlled oxygen partial pressure. For precise control of
the oxygen partial pressure, high-purity certified gases such as
10 ppm of O2 balanced with Ar, dry air, dry H2, and humidified
H2 diluted with Ar were used.
Adsorption of Ru(II) Complexes. The Ru(II) complexes

[Ru(4,4′-X2-bpy)2(4,4′-(CH2PO3H2)2-bpy)](PF6)2 (X = CH3,
CF3; bpy = 2,2′-bipyridine) and [Ru(4,4′-Y2-bpy)3](PF6)2 (Y
= H, CH3, CF3) were synthesized according to the previous
literature methods with some modifications.31 It was confirmed
by 1H NMR spectroscopy, electrospray ionization mass-
spectroscopy (ESI-MS), and UV−vis absorption spectroscopy
that the complexes were successfully synthesized. Spectro-
scopic and electrochemical properties of the synthesized
Ru(II) complexes are listed in Table 1 and Figure S1.

The Ru(II) complexes without anchoring groups (Ru-CF3,
Ru-H, Ru-CH3; see Chart 1) were adsorbed onto
HCa2Nb3O10 nanosheet by impregnation and the following
stirring method. A substrate powder was dispersed by stirring
in an acetonitrile or methanol (Kanto Chemical Co., >99.8%)
solution containing the Ru(II) complex, followed by
evaporation of the solvent. Acetonitrile was distilled over

P2O5 twice, and then distilled over CaH2 prior to use. The
resulting powder was stirred magnetically in water for one day.
The suspension was filtered and the collected powder was
dried in an oven at 343 K overnight. The amount of adsorbed
Ru(II) complex on a given substrate was estimated by using
the following equation

μ

μ=
−

· ×

−

−A A
A

C V
M

adsorbed amount ( mol g )

( mol L ) (L)
(g)

1

before after

before

1

(1)

where Abefore and Aafter indicate the absorbance of the Ru(II)
complex in a test solution at the 1MLCT maximum wavelength
before and after the adsorption procedure, C is the
concentration of the complex in the solution before
adsorption, V is the volume of the Ru(II) complex-containing
solution, and M is the weight of the substrate powder,
respectively. These Ru(II) complexes could be adsorbed onto
the HCa2Nb3O10 nanosheet surface by electrostatic attraction
because the surface of the material is negatively charged.5,24

Because it was difficult to adsorb Ru(II) complexes on the
SrTiO3−δ surfaces by electrostatic attraction, methylphos-
phonic acid-functionalized Ru(II) complexes were used.
These Ru(II) complexes (Ru-CF3-P and Ru-CH3-P) were
adsorbed by a stirring method. The substrate powder was
suspended in acetonitrile containing a Ru(II) complex. After it
was stirred magnetically overnight, the suspension was filtered,
and the resulting powder was collected. Finally, the collected
powder was dried in an oven at 343 K overnight. The amount
of adsorbed Ru(II) complex on a given substrate was estimated
by using eq 1. All these Ru(II) complexes adsorbed on oxide
substrates were persistently bound and very little could be
desorbed by rinsing with acetonitrile solution.

Characterization. The prepared substrate powders were
studied by powder X-ray diffraction (XRD; MiniFlex 600
Rigaku; Cu Kα) and UV−visible diffuse reflectance spectros-
copy (DRS; V-670, Jasco). The Brunauer−Emmett−Teller

Table 1. Electrochemical Properties of Ru(II) Complexes

potential/V vs Ag/AgNO3

Ru complex Eox Eox*
a E00/eV

Ru-CH3 0.78 −1.31 2.09
Ru-H 0.97b −1.13 2.10
Ru-CF3 1.34 −0.70 2.04
Ru-CH3-P

c 0.80 −1.18 1.98
Ru-CF3-P

c 1.21 −0.67 1.88
aThe oxidation potential of the excited state of a metal complex
(Eox*) is calculated using the equation Eox* = Eox − E00 according to
the Franck−Condon analysis.32 bFrom ref 33. cFrom ref 11.

Chart 1. Ru(II) Complexes Used as Photosensitizers in This Work
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(BET) surface area was measured by using a gas adsorption
apparatus (MicrotracBEL, BELSORP-mini) at liquid nitrogen
temperature (77 K). The absorption and emission of the
Ru(II) complexes were measured by using UV−visible
absorption spectroscopy (V-565, Jasco and Cary 6000i UV-
Vis-NIR, Agilent Technologies) and spectrofluorometry
(Fluorolog-3-21, Horiba and FP-8600, Jasco).
Time-Resolved Emission Spectroscopy. Time-resolved

emission spectroscopy measurements were conducted with a
time-correlated single-photon counting system (Horiba Jobin
Yvon, FluoroCube, the excitation source: NanoLED-440L or
nanoLED-455) at room temperature. A sample was dispersed
in an acetonitrile solution (4 mL) in a Pyrex cell and purged
with Ar for 20 min before the emission measurements. A
nanoLED-440 or nanoLED-455 light source was used for
excitation of the sample at 444 or 456 nm, and the emission at
710 or 750 nm was detected.

■ RESULTS

Characterizations of Oxide Substrates. KCa2Nb3O10
powders were prepared by the polymerized complex method.
The XRD patterns of layered KCa2Nb3O10 after annealing at
two different temperatures show clear differences in the peak
intensities and full width at half-maximum (FWHM) between
the two materials (Figure S2a). The diffraction peaks of the
1673 K-annealed specimen are sharper and more intense
compared to the 1273 K-annealed one, indicating that the
1673 K specimen has higher crystallinity, and hence has lower
defect density than the 1273 K specimen. These KCa2Nb3O10
materials were subjected to proton exchange, followed by
exfoliation with TBA+OH− to colloidal nanosheets. Finally, the
nanosheets were restacked by HCl. The exfoliating and
restacking procedure resulted in very broad XRD patterns, as
compared to the parent layered materials, reflected the

turbostratic structure of the restacked sheets. This is an
indication that exfoliation and restacking were successfully
achieved.23 The HCa2Nb3O10 nanosheets had similar specific
surface areas (1273 K; 46 m2 g−1, 1673 K; 52 m2 g−1) and
optical properties (Figure S2b). The absorption edges of both
oxides are around 350 nm, which correspond to 3.5 eV. The
defect density of the materials was qualitatively controlled by
the final annealing temperature (1273 and 1673 K) in the
polymerized complex procedure.23 It is known that high-
temperature annealing can decrease the density of oxygen
defects in oxides due to crystal growth.34 This has been
confirmed to be the case for HCa2Nb3O10, even after
exfoliation and restacking.26

The oxygen defect density, [VO
· ], of SrTiO3−δ powders was

calculated from the annealing oxygen partial pressure, p(O2),
according to the previous report.27 Table S1 lists the annealing
conditions and defect densities of the synthesized SrTiO3−δ.
Reduced SrTiO3−δ powders have quite similar physicochemical
properties (e.g., crystallinity, specific surface area, particle size
distribution, and so on),27 but their optical properties are
different (Figure S3). While the intrinsic band gap absorption
at around 380 nm remains unchanged, absorption in the visible
region is enhanced with an increase in defect density. This is
because electron density in SrTiO3−δ is increased accompanied
by the oxygen defect formation (as represented in Kröger−
Vink notation,35 eq 2).

= + ′ +× ·O V e
1
2

OO O 2 (2)

Characterization of Ru(II) Complex-Adsorbed Oxide
Substrates. The adsorption of the Ru(II) complexes onto
oxide substrates was performed by impregnation and/or
stirring method. UV−vis DRS of a Ru(II) complex/substrate
is shown in Figure 1, along with the adsorption amounts of the
Ru(II) complexes, which were measured by UV−visible

Figure 1. UV−vis DRS of Ru(II) complex adsorbed HCa2Nb3O10 and SrTiO3−δ powders.
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absorption spectroscopy using the filtrate after adsorption, in
the case of HCa2Nb3O10 substrates. When SrTiO3−δ was used
as the substrate, Ru(II) complexes underwent adsorption
almost quantitatively (3 μmol g−1). All of the synthesized
Ru(II) complex/substrate composites show visible light
absorption at around 400−500 nm, attributed to 1MLCT
transition of the corresponding Ru(II) complexes. These
absorption shapes were hardly changed with respect to the
annealing temperatures of HCa2Nb3O10 and [VO

· ] of SrTiO3−δ,
indicating that the light absorption properties were independ-
ent of the surface defect density.
Time-Resolved Emission Measurement. Time-resolved

emission measurements were conducted using Ru(II) com-
plex/oxide powders. Figures 2 and 3 show decay curves of
emission intensity recorded at 750 nm. The average emission
lifetimes are listed in Tables 2 and 3. The observed emission
arises solely from the photoexcitation of Ru(II) complexes
because the pump laser cannot induce band gap excitation of
the oxide substrates. More concretely, the emission originates
largely from the lowest 3MLCT excited state of Ru(II)

complexes because of the time resolution of our apparatus
(>0.2 ns).36 Figure 2 shows the emission decay curves of Ru-
CH3, Ru-H, and Ru-CF3 complexes on HCa2Nb3O10 in
acetonitrile suspensions. The emission decay curves from Ru-
CH3 and Ru-CF3-adsorbed on HCa2Nb3O10 nanosheets were
almost identical, regardless of the annealing temperature of the
substrate powders (Figure 2a,c). Ru-H-adsorbed nanosheets,
however, showed different emission decay behaviors. The
HCa2Nb3O10 nanosheet synthesized at lower temperatures
exhibited more pronounced emission decay (in other words,
shorter emission lifetime) than the higher temperature one,
indicating that more efficient electron injection occurred in the
former case.
Figure 3 shows emission decay curves from Ru-CH3-P and

Ru-CF3-P complexes on SrTiO3−δ in acetonitrile. As shown in
Figure 3a, the emission decay from the Ru-CH3-P/SrTiO3−δ
was accelerated with increasing [VO

· ] up to 4.5 × 1018 cm−3.
The faster decay indicates more efficient electron injection

Figure 2. Emission decay profiles of (a) Ru-CH3, (b) Ru-H, and (c) Ru-CF3 on HCa2Nb3O10 powders with 444 nm excitation, monitored at 750
nm.

Figure 3. Emission decay profiles of (a) Ru-CH3-P and (b) Ru-CF3-P on SrTiO3−δ powders with 444 nm excitation, monitored at 750 nm.

Table 2. Emission Lifetimes of Ru-CH3, Ru-H, and Ru-CF3
Adsorbed on HCa2Nb3O10 Powders

τaverage
a/ns

annealing temperature/K Ru-CH3 Ru-H Ru-CF3

1273 370 480 820
1673 350 610 850

720b 750b 1340b

aτaverage = ∑i=1
n Aiτi

2/∑i=1
n Aiτi.

bData recorded in acetonitrile solution
without adsorption on any oxide substrates.

Table 3. Emission Lifetimes of Ru-CH3-P and Ru-CF3-P
Adsorbed on SrTiO3−δ Powders

τaverage
a/ns

oxygen defect density, [VO
· ]/cm−3 Ru-CH3-P Ru-CF3-P

1.5 × 1015 430 240
9.4 × 1016 400 180
4.5 × 1018 380 170
6.2 × 1019 390 190

‑ 690b 470b

aτaverage = ∑i=1
n Aiτi

2/∑i=1
n Aiτi.

bData recorded on Al2O3 by monitoring
emission intensity at 710 nm with the use of a nanoLED-455 light
source for excitation of the sample at 456 nm.
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from the excited state of Ru-CH3-P into the semiconductor
powder. On the other hand, the Ru-CF3-P/SrTiO3−δ samples
showed different emission decay behaviors. Because Eox* of
Ru-CF3-P is more positive than EC of SrTiO3 (−1.16 V vs Ag/
AgNO3),

37 one might expect the emission lifetime to remain
unchanged. However, the emission lifetime was obviously
shortened by increasing [VO

· ] in SrTiO3−δ (Table 3). The
emission decay was accelerated with increasing [VO

· ] up to 4.5
× 1018 cm−3, while in the [VO

· ] = 6.2 × 1019 cm−3 sample, the
decay behavior became a little slower (Figure 3b). The longer
emission lifetime indicates the deceleration of electron
injection from Ru-CF3-P into SrTiO3−δ.

■ DISCUSSION

The data presented above show that the emission lifetime of
Ru(II) complexes adsorbed on oxides clearly depends on the
defect density of the oxide. The difference in the emission
lifetime arises from different electron injection rates from the
excited-state Ru(II) complex to the oxide surface.11,26 The
behavior of the emission decay of Ru(II) complexes on
HCa2Nb3O10 can be rationalized from the model shown in
Scheme 2, given that the HCa2Nb3O10 samples annealed at
lower temperature should have a higher density of defects
(Scheme 2b) than the higher temperature ones (Scheme 2a).26

The Ru-CH3 adsorbed samples exhibited almost identical
decay curves (Figure 2a). Ru-CH3 has the most negative Eox*
(−1.31 V vs Ag/AgNO3; Table 1), which is more negative
than the EC of HCa2Nb3O10 (−1.13 V).11 Therefore, in the
case of Ru-CH3, we deduce that electron injection into
HCa2Nb3O10 (both into the conduction band and defect
levels) should occur efficiently regardless of the defect
concentration.
In contrast to Ru-CH3, emission decay rates of Ru-H/

HCa2Nb3O10 varied with respect to the calcination temper-
ature (Figure 2b). Because the Eox* of Ru-H is almost the
same as EC of HCa2Nb3O10, electron injection from the excited
state of Ru-H into the conduction band of HCa2Nb3O10 is not

very efficient, and injection into defect levels is more likely to
occur. As mentioned earlier, it is likely that HCa2Nb3O10
synthesized at lower temperature contains more defects than
the high-temperature samples.23,26 This idea is reasonably
supported by the faster emission decay of the lower
temperature calcination sample. In other words, the emission
decay becomes faster when the density of defects in an oxide
substrate is high.
When Ru-CF3 was used as a photosensitizer, electron

injection into the conduction band is not expected to be
competitive with other excited state decay pathways because
Eox* of Ru-CF3 is more positive than EC of HCa2Nb3O10. In
this case, the identical decay curves of the Ru-CF3-adsorbed
specimens shown in Figure 2c imply that relatively little
electron injection into defect levels occurred as well. This
consideration is supported by the longest emission lifetime of
the Ru-CF3-adsorbed samples (Table 2).
On the basis of the discussion above, the electron-accepting

defect levels of HCa2Nb3O10 can be estimated to exist between
Eox* of Ru-H and Ru-CF3 (−1.13 to −0.70 V vs Ag/AgNO3);
in other words, ∼0.4 V below the conduction band. The
estimated defect levels are in good agreement with those
reported in earlier reports, which claimed that the electron-
accepting levels exist at 0.2−0.4 V below the conduction
band.20,38

A more quantitative analysis of the relationship between
defect density and the electron injection from excited-state
Ru(II) complexes is possible by using nonstoichiometric
SrTiO3−δ. The defect density of SrTiO3−δ increases with
increasing [VO

· ], and it is accompanied by an increase in
electron density (eq 2). In a previous report, a trap-filling effect
due to electron doping was observed by transient absorption
spectroscopy.27,39 Schematic band diagrams, including trap
levels formed by defect states and trap-filling with doped
electrons, are depicted in Scheme 3. Previous transient
absorption spectroscopy experiments revealed that an increase
in [VO

· ] creates a new trap level just below the conduction

Scheme 2. Energy Diagrams of Ru(II) Complex/HCa2Nb3O10 and Ru(II) Complex/SrTiO3−δ Samples Having (a) Low and (b)
High Density of Defects in HCa2Nb3O10 and (c) Low, (d) Intermediate, and (e) High Density of Defects in SrTiO3−δ
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band edge (shallow traps) and that the doped electrons are
trapped at the deepest available defect levels.27

Keeping this in mind, the electron injection process from
excited-state Ru(II) complexes to SrTiO3−δ substrates can be
understood, as shown schematically in Scheme 2c−e, to
depend on the relative electron density of SrTiO3−δ and Eox* of
the Ru(II) complex. When Ru-CH3-P was adsorbed onto
SrTiO3−δ substrates, the emission decay was more pronounced
with increasing [VO

· ] up to 4.5 × 1018 cm−3, and then remained
unchanged upon further increase of [VO

· ] (Figure 3a). The
conduction band and defect levels of SrTiO3−δ can accept
electrons from photoexcited Ru-CH3-P in all cases, because
Eox* of Ru-CH3-P (−1.18 V vs Ag/AgNO3) is more negative
than EC of SrTiO3 (−1.16 V), as depicted in Scheme 2c−e.
The emission decay curve of the [VO

· ] = 6.2 × 1019 cm−3

sample was almost identical to that of the [VO
· ] = 4.5 × 1018

cm−3 one, probably because the electron-accepting trap levels
were filled with electrons in the highest defect density sample
([VO

· ] = 6.2 × 1019 cm−3). In the [VO
· ] = 6.2 × 1019 cm−3

sample, deep trap levels could not accept electrons from
excited state Ru-CH3-P due to electron filling, but the
increased density of shallow trap levels could do so (Scheme
2e). The balance of decreasing and increasing electron-
accepting levels can thus result in nonmonotonic emission
decay behavior with respect to [VO

· ].
On the other hand, because Eox* of Ru-CF3-P (−0.67 V vs

Ag/AgNO3) is more positive than EC of SrTiO3−δ, the electron
that is generated by photoexcitation of Ru-CF3-P cannot be
transferred into the conduction band of SrTiO3−δ. Therefore,
the acceleration of emission decay with increasing [VO

· ]
(Figure 3b) suggests electron injection into deep trap states.
This is supported by the fact that the sample having [VO

· ] = 1.5
× 1015 cm−3 showed a particularly long emission lifetime
compared with the others (Table 3). In this case, the excited
state of Ru-CF3-P should undergo deactivation by radiative
and nonradiative processes without electron injection into the
oxide, because the sample has a lower density of defects that
can accept electrons. With higher defect density samples,
however, the acceleration of emission decay was clearly
observed up to [VO

· ] = 4.5 × 1018 cm−3. The deceleration of
emission decay in the sample having [VO

· ] = 6.2 × 1019 cm−3

probably arose from the filling of deep trap levels by doped
electrons, as discussed above. It is reasonable that the filling of
deep trap levels by doped electrons lowers the probability of
electron injection into deep traps. In contrast to the Ru-CH3-P
case, the [VO

· ] = 6.2 × 1019 cm−3 sample with Ru-CF3-P had a

longer emission lifetime than those of the [VO
· ] = 4.5 × 1018

and 9.4 × 1016 cm−3 samples. This is because electrons in
photoexcited Ru-CF3-P could not be transferred to shallow
traps, but only to traps that had more positive potential than
Eox* of Ru-CF3-P and were not completely filled with electrons
(Scheme 2e). The results of emission decay measurements for
the adsorbed Ru(II) complexes suggest a wide distribution of
shallow trap levels, consistent with the transient absorption
spectroscopy data.27 We note that electron injection from Ru-
CH3-P and Ru-CF3-P into traps can occur even in the defect-
poor sample ([VO

· ] = 1.5 × 1015 cm−3), as judged from shorter
emission lifetimes than the same sensitizers adsorbed on
insulating Al2O3 (Table 3). This is because the defect-poor
sample also contains a certain amount of defects as revealed by
earlier transient absorption spectroscopy measurements,27

although the density should be much lower than that of the
other more heavily doped samples. It is also noted that
reductive quenching of the Ru complexes cannot occur in this
system because SrTiO3−δ has negligible reduction ability under
visible light irradiation.27

■ CONCLUSIONS

Electron injection from excited-state Ru(II) complexes into
defects in an oxide semiconductor was clearly observed by
means of time-resolved emission spectroscopy with two
different metal oxide materials, HCa2Nb3O10 and SrTiO3−δ.
Using three different Ru(II) polypyridyl complexes and
HCa2Nb3O10 nanosheets that possessed different defect
densities, the electron-accepting defect levels of HCa2Nb3O10
could be estimated to exist ∼0.4 V below the conduction band
edge. Nonstoichiometric SrTiO3−δ having a homogeneous
distribution of defects and controlled defect density enabled us
to establish the relationship between electron injection from
excited-state Ru(II) complexes and defect density. Electron
injection was accelerated with increasing defect density but was
inhibited in a highly defective sample due to an increase in the
doped electron density in SrTiO3−δ. (i.e., a trap-filling effect).
Thus, the present study highlights that electron-accepting

energy levels of defects in oxide substrates can be estimated by
time-resolved emission spectroscopy of emissive Ru(II)
polypyridyl complexes that have different Eox* values. Carefully
synthesized oxide substrates that possess controlled defect
densities enable us to monitor trends in the efficiency of
electron injection to defect levels in a more quantitative
manner. While further design of dyes as emissive probes that
have controlled Eox* values is necessary for precise estimation
of defect levels, the present methodology that relies on
emission spectroscopy of emissive metal complexes may
become a new measure of defects that are present at the
semiconductor surface. A quantitative analysis of the effect of
surface defect on the electron transfer kinetics has not been
performed due to the wide distribution of trap states but will
be investigated further as part of our future works.
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