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Ru(ll) tris-diimine complexes are known to exhibit emission at around 630 nm as a result of ‘MLCT photoexcitation. The

emission is quenched in the presence of a suitable semiconductor solid due to electron injection from the excited state of
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a Ru(ll) complex to the conduction band of the adjacent semiconductor. Here we investigated emission quenching

behavior of Ru"{(4,4’-(CHs),-bpy)(4,4’-(CH,PO3H,),-bpy)} (bpy = 2,2’-bipryridine) adsorbed on HCa,Nb;0y, solids having an
ordered lamellar structure or a disordered nanostructures. Even though electron injection from the excited state of the Ru

complex to the conduction band of nanostructured HCa,Nb3O,, is thermodynamically less favorable than that to layered

HCa,Nbs0,,, faster electron injection was observed using nanostructured HCa,NbsO,o. Experimental results highlighted

that electron injection from the excited Ru complex takes place not only into the conduction band of HCa,Nbs;0,, but also

mid-gap states whose density is strongly dependent on both the morphological feature and the preparation method of

HCa,;Nbs04,.

Introduction

Electron injection from the excites state of dyes or metal
complexes into a semiconductor metal oxide is fundamentally
important as the primary process of dye-sensitized solar cells
and photocatalytic hydrogen evolution."™ The electron
injection efficiency is known to depend on the conduction
band potential (Ecg) of a metal oxide. For example, efficient
electron injection from the excited state of N3 dye into TiO,
was observed, while that into ZrO, having much more negative
Ecg was very slow.* Maitani et al. recently observed different
charge injection behaviours of the excited state of anthracene
dyes on TiO, nanocrystals, which originated from different
facets of TiO, with different energies.14

We have studied metal oxide nanosheets as building blocks

for dye-sensitized H, evolution in combination with
ruthenium(ll) polypyridyl complexes as redox
10-13

photosensitizers. Ruthenium(ll) tris-diimine complexes
exhibit emission at around 630 nm as a result of 'MLCT
photoexcitation, and the efficiency of electron injection can be
assessed by monitoring emission behaviour of the adsorbed Ru
complex.ll_13 According to our recent study on time-resolved
emission spectroscopy, it was suggested that electron injection
from the excited state of Ru”{(4,4’-(CH3)2-bpy)2(4,4'-
(CH,PO3H,),-bpy)}, abbreviated as Ru for simplicity, occurs not
only to the conduction band of HCa,;Nbs;0,, nanosheet but
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mid-gap states.” If this is the case, the charge injection
process should depend on the structural feature of
HCa,Nb304o. It is fundamentally interesting to investigate
emission behaviour of a ruthenium(ll) polypyridyl complex on
a semiconductor solid having different morphological features.
While there have been several reports on emission
spectroscopy of metal-complex/semiconductor  hybrids
focusing on different metal complexes and semiconductors,™”
v however, such structural effects of a metal oxide on the
emission behaviour has not been investigated so far.

In this work, we investigated structural effects of HCa,Nb30;g
on the electron injection from the excited state of Ru by
means of steady-state emission spectroscopy and time-
resolved emission spectroscopy. Two types of HCa;Nb3Oqg
having distinct morphological feature were synthesized: one is
a submicron-order layered crystal, and the other one is
aggregated nanosheets with highly disordered structures,
which was prepared by chemical exfoliation of the
corresponding lamellar solid. In addition, we applied two
different synthetic methods to prepare HCa,Nb3;O,q having
different physicochemical characters. The detail of the
materials preparation is included in Experimental Section.
Briefly, layered HCa,Nb3;O;y was obtained by ion-exchange
reaction of KCa,Nb30,4, which was prepared by a conventional
solid-state reaction (SSR) or the polymerized complex (PC)
method, with HNO;. Tetra(n-butyl)lammonium hydroxide
(TBAOH), a bulky base molecule, was used to exfoliate layered
HCa,Nb30;, into unilamellar colloidal nanosheets. The TBA™-
stabilized Ca,Nb30;9 nanosheets were flocculated by adding
HCI, followed by washing with H,0 and drying at 343 K
overnight.
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Results and discussion

Fig. 1A shows typical SEM images of layered HCa,Nb30O,and
the aggregated nanosheets prepared by the PC method. After
exfoliation of lamellar HCa,Nb30,¢ and subsequent restacking
by HCI, the original plate-like layered structure was completely

destroyed, giving aggregated solids with a disordered structure.

This result is also supported by XRD (Fig. 1B), which indicated
that long-range ordering in the stacking direction (reflections
from (00n)) of the original layered material disappeared after
the exfoliation-restacking process. Accompanied with this
structural change, specific surface area determined by
nitrogen adsorption at 77 K was increased from 2.4 to 49 m? g
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Fig. 1. (A) SEM images, (B) X-ray diffraction patterns, and (C) UV-visible diffuse
reflectance spectra of layered HCa,Nb;0,, and HCa,Nbs0;, nanosheets prepared by the
PC method calcined at 1423 K. In the panel (C), an absorption spectrum of Ru (24 uM)
in acetonitrile (MeCN) is shown for comparison.

Fig. 1C shows UV-visible diffuse reflectance spectra of the
same samples, along with an absorption spectrum of a Ru
solution. Layered HCa,;Nb3;0,o shows a steep absorption edge
at around 350 nm, which is due to electron transitions from
the valence band formed by oxygen 2p orbitals to the
conduction band that consists of empty orbitals of niobium 4d.
On the other hand, there are at least two absorption edges in
the aggregated HCa,;Nb3;04onanosheet, both of which are blue-
shifted compared to that in the parent layered solid. This is
most likely due to a quantum-confinement effect.”® As
discussed in our previous paper, the generation of two
absorption edges after the exfoliation—restacking process
would result from an increase in the distortion of the two-
dimensional nanosheet structure that consists of triple
perovskite slabs having a nanosized thickness. This more
pronounced distortion might alter the local structure of NbOg
octahedrons in the perovskite block, although the long-range
ordering in the perovskite block (shown in XRD) appears to be
maintained. Although the precise determination of the band-
edge positions of the aggregated HCa,Nb3;O,9 nanosheets
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appears difficult, one may think that the valence band
maximum and the conduction band minimum of HCa,;Nb3;04g
are shifted to downward and upward, respectively, thereby
leading to band-gap widening, as the result of
nanostructuring.19

Using the structurally different two materials but with almost
the same composition, the adsorption of Ru was performed by
dispersing the solid materials in an aqueous solution
dissolving Ru (2.0 pmol gfl). UV-visible spectroscopy showed
that the dissolved Ru complex was quantitatively adsorbed on
the surface of both materials. Note that, however,
intercalation of Ru into the gallery space of these solids does
not occur, as revealed by our previous works.™ As shown in
Fig. S1, modification of HCa,Nb30,, material with Ru resulted
in the generation of a new absorption band centred at around
460 nm, which is due to MLCT transition of Ru, identical to Ru
in MeCN solution (Fig. 1C).
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Fig. 2. Steady-state emission spectra for Ru on layered HCa,Nb;0,, and HCa,Nbs0;,
nanosheets prepared by the PC method calcined at 1423 K, along with that of Ru/Al,03
for reference. The spectra were obtained by 444 nm photoexcitation. Note that
reductive quenching of the *MLCT excited state of Ru by EDTA does not occur.

As reported previously,13 Ru on Al,O; gives an emission peak
at around 630 nm as a result of "MLCT photoexcitation of Ru at
444 nm, with a quantum vyield of ca. 5.6% (Fig. 2). However,
the emission was almost completely quenched when Ru was
loaded on HCa,;Nb3;04, regardless of structural feature. This
indicates the occurrence of electron injection from the excited
state of Ru into HCa,Nb3O;o. Note that these experiments
assessed the electron injection process not only from the
3MLCT excited-state but also from 1MLCT, which is known to
be ultrafast process that occurs within a timescale of several
hundreds of fs.>?

The single-photon counting method was employed for
measuring decay of emission which was monitored at 630 nm
after selective excitation of Ru at 444 nm. Fig. 3 shows decay
curves of emission from Ru adsorbed on layered HCa,Nb304g
and the nanosheets prepared by the PC method. As a
reference, data for Ru/Al,0;3 is also shown. Note that due to
the time resolution of our apparatus (> 200 ps), the observed
emission decay is attributed to emission from the lowest
3MLCT excited state.? Electron injection from the excited state
of Ru into Al,O5 should not proceed because of the insulating
nature of Al,Os. It is clear that the emission decay of Ru was
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more pronounced on the two HCa,Nb3;0;, materials than on
Al, O3, indicating the occurrence of electron injection from the
excited state of Ru into the HCa,Nb3O,q materials, consistent
with the result of steady-state emission spectroscopy (Fig. 2).
However, the emission decay of the layered material was
relatively slow, whereas the nanosheet material showed a
faster decay profile. It should be stressed that this tendency
was independent of the preparation condition and method of
HCa,Nb30,g; that is, a faster decay profile was observed in the
nanosheet system (Fig. S2). The faster emission decay of the
layered material indicates the occurrence of faster electron
injection. The faster electron injection of the nanosheet
system compared to the layered one may seem unreasonable
because one can expect an lowered driving force for electron
injection due to the enlarged difference between the oxidation
potential of the excited state (on*) and Ecg upon exfoliation-
restacking. Therefore, there is another pathway of electron
injection from the excited state of Ru into HCa,;Nb3045. One
plausible explanation is that part of electrons from the excited-
state of Ru are injected not only into the conduction band of
the aggregated HCa,Nb3O,y nanosheets but also into mid-gap
states in the material.>® It is known that in an n-type
semiconductor including the present niobates, there are mid-
gap states located below the conduction band.> Here the
highly disordered morphological feature of the aggregated
HCa,Nb30;9 nanosheets could contain more defects that give
localized states working as electron-accepting levels,
compared to the ordered lamellar structured one. This
situation would contribute to more efficient electron injection
from the excited-state of Ru into the aggregated HCa,Nb30,g
nanosheets.

We also tried to resolve the decay profiles of the same
samples. However, it was very difficult especially for the
nanosheet material even using four exponential functions,
suggesting that Ru on the nanosheet material had different
adsorption forms such as protonation/deprotonation of the
phosphonate groups in the ligand.
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Fig. 3. Emission decay curves of Ru on layered HCa,Nbs;0;, and HCa;Nb3;0;, nanosheets
prepared by the PC method calcined at 1423 K. Excited at 444 nm and monitored at
630 nm, along with that of Ru/Al,Os for reference. For each sample, the measurement
was repeated until the signal count just after the photoexcitation (at t = 0) reached 10°.

If this idea is correct, HCa,Nb3O,9 having more structural
imperfections will accelerate electron injection from the

This journal is © The Royal Society of Chemistry 20xx
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excited state of Ru more efficiently, resulting in a more
pronounced emission decay profile. In order to investigate this,
we prepared lamellar HCa,Nb3O,, and the aggregated
nanosheets at lower calcination temperature (1023 K). By
lowering calcination temperature in the final step of the PC
method, one can prepare less-crystallized lamellar HCa;Nb304g
and the nanosheet with smaller lateral dimensions, as revealed
by our previous work."? Here XRD patterns and SEM images of
the as-prepared lamellar HCa,Nb3;O,y solids are given in
Supporting Information (Figs S3 and S4).

Fig. 4 compares emission decay profiles of Ru on two
different HCa,Nb3O, nanosheets prepared at 1023 and 1423 K.
As expected, lowering the calcination temperature of the PC
method from 1423 to 1023 K accelerated the emission decay.
This result further supports our claim that Ru in the excited
state injects an electron not only into the conduction band of
HCa,Nb30, but also into mid-gap states.
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Fig. 4. Emission decay curves of Ru on HCa,Nb;O;, nanosheets prepared by
different methods. Excited at 444 nm and monitored at 630 nm, along with that
of Ru/Al,Os for reference. Each measurement was conducted by irradiating the
sample cell with a fixed number of photons.

The behaviour of emission decay of Ru on the aggregated
HCa,Nb30;9 nanosheets was further investigated with respect
to the preparation method of the nanosheet.” Fig. 4 also
compares emission decays of Ru adsorbed on two different
HCa,Nb30;9 nanosheets, which were prepared by SSR and PC
method at the same calcination temperature (1423 K).
Interestingly, a faster decay curve was observed in the sample
prepared by the SSR method. This strongly suggests that the
SSR-derived material contains more mid-gap states than the
PC material. However, this may seem to contradict the results
of structural characterization; i.e., the intensity of diffraction
peaks of the SSR sample is much stronger than that of the PC
sample, indicating that more pronounced crystallization
occurred in the former (Figs S3 and S4). Nevertheless, it is
known that the PC method allows one to obtain metal oxides
with lower density of defects and/or vacancies even at lower
temperatures, compared to a conventional SSR method.”*?*
Accordingly, we believe that a slower emission decay profile
recorded in the PC sample is reasonable.

Conclusions

J. Name., 2013, 00, 1-3 | 3
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In summary, even though the conduction band potential of
aggregated HCa,Nb30,¢ nanosheets is slightly more negative
than that of lamellar HCa,;Nb30,, electron injection from the
excited state of Ru is faster in the former than in the latter.
Mid-gap states in the HCa,Nb3;04, nanosheet are suggested to
accept electrons from the excited state of Ru, thereby
facilitating the emission decay of Ru. Although it was believed
that the Ecg of a semiconductor primary determines the driving
force for electron injection from the excited state of a redox
photosensitizer, this is the first experimental result that
strongly suggests significant contribution of mid-gap states
existing in a semiconductor to the charge injection process.
Mid-gap states that originate from defects and/or vacancies in
a semiconductor solid are known to have strong impact on
photocatalytic activity of the semiconductor.”** Therefore,
the present result may be useful as a probe to assess the
density of defects and/or vacancies. Our research is now under
way along this line.

Experimental Section

Preparation of Layered HCa,Nb30,,

First, KCa;Nb3Oi, was synthesized by the polymerized
complex method according to our previous papers.lz’13 The
final calcination temperature of the PC method varied from
1023 to 1423 K in order to control the size of lateral
dimensions of 2D sheets. The detailed characterization data
can be found in our previous paper. Then, the as-prepared
KCa,;Nb3049 was subject to proton exchange with 1 M HNO;
(100 mL) for 6-7 days, followed by centrifugation to separate
the resulting solid, which was washed with pure water until
the pH of the supernatant became neutral.

KCa,Nb3O,9 was also prepared by a solid-state reaction
method according to a previous report.18 K,CO3 (299.5%, Kanto
Chemical Co.), CaCO3 (299.5%, Kanto Chemical Co.), and Nb,0s
(299.95%, Kanto Chemical Co.) were mixed with an agate
mortar and pestle at a molar ratio of K/Ca/Nb = 1.1/2/3, and
the mixture was calcined in air at 1123 K for 1 h. An excess of
K,CO3 (10 mol% excess K) was added to compensate for loss
due to volatilization. After cooling to room temperature, the
sample was mixed again, and was calcined in air at 1423 K for
10 h. The as-prepared material was subject to proton-
exchange in the same manner.

Elemental analysis by means of energy-dispersive X-ray
spectroscopy (EDS) showed that approximately 95% of K* ions
in the interlayer space were exchanged with protons. For
simplicity, the obtained products will be referred to as
HCa,Nb301p.

Preparation of Aggregated HCa,Nb3;0,, Nanosheets

Layered HCa,Nb30,¢ samples were treated with an aqueous
TBAOH solution to exfoliate the layered structure. The molar
ratio of TBA" cations to exchangeable cations was 1 by mole.
After shaking the suspension for 6—7 days, the resulting
colloidal solution stood 1 day to precipitate unreacted portion.
After removal of the unreacted solids, the resulting nanosheet

4| J. Name., 2012, 00, 1-3

suspension was reassembled by adding HCI, followed by
washing with H,0 in a similar manner.
Adsorption of Ru Complexes

Ru{(4,4’-(CHs),-bpy).(4,4’-(CH,PO3H,),-bpy) }(PF), (bpy = 2,2’-
bipyridine), abbreviated Ru in this work, was synthesized

according to the previous literatures with some
modifications.”®%’ It was confirmed by "H-NMR spectroscopy,
electrospray ionization mass-spectroscopy (ESI-MS) and

elemental analysis that the complexes were successfully
synthesized.

The as-prepared HCa;NbsO4o lamellar solid or aggregated
nanosheet (20 mg) was suspended in acetonitrile containing
Ru (total volume, 10 mL). After magnetically stirring overnight
in the dark, the suspension was filtered, and the resulting
dark-orange powder was collected. Finally, the collected
powder was dried in an oven at 343 K overnight. The amount
of adsorbed Ru sensitizers onto a given substrate was
estimated by using the following equation:

Adsorbed amount (umol g_l)

_ Apefore — Aafter C (pmol Lﬁl)X10X1073(L)
- 20x10-3(g)

Abefore

where Apefore (0.061) and A, indicate the absorbance of Ru in
a test solution at the *MLCT maximum wavelength before and
after the adsorption procedure, and C is the concentration of
the complex in the solution before adsorption, respectively.
Steady-State Emission Spectroscopy

Steady-state emission spectra were acquired using a
multichannel spectrometer attached to a calibrated integrating
sphere (C9920-02G: Hamamatsu Photonics) with 444 nm
excitation at room temperature. The measurements were
conducted by dispersing a 5.0 mg of powder sample adsorbed
with Ru (2.0 pmol gfl) in 3.0 mL of 10 mM EDTA aqueous
solution under an Ar atmosphere.

Time-resolved Emission Spectroscopy

Emission decay monitored at 630 nm, corresponding to the
emission from Ru, was measured by the time-dependent single
photon counting method using a FluoroCube 1000U-S
spectrofluorometer under 444 nm photoexcitation (NanoLED-
440L, HORIBA) with a TBX-04 detector at room temperature. A
5.0 mg of Ru/HCa,Nb3;0,9 powder was dispersed in 3.0 mL of
10 mM EDTA aqueous solution with continuous magnetic
stirring under an Ar atmosphere.
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