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Dynamic Control of Photoluminescence for Self-assembled Nanosheet
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Semiconductor oxide nanosheets synthesized by exfoliation
of layered oxides are two-dimensional crystals with a thick-
ness of about 1 nm."* New layered materials and their films
can be reassembled by electrostatic self-assembly deposition
(ESD)P! and by layer-by-layer (LBL)!** techniques, respec-
tively. Since the nanosheets have a negative charge in aqueous
solution they can be used with various cationic species as the
starting materials. Layered materials prepared from nano-
sheets and lanthanide (Ln) ions are promising as new
functional materials because Ln ions have unique properties,
such as luminescence and magnetic properties, that are
attributable to the 4f electron orbital. For example, the
titanate layered oxide intercalated with Eu’" ions prepared
from titanate nanosheets and Eu*" ions has unique lumines-
cence properties." ! The layered oxide gives a red emission
from the Eu®*' ions which is induced by energy transfer
through excitation of the bandgap of the titanate nano-
sheet,’'% and the emission from the Eu** ions is promoted by
intercalated water molecules.'”’ Furthermore, spectral hole
burning caused by the intercalated water molecules was
observed in the excitation spectra at room temperature.['!]
Nanosheets of TiO,, NbO,, and TaO, give a high photo-
current during the photoelectrochemical reaction under UV
illumination with an energy higher than that of the
bandgap.'” This finding indicates that a large charge separa-
tion is produced between the holes in the valence band and
the electrons in the conduction band during excitation of the
bandgap. Consequently, layered oxide materials intercalated
with Ln ions simultaneously exhibit both photoluminescence
and a photoelectrochemical reaction during excitation of the
bandgap on illumination with UV light. The study reported
herein demonstrates a new form of dynamic control over the
photoluminescence of Ln ions intercalated in self-assembled
nanosheet films of TiO, and NbO,. The photoluminescence

[*] Dr.S. Ida, C. Ogata, D. Shiga, K. Izawa, Dr. K. Ikeue,
Prof. Y. Matsumoto
Graduate School of Science and Technology
Kumamoto University
2-39-1 Kurokami, Kumamoto 860-8555 (Japan)
Fax: (+81)96-342-3679
E-mail: s_ida@chem.kumamoto-u.ac.jp

[7‘: *

This work was supported by a Grant-in-Aid for Scientific Research
(no. 440, Panoscopic Assembling and High Ordered Functions for
Rare Earth Materials, and no. 16080215) from the Ministry of
Education, Culture, Sports, Science, and Technology.

@ Supporting information for this article is available on the W\WW
under http://www.angewandte.org or from the author.

S IWILEY

.7 InterScience’

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

properties of Ln ions are changed by factors such as a change
in the pH value and the addition of anionic species.'*"""]
However, it is difficult to dynamically control the photo-
luminescence properties of Ln*" ions. In the present system,
the emission intensities of the intercalated Eu*" and Tb*" ions
can be readily controlled by varying the applied potential.
The nanosheet/Ln*" (Ti, 5O, nanosheet/Eu*" (TiO/Eu)
and NbsO,, nanosheet/Tb*" (NbO/Tb)) films were prepared
and fixed on boron-doped diamond electrodes by the LBL
technique. The chemical compositions of the TiO/Eu and
NbO/Tb films were Eu,Ti; 3O, (x =0.20-0.30) and Tb,Nb,O;,
(y =1.30-1.50), respectively. These are close to the theoretical
neutral compositions (Eug,sTi; 0, and Tb, ;3NbsO,;). The
Ln*" ions were sandwiched between nanosheets (see Figure
S-1 in the Supporting Information). Figure 1 shows a sche-
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Figure 1. Schematic illustration of the system used for the measure-
ment of the photoluminescence.

matic illustration of the system used for the measurement of
the photoluminescence. The photoelectrochemical cell with
three electrodes, with the nanosheet/Ln*" film acted as a
working electrode, was placed in the sample chamber of a
fluorescence spectrophotometer. A 0.1m K,SO, solution
(pH 6.5) was used as the electrolyte solution.

Figure 2 shows the emission intensities of the TiO/Eu and
NbO/Tb films under illumination by UV light (wavelength:
260 nm) as a function of potential (sweep rate: 20 mVs™).
The red emission of the Eu*" ions (614 nm, °D,-'F,) appeared
in the potential region above about —1.2 V, but disappeared in
the potential region below this potential. The same profile
was obtained when the emission was monitored at 592 nm
(’Dy-'F,). In the case of the NbO/Tb film, a green emission
from the Tb* ion (°D,-'Fs) was observed at 545 nm. This
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Figure 2. Emission intensity as a function of applied potential (sweep
rate: 20 mVmin~") for a) the TiO/Eu film (A,: 260 nm, Z.,,: 614 nm)
and b) the NbO/Tb film (A.: 260 nm, A,.,: 545 nm), as well as
photoluminescence spectra recorded at different applied potentials for
c) the TiO/Eu film and d) the NbO/Tb film. Em =emission, Ex=exci-
tation.

emission was the strongest of all the emission bands, but
disappeared when a potential more negative than about
—1.5V was applied. (The weak emission in the potential
region below —1.5 V was due to stray light from the excitation
source, as shown in Figure 2b.) Thus, the emission of both the
TiO/Eu and NbO/Tb films can be easily controlled by varying
the applied potential.

As for the emissions from the TiO/Eu and NbO/Tb films
under anodic bias, the excitation spectra showed broad bands
in the 250-350 nm range (Figure2c and d). These were
attributed to the bandgap excitation in the nano-
sheets.’11182] The energy released during excitation of the
bandgap under UV illumination is transferred to the interca-
lated Ln*" ions (energy transfer), which induces their specific
emissions (Eu’": red and Tb*": green). By contrast, no
emission was observed in the case of a cathodic bias. As
discussed below, this is due to the reduced state of the
Ln"" ions (probably n =2) induced by electrons produced in
the conduction band of the nanosheet under UV illumination.

The change in emission intensity on varying the electrode
potential is due to the photoelectrochemical reduction and
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oxidation of the intercalated Ln ions. To estimate the flatband
potential of the TiO/Eu and NbO/Tb films, the onset
potentials of the photoanodic current of the films were
measured in a 0.5m K,SO, solution containing 0.1m CH;0H
because the onset potential is near to or more positive than
the flatband potential. The CH;OH acts as a sacrificial
reagent to capture the holes produced by UV illumination,
thus enabling the rising edge of the onset potential to be
observed clearly. The onset potentials of the TiO/Eu and
NbO/Tb films were about —1.0 and —1.2 'V, respectively (see
Figure S-2 in the Supporting Information). That is, the
flatband potentials are near to or more negative than
—1.0V and —-1.2V for the TiO/Eu and NbO/Tb films,
respectively. The potentials bringing about the change in
emission are about —1.2 and —1.5V for the TiO/Eu (Fig-
ure 2a) and NbO/Tb (Figure 2b) films, respectively, which
agrees with the flatband potentials estimated from the onset
potentials of the photoanodic current. In conclusion, the
flatband potentials are —1.2 and —1.5 V, respectively, for the
TiO/Eu and NbO/Tb films.

A mechanistic model for the change in emission of the
nanosheet/Ln*" films is illustrated in Figure 3, where the
Ti; 4,0, and NbgO,; nanosheets act as n-type semiconduc-
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Figure 3. The mechanism for the photoelectrochemical oxidation and
reduction of the intercalated Ln ions and the emission attributed to
the energy transfer from the nanosheet to the Ln*" ions, where the
standard equilibrium potential of Eu**/Eu®" is about —0.55 V versus
Ag/AgCl (see Figure S-8 in theSupporting Information). VB =valence
band, CB =conduction band.

tors.'"” In the case of cathodic bias (potentials more negative
than the flatband potential), an electron generated in the
conduction band of the nanosheet by UV illumination at an
energy higher than its bandgap moves to the intercalated
Ln*! ion, thereby reducing Ln*" to Ln"" (probably n=2),
which gives no emission. Actually, the band intensities
assigned to the Eu*" species in the XPS spectra of the TiO/
Eu film increased after electrolysis at —1.4 V (see Figure S-9
in the Supporting Information), although we could not get
evidence for the Tb"' species. In the case of anodic bias
(potentials more positive than the flatband potential), a hole
produced in the valence band of the nanosheet by UV
illumination oxidizes Ln"" to Ln*". The Ln*" ions then give a
specific emission under UV illumination that is based on the
energy transfer from the nanosheet to the ions. To confirm the
above mechanistic model, the photoluminescence properties
of the Eu’" ions in the NbO/Eu film were examined. If only
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the flatband potential of the NbO nanosheet affects the
potential that changes the emission intensity (mechanism
shown in Figure 3), the latter potential must be the same for
both the NbO/Tb and NbO/Eu films because the two samples
have the same flatband potential. The potential that changed
the emission intensity of the Eu®" ions in the NbO/Eu film
was the same as that of the Tb*" ions in the NbO/Tb film (see
Figure S-3 in the Supporting Information), but was different
from that of Eu*"ions in the TiO/Eu film. These results
indicate that the oxidation and reduction of Ln**/Ln*" in an
interlayer of the TiO/Ln and the NbO/Ln films depend on the
flatband potential of the nanosheets.

Figure 4 shows the emission intensity of the TiO/Eu film
under applied potentials as a function of electrolysis time. A
highly reproducible on/off emission was obtained on applying
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Figure 4. Emission intensity of the TiO/Eu film under an applied pulse
potential as a function of electrolysis time.

a pulse potential. The on/off emission was also obtained under
a chopping wave potential (see Figure S-4 in the Supporting
Information). Thus, the emission from nanosheet films
intercalated with Ln*" ions can be controlled by varying the
applied potential. The on/off emission response was stable
even after 24 h of operation (See Figure S-5 in the Supporting
Information).

In conclusion, we have clearly demonstrated an on/off
control for the photoluminescence of Eu*" and Tb*" ions in
oxide nanosheet/Ln*" films by a mechanism that combines
photoelectrochemical oxidation/reduction reactions and
energy transfer from the nanosheets to the Ln*"ions. It is
anticipated that this dynamic luminescent control system will
be useful for electrooptical devises in the near future.

Experimental Section

As the starting materials for the nanosheets, Cs,Ti_y4 0,404 (O:
vacancy) and K,NbsO,, were prepared.®'” K,NbO,, was prepared by
heat treatment of a stoichiometric mixture of Nb,Os (8.086 g) and
K,CO; (2.806 g) at 1200°C for 15 min in a Pt crucible. Cs, Ti,_ )0y
4,0, was prepared by the complex polymerization method. Prior to
the addition of Ti(OCH(CHs),), (10.796 mL), Cs,CO; (3.4983 g) was
dissolved in a mixture of methanol (160 mL) and ethylene glycol
(60 mL). During the addition of titanium isopropoxide, the mixture
was stirred vigorously with a magnetic stirrer and the temperature
was raised gradually to 50°C. Anhydrous citric acid (28.8 g) was then
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added and the temperature was raised to 150°C to yield a resinlike
mass, which transformed into ash and then into white powder upon
raising the temperature to 300°C. Heat treatment of the powder at
800°C yielded the final product. These powders (1 g) were treated
with 5M HNO; or 1M HCl aqueous solution (300 mL) to protonate the
interlayer by an ion-exchange reaction between interlayer cations and
protons in solution. The protonated powders (0.5 g) were exfoliated
in tetrabutylammonium (TBA) solution (300 mL) for 72h. The
amount of TBA in the solution was eightfold higher than that of the
powder in terms of the molar ratio. Subsequent centrifugation of the
solution under 3000 rpm for 30 min yielded a colloidal suspension of
the nanosheets. The host nanosheets obtained from Cs, Ti,_ 40,040,
and K,NbsO,; are denoted as Ti, 3;O, nanosheet and Nbs,O,; nano-
sheet, respectively. Deposition of the films by the LBL method was
carried out by the same procedure as reported in other related
studies,* %1% where 0.0lm Eu(CH;COO); (SmL) and Tb-
(CH5;COO); (5mL) were used as the cation solutions. A boron-
doped diamond electrode (HOKUTO DENKO Corp) was used as a
substrate. The substrates were primed in the aqueous solution (5 mL)
of poly(ethyleneimine) (PEL 2.5 gL ") for 15 min to positively charge
the surface of the substrate. Primed substrates were dipped into the
nanosheet solution containing negatively charged nanosheets for
15 min, then into the 0.01m Eu(CH;COO); or the Tb(CH;COO);
solution for another 15 min, and finally into the nanosheet solution to
form the layered structure of nanosheet/rare earth ions/nanosheet/
substrate (nanosheet/Ln*" film). The substrate was rinsed with water
to remove the excess adsorbed species between the deposition steps.
The chemical compositions of the prepared films were estimated by
induction-coupled plasma (ICP) analysis, where the films were
dissolved in a mixed solution of concentrated HNO; and HF before
measurement. Excitation and emission spectra were recorded on a
Jasco FP-6500 spectrofluorometer with a 150-W Xe lamp source. All
electrochemical experiments were carried out in a conventional
three-electrode electrochemical cell with a Pt counter electrode and a
saturated Ag/AgCl reference electrode. The photoluminescence (PL)
efficiencies of the colloidal solutions of the TiO/Eu and NbO/Tb
powders were estimated by comparison with solutions of quinine in
aqueous 0.5M H,SO, (PL efficiency: 54.6 % ).’ The PL efficiencies of
the colloidal solutions of the TiO/Eu and NbO/Tb powders at 260 nm
were 0.495 and 0.03%, respectively. The TiO/Eu and Tb/NbO
powders were prepared by the ESD method.'” Since the layered
structures and the chemical compositions of the TiO/Eu and NbO/Tb
powders are almost the same as those of the TiO/Eu and NbO/Tb
films, the estimated PL efficiencies must be close to those of TiO/Eu
and NbO/Tb films.
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