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Eu”—doped perovskite nanosheets, LaggoEuosNb,O7, have been prepared by the soft chemical
exfoliation reaction of K;_H,LagEu0sNb,O7 with a tetrabuthylammonium hydroxide aqueous solution.
The resulting colloidal LaggoEug 9sNb,O; nanosheet suspension exhibits photoluminescence emission from
the °Dy to "F; manifold transitions of Eu*" by either direct excitation of Eu®t or host excitation, whereas
no host emission was observed at room temperature. In the case of the bulk precursors
K- H,Lag 9Eug0sNb,O7, the direct excitation yields more intense emission than the host excitation. On
the contrary, the most intense emission from the Lag goEug 0sNb,O7 nanosheets was observed by exciting
at the broad excitation band maximum (353 nm). The difference in the photoluminescence properties
between the LaygoEug 0sNb2O7 nanosheets and their bulk precursors seems to be related to the dimensionality
of these host structures and the confinement of the energy-transfer process between the host layer units

and Eu®" activators.

Introduction

In recent years, several studies on photoluminescence
properties of nanosheets and related materials have been
reported.'™ These nanosheet-based phosphors are quite
intriguing because photoluminescence excitation energy is
more effectively absorbed when the surface area is large,
and nanosheets have a considerably large surface-to-volume
ratio with respect to those of bulk materials. Furthermore,
the morphology of nanosheets is suitable for fabricating
optoelectronic devices such as electroluminescence panels,
which consist of a stack of functional layers or sheets.” The
majority of nanosheet-based phosphor materials reported to
date can be categorized into two groups. In one group,
nanosheets themselves exhibit photoluminescence. Among
those, blue photoluminescence reported for Tioo1O,,' surface-
oxidized Si,” and Bi—Sr—Ta—O nanosheets® are of particular
importance for technological applications. In the other group,
phosphors are composed by insertion of photoactive com-
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ponents such as Ln (lanthanide) ions or Ln-containing
complexes between transition metal oxide nanosheets.>~°

In the studies of the latter group, nanosheet-based phos-
phors, effective energy transfer from the transition metal
oxide nanosheet hosts to Ln luminescence activators was
observed. Many of the practical phosphors contain Ln
activators because of their high emission intensities and well-
predictable emission wavelengths from the intra-4f transi-
tions. Therefore, utilization of energy transfer from the
transition metal oxide nanosheets to Ln activators seems a
feasible approach to design practical phosphors.

However, photoluminescence properties of Ln intercalated
nanosheets tend to be quite susceptible to the amount of
cointercalated species, such as H,O and hydronium ions,
which act as energy-transfer mediators.*® Because the
amount of these energy-transfer mediators depends on
temperature, thermal stabilities of these nanosheet-based
phosphors would be a critical issue. In addition, when
considering the energy-transfer probabilities in phosphor
materials, strength of the interaction between hosts and
activators is one of the crucial factors. By considering these
aspects, it seems rational to expect that if activators are
incorporated in intrananosheet sites rather than in inter-
nanosheet sites, the stabilities of photoluminescence proper-
ties and efficiency of energy transfer from the host units to
the activators might significantly be improved. One of the
candidate host nanosheets for such an ideal phosphor material
is LaNb,O7 nanosheet. This perovskite type nanosheet can
be obtained by protonation of KLaNb,O; followed by soft
chemical exfoliation of the protonated phase using a tet-
rabuthylammonium hydroxide (TBATOH™) aqueous solu-
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tion."” In addition, room-temperature photoluminescence
from the Eu”—doped KLaNb,O7 bulk sample has already
been confirmed.!" Among various Ln activators, Eu** is of
particular interest because of its strong and well-defined red
photoluminescence property. Therefore, it would be quite
worthwhile to investigate the photoluminescence property
of Eu”—doped LaNb,0O7 nanosheets and to compare it with
those of the bulk precursors K,_,H,LaNb,O+/Eu>". Further-
more, the Eu3+—doped LaNb,O; nanosheets might be an ideal
phosphor for the new generation solid-state lighting based
on GaN. The 2% Eu*" doped KLaNb,O; bulk sample has
an absorption edge around 370 nm,'!" whereas the GaN-based
solid-state lighting requires phosphors that can effectively
be excited in the near-UV range (350-400 nm).'*!® Thus,
if more efficient energy transfer from the host to the
activators could be induced by exfoliating bulk KLaNb,O,/
Eu’" into LaNb,O,/Eu’" nanosheets, the application of these
nanosheets to the phosphors for solid-state lighting seems
feasible.

In the early stage of our investigation, we attempted to
prepare stoichiometric nanosheets of LaNb,O7/Eu®". How-
ever, the single-phase stoichiometric bulk precursor KLaNb,O7/
Eu’* could not be synthesized. As reported by Sato et al.,
the starting component amount for Ln had to be reduced
slightly in order to obtain single-phase KLn;—sNbyO7.'* In
this paper, we report the results of preparation, in-plane X-ray
diffraction, AFM imaging, UV—vis absorption and diffuse
reflection spectroscopy, and photoluminescence excitation
and emission property characterizations of Lag goEug0sNb,O7
nanosheets. In addition, the comparison of the properties
among the LaggoEug0sNb,O7 nanosheets, their bulk precur-
sors, and other related Eu**-doped oxide phosphors will be
discussed.

Experimental Section

Materials. Lag g0Eu 0sNb,O; nanosheets were prepared in three
step reactions as schematically shown in Figure 1. The first
precursor KLaggoEuposNb,O; was prepared by the previously
reported method for the undoped phase KLaNb,O;'*'* with a slight
modification. The starting components K,CO5 and Nb,Os were used
as received, and La,O3 and Eu,O; were dried at 800 °C before
use. As reported by Sato et al.,'* the staring component amount of
Ln,O; (Ln = La or Eu) had to be reduced from the stoichiometric
one for KLnNb,O; in order to avoid the coproduction of impurity
phases like LnNbO,.'® In case of 5% Eu*" doping, 5% reduction
of Ln was necessary to obtain the single-phase precursor
KLag 90Eug ¢sNbyO5. Furthermore, a 15% excess of K,CO; was used
in order to compensate for its loss by evaporation during the heating
reaction. The starting materials of 1.15:0.90:0.05:2.00 K,CO5:La,0;:
Eu,03:Nb,Os were mixed thoroughly in an agate mortar, and the
resulting mixture was pressed into a pellet, placed on an alumina
boat, heated at 1150 °C for 1 h, and furnace-cooled.
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Figure 1. Schematic drawing of the three-step Lag goEug,0sNb2O7 nanosheet
preparation reactions. Only half of the K' site is occupied in
KLag 90Eug 0sNb2O7.

The second step was an ion-exchange reaction of K' in
KLag 90Eug 0sNb,O7 with H*. 1.5 g of KLaggoEu0sNb,O; product
was ground into powder and reacted with 50 mL of 10 M HNOs3
for 3 days at room temperature under vigorous shaking. The
protonated precursor was isolated by filtration and washed with
water.

Finally, Laj g0Eug ¢sNb,O7 nanosheets were obtained by a method
similar to that reported for undoped LaNb,O; nanosheets.'® One
gram of protonated precursor K.H;_Lay¢oEuosNb,O; was vigor-
ously shaken with 250 mL of a 5-fold excess (TBA™/H" = 5)
TBAOH aqueous solution for 1 week. The resulting Laggo-
Euy0sNb,O; nanosheet suspension was then isolated from the
unreacted residue by centrifugation.

Characterization. The phase purity of precursors was examined
by powder X-ray diffraction using Cu Ko radiation on a Rigaku
RINT2200V/PC diffractometer. The elemental composition of the
protonated precursor was characterized by ICP-AES on a Seiko
Instruments SPS1700HVR spectrometer. Completion of the pro-
tonation reaction and the hydration amount of the protonated
precursor were examined by thermogravimetric analysis (TGA) on
a Rigaku Thermo Plus TG 8120 at a rate of 1 °C/min up to 1000
°C. The tapping-mode AFM image of LaggoEu 0sNb,O; nanosheets,
which were electrostatically deposited'” on a Si substrate, was
obtained using a Seiko Instruments SPA-400 AFM system with a
Si tip cantilever (20 N m™") in the DFM mode. The crystallinity
of the nanosheets, deposited on a Si substrate by the Langmuir—
Blodgett (LB) method,'® was characterized by in-plane X-ray
diffraction using synchrotron radiation (1 = 0.11966(4) nm) of the
Photon Factory BL-3A at High Energy Accelerator Research
Organization (KEK). The UV-vis spectra of the nanosheet suspen-
sion were measured on a HITACHI U-4100 spectrometer. The
diffuse reflection spectra of the bulk precursors were measured using
a HITACHI U-4000 spectrometer, and the reflection spectra were
converted to the absorbance spectra by the Kubelka—Munk method.
Finally, photoluminescence excitation and emission spectra were
measured on a Hitachi F-4500 fluorescence spectrophotometer at
room temperature. The excitation spectra were corrected for the
spectral distribution of the lamp intensity by the Rhodamine B
method, and the emission spectra were corrected for the spectral
response of the instrument using a substandard light source.
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Figure 2. Powder X-ray diffraction profiles of (a) KLag.9oEu0sNb2O7, (b)
Ko.0sHo.92Lag.90Eu0,0sNb207+0.25H,0 dried at room temperature, (c)
Ko.0sHo.92Lao.90Eu0,0sNbyO7 dried at 200 °C, and (d) Ko.osHo.92Lao.goEuo.0sNba
O after TGA up to 1000 °C. Symbols O and x indicate expected diffraction
peak positions of Ln;;3-sNbO3z and LnNbO4 (Ln = La or Eu), respectively.

Table 1. Lattice Parameters of KLajg9Eug¢sNb207, KLaNb,O7, and
Their Protonated Forms

a (nm) b (nm) ¢ (nm)
KLag.90Eug 0sNb,O7 0.3904(1)  2.1490(6) 0.3877(1)
KLaNb,O7 ¢ 0.39060(1) 2.16030(7) 0.38879(1)
Ko.08Ho.92L.a9.90Eu,0sNb,O7+0.25H,0 0.3885(9) a=b 1.2194(3)
at RT
HLaNb,07-xH,O at RT” 0.3891(2) a=0b 1.2213(6)
Ko,ogHo_gzLao_90Eu0_05Nb207 at 0.38842(9) a=b 1.0438(3)
200 °C
HLaNb,O7xH,0 at 200 °C” 0.3894(3) a=0»b 1.0459(7)

@ See ref 14. ” See ref 19.

Results and Discussions

The powder X-ray diffraction patterns of the precursors
KLaoAgoEuOAosNb207 and K]- HxLa()Ag()Ellvo5Nb207'yH20 are
shown in Figure 2a—c. The diffraction patterns of these
precursors agree well with those of the previously reported
undoped phases.'*'*~** The refined lattice parameters of the
Eu’"-doped and previously reported undoped bulk phases
are summarized in Table 1. All these phases are n = 2
members of the Dion—Jacobson type layered perovskites
A[M,-B,03,+1].2*%* The orthorhombic unit cells of the K
phases contain four Nb—O octahedra layers along the b-axis,
and the lattice parameters a and ¢ correspond to the intralayer
Nb—O—Nb distances. On the other hand, the tetragonal unit
cells of the protonated phases contain two Nb—O octahedra
layers along the c-axis, and the lattice parameters a (= b)
correspond to the intralayer Nb—O—Nb distances. Overall,
intralayer Nb—O—Nb and intralayer distances of the Eu**-
doped phases in this study are slightly smaller than those of
the undoped phases, reflecting the smaller ionic radius of
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Figure 3. Thermogravimetric analysis result of the protonated precursor,
Ho.02Ko0.08L20.90Eu0,0sNb207+0.25H>0.
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Figure 4. (a) AFM image and (b) cross-sectional profile of Lag goEug0sNb,O7
nanosheets.

Eu’* than La*" and/or slight deficiency in the Ln** site. In
addition, the protonated phases dried at room temperature
have larger lattice parameters than the others along the
interlayer direction because of their significant hydration,
which is confirmed by TGA as described later.

The ICP-AES analysis result for the protonated precursor
indicates that its composition is 0.08:0.89:0.05:2.00 K:La:
Eu:Nb. The contents of La, Eu, and Nb are identical to the
nominal composition within the experimental uncertainties,
suggesting no decomposition of the parent layer unit
Lag9oEu0sNb,O7 during the protonation reaction. The pro-
tonation reaction was close to complete as indicated by the
significantly reduced K content, but a small portion of K
was left unreacted. The experimentally estimated formula of
the protonated precursor in this study is Ko osHoo2LagooEugos
Nb,O;. Various other protonation reaction conditions have
also been tested, but no lower K' content precursor was
obtained.

The TGA result for the protonated precursor is shown in
Figure 3. The intercalated H,O was dehydrated below 200
°C. The hydration amount of the room-temperature-dried
protonated precursor estimated from the analysis is 0.25 mol
of H,O per 1 mol of Ko ¢gHo.92L.ag90Eug 0sNb,O-. The powder
X-ray diffraction pattern of the sample heated up to 1000
°C is shown in Figure 2d. The protonated precursor was
decomposed into Ln;;3-sNbO; and LnNbOy at high temper-
ature. This result is consistent with the weight loss due to
deprotonation observed in the TGA between 200 and
500 °C.

The protonated precursor was successfully exfoliated into
Lag 90Eug 0sNb,O7 nanosheets by reacting it with a TBAOH
aqueous solution. Figure 4a shows a topographic image of
the Lag 9oEug0sNb,O7 nanosheet deposited on a Si substrate
using polyethylenimine (PEI) as an electrostatic glue layer.?*?’
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Figure 5. In-plane X-ray diffraction profile of LaggoEu00sNb,O7 nanosheets.

The Lag g9oEug0sNb,O7 nanosheet product has an approximate
mean lateral size of 0.4 um, and the thickness is uniformly
2.01(1) nm. This thickness is larger than that of the single
Lag g0Eug 0sNb,O7 layer (1.06 nm) estimated from the crystal-
lographic data. The thickness of many other oxide nanosheets
observed by AFM is also larger than that estimated by the
crystallographic data because of absorption of oxonium and
TBA™ ions, and other uncertain factors.®>’~>3 In this sense,
our LaggoEugosNb,O; nanosheets are fairly likely to be
homogeneously unilamellar.

The result of the in-plane X-ray diffraction for LaggoEug s
Nb,O7 nanosheets deposited on a Si substrate is shown in
Figure 5. All the observed reflections can be indexed to i k
0 of the precursor layered perovskite structure.'* The refined
lattice parameter (a = b = 0.3912(6) nm) of the nanosheets
corresponds well to those of the bulk precursor phases (Table
1) indicating that the exfoliated nanosheets are crystalline
and retain the layered perovskite structural feature of the
precursors.

The UV-vis absorption spectra of the diluted nanosheet
suspension are shown in Figure 6. The LaggoEugosNb,O;
nanosheets exhibit broad optical absorption peaks with the
maxima at 232 and 316 nm, and their extinction coefficients
are 2.2 x 10* and 2.0 x 10> dm® mol ' cm™ ', respectively.
In addition, a shoulder was observed around 270 nm in the
absorption spectra. Similar absorption characteristics was
observed for titania nanosheet, and those are attributed to
the band gap of the titania nanosheet itself and the interfer-
ence effect among the nanosheets.>* Thus, the absorption
features in this study could also be attributed to the same
origin. The comparison between the UV-vis absorption
spectrum of Lag goEug 0sNb,O7 nanosheets and diffuse reflec-
tion spectra of K, H,Lag¢9Eug0sNb2O7 precursors is shown
in Figure 7. The absorption edge of LaggoEugosNb,O;
nanosheets was observed at 347 nm, which is blue-shifted
with respect to those of the bulk precursors KLaggoEug0sNb2O;
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Figure 6. UV—-vis absorption spectra of the LaggoEu0sNb2O7 nanosheet
suspension. The absorbance increases linearly as the concentration of the
nanosheets increases as 8.0 x 107° (lightest gray line), 1.6 x 107>, 3.2 x
107%,4.8 x 107>, 6.4 x 107>, and 8.0 x 107> M (black line).
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Figure 7. Diffuse reflection spectra of KLag 9Eu0sNb,O7 (gray solid line),
Hy 9sKo.0sLag.ooEug 0sNb,O7+0.25H,0 (black dotted line), and absorption
spectrum of LaggoEug.0sNb,O7 nanosheets (black solid line).

and K0‘08H0_92La()‘90El]0‘05Nb207‘0.25H20, whose absorption
edges are at 366 and 380 nm, respectively. Similar blue shifts
of the absorption edges were commonly observed in other
oxide nanosheets with respect to those of their bulk
precursors.'*>* By considering the quantum size effect
driven blue shift in these previously reported nanosheets and
many other nanomaterials, the blue shift in the
Lag9oEu,0sNb,O7 nanosheets probably has the same origin.

The photoluminescence excitation and emission spectra
of the bulk precursors and exfoliated LaggoEugosNb,O7
nanosheets are shown in Figures 8 and 9, respectively. For
all these phases, sharp emission from the lowest excited state
5Dy to 'F; manifold transitions of Eu’" was observed,
whereas no host luminescence was observed at room
temperature. The highest emission intensity observed for all
these phases is from the hypersensitive forced electric dipole
5Dy — ’F, transition of Eu®". The fact that the dominant
emission is from the parity forbidden electric dipole transition
rather than from the magnetic dipole transition (°Dy — "F))
indicates that Eu’™" is located at the site with no inversion
symmetry in all these phases.**>-*

For both bulk precursors and LaggEug0sNb,O7 nanosheets,
no emission was observed when the excitation wavelength

(35) Wang, Y.; Gao, H. J. Solid State Chem. 2006, 179, 1870.
(36) Ghosh, P.; Sadhu, S.; Patra, A. Phys. Chem. Chem. Phys. 2006, 8,
3342.
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Figure 8. Photoluminescence (a) excitation and (b) emission spectra of bulk precursors KLagogoEugosNb,O7 (gray solid line) and HposKoos
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Figure 9. Photoluminescence (a) excitation and (b) emission spectra of LagooEug0sNb,O7 nanosheets. The excitation spectra were monitored at 616 nm
emission, and the emission spectra were obtained by exiting at 353 (gray line) and 466 nm (black line).

was below 300 nm even though the UV-vis absorption peaks
were observed in this range, suggesting the existence of
nonradiative relaxation. However, relatively sharp excitation
peaks due to the intra-4f transitions of Eu®>" were observed
for the bulk precursors and LaggoEug osNbyO7 nanosheets as
generally expected for Eu®"-doped phosphors. In addition,
broad excitation bands were observed for both bulk
KLaggoEug 0sNb,O7 and Lag ggEug 0sNb,O7 nanosheets around
340-380 nm. These broad excitation bands of KlL.aggoEug s
Nb,O; and LagggEug0sNb>O7 nanosheets do not fit to their
diffuse reflection spectra (Figure 7). As Kudo proposed for
KLag 9sEup0Nb,O7, these excitation bands might be due to
the O~ —Eu®" charge-transfer (CT) transition.!' The similar
CT transition was also observed in the structurally related
Eu’"-doped layered perovskites.>’>° However, this kind of
excitation band was quenched in case of Ko ogHoosL.ag 90Eu 05
Nb,0O7+0.25H,0, and it was likely due to the significant
nonradiative relaxation channels provided by the high-energy
vibration of species like OH ™ and H,O as observed in other
Ln-doped oxides.***?
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Furthermore, the excitation from the bulk precursor and
nanosheet hosts exhibits slightly different emission peak
positions for the >Dy — ’F, transition of Eu®". This transition
is known to be highly sensitive to the local environment of
Eu’".*} The emission peak position of the nanosheets seems
to be red-shifted by 4 nm with respect to those of the bulk
precursors. However, no shift was observed for the nonde-
generate 5Dy — "F, transition peak. On the basis of these
observation, the apparent shift observed for the °D — ’F,
transition is likely to be due to the different relative intensities
of its five Stark components rather than the nephelauxetic
effect because of the covalent interaction strength difference
between Eu’" activators and the hosts.***°

For efficient photoluminescence by host excitation, the
excitation energy has to be transferred within the perovskite
layer and interlayer energy migration should be minimized.
This propensity has been experimentally observed in struc-
turally related Eu®"-doped layered perovskite systems.?”*
In this sense, the exfoliated LaggoEugosNb,O; nanosheets
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might have more efficient host to activator energy transfer
than the bulk precursors, which have considerable interlayer
interactions. Our experimental results are consistent with this
expectation. For the bulk precursor phases, direct excitation
of Eu’" yielded the most intense photoluminescence emis-
sion. In case of KLagooEugosNb>O7, the direct excitation
yielded more than double 3Dy — ’F, transition emission
intensity than the host excitation, and only the photoemission
via direct 4f transitions of Eu®* was observed in case of
Ko.0sHo.9sLag 90Eug,0sNb,O7+0.25H,0. On the contrary, for the
Lag 9oEug,0sNb,O7 nanosheet suspension, the host excitation
yielded significantly higher emission intensity than the direct
excitation of Eu’*. The most intense emission from the
Lag 9oEu0sNb,O7 nanosheet suspension was observed by
exciting at the broad excitation band maximum located at
353 nm. We believe that these differences are largely related
to the interlayer interactions of the host structures where more
efficient intralayer energy transfer takes place between the
nanosheet host and activators by eliminating the interlayer
interactions.

The exfoliation of Eu**-doped layered perovskite phosphors
into nanosheets seems like a rational approach to design novel
phosphors for solid-state lighting applications. As mentioned
in the introduction, phosphors that can efficiently be excited in
the near UV range (350400 nm) are sought for the GaN-based
solid-state lighting applications.'>'* This means that the host
excitation is preferred to the direct excitation in case of the
Eu’*-activated phosphors because the host excitation band
maxima tend to be located closer to this ideal excitation
wavelength range than the direct excitation wavelengths of
Eu®". In our experiment, we have shown an example of
transformation of a direct excitation (466 nm) dominated
phosphor to a host excitation (353 nm) dominated phosphor
by means of soft chemical exfoliation of the layered host
structure. Studies of higher Eu®* content nanosheets obtained
from various layered perovskite precursors are under way
to further corroborate the adequacy of our practical phosphor
design approach and to search for novel high-performance
phosphors.

Ozawa et al.

Conclusion

The Eu’" -activated perovskite nanosheets, LaggoEugosNb,
0O, were prepared by soft chemical exfoliation of the layered
perovskite K, ,H,LaggoEug¢sNb,O7. On the contrary to the
bulk precursors, photoluminescence emission of LaggoEug os
Nb,O7 nanosheets is dominated by the host excitation rather
than the direct excitation of Eu**. The photoluminescence
excitation band maximum of LaggoEuosNb,O; nanosheets
is in fact located in the optimum excitation wavelength range
for the GaN based solid-state lighting applications.'>!? It is
possible that intralayer Ln activated nanosheets might be,
in general, suitable phosphors for solid-state lighting ap-
plications because of their morphology and efficient energy
transfer from the nanosheet host to Ln. Additionally, a
quantum size effect might facilitate to enhance the photo-
luminescence efficiency in Ln-doped nanosheets like that
observed in Ln-doped nanoparticles.*’*° Furthermore, intra-
layer activated nanosheets seem like ideal systems to investigate
the physics of two-dimensional energy transfer and concentra-
tion quenching mechanisms including the percolation model
because their faultless two-dimensionality.****! To the best
of our knowledge, the LaggoEu0sNb,O7 nanosheet is the first
paradigm of such a fascinating intralayer Ln-doped nanosheet
phosphor material.

Acknowledgment. We are grateful to Dr. Y. Takahashi for
useful discussion on photoluminescence characterizations. We
also thank Drs. A. Watanabe and M. Osada for use of their
research facilities. This research was financially supported by
CREST of the Japan Science and Technology Agency.

CM702552P

(47) Tissue, B. M. Chem. Mater. 1998, 10, 2837.

(48) Goldburt, E. T.; Kulkarni, B.; Bhargava, R. N.; Taylor, J.; Libera, M.
J. Lumin. 1997, 72—4, 190.

(49) Sharma, P. K.; Jilavi, M. H.; Nass, R.; Schmidt, H. J. Lumin. 1999,
82, 187.

(50) Van Uitert, L. G.; Linares, R. C.; Soden, R. R.; Ballman, A. A.
J. Chem. Phys. 1962, 36, 702.

(51) Van Uitert, L. G.; Iida, S. J. Chem. Phys. 1962, 37, 986.



