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Lag.ooDyo.05Nb,0; nanosheets were achieved by exfoliating a layered compound HLaggoDyo,05Nb207.
Multilayer films composed of the exfoliated nanosheets were prepared by a layer-by-layer deposition
technology, which were subsequently heat-treated at 450 °C and exposed under ultraviolet light to obtain
the polymer-free nanosheet films, respectively. The resulting LaggoDyo.05Nb207 nanosheet suspension
and its films exhibit intense emission by the host excitation and negligibly low emission by the direct
Dy3* excitation, whereas the photoluminescence emissions of the bulk precursors are largely dominated
by the direct Dy3* excitation rather than the host excitation. The comparison between the excitation
spectra and the bandgap absorption spectra indicates that the enhanced host excitation-mediated pho-
toluminescence of Lag goDyo.05s Nb207 nanosheet results from the efficient energy transfer from the O-Dy
charge-transfer transition to Dy3* within the nanosheet, and that the intensive emission of the multi-
layer films is attributed to the energy transfer from both of the O-Dy charge-transfer transition and the
0-Nb network to Dy3*. Dy3* in the Lag g0 Dyo.0sNb, 07 nanosheet and the nanosheet-based films gives two
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emission peaks at around 480 and 576 nm and the blue emission is prominent in the film form.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In the past decades, two-dimensional nanosheets, prepared by
delaminating layered oxides in a soft-chemical route, have been
extensively explored [1-9]. An intriguing aspect of the exfoliated
oxide nanosheets is their high crystallinity inherited from lay-
ered precursors, and an individual nanosheet can be considered
as a two-dimensional single crystal with a thickness of subnano-
to nanometer range and a lateral size of micrometers range.
These oxide nanosheets were found to exhibit distinctive structure
diversity, interesting photophysical and photochemical proper-
ties. Several studies demonstrated that the photoluminescence (PL)
emissions from Ln (rare earth)-photoactivated oxide nanosheets
in fluid suspensions are dominated by nanosheet host excitation
rather than direct Ln photoactivator excitation, whereas the emis-
sions from all their bulk precursors are dominated by direct Ln
excitation [5,10-15]. For an Ln-containing phosphor with well-
predictable mission wavelengths from the intra-4f transitions, its
direct Ln excitation wavelength is often nontunable (correspond-
ing to the characteristic f-f transitions of the Ln photoactivator),
but its host excitation wavelengths can be tuned on the bias of the
host absorption properties. Ozawa et al. reported the PL emissions
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of Eu3*- and Sm3*-doped LaNb,0; nanosheets in fluid suspen-
sions are predominated by the energy transfer from the oxide
nanosheet hosts to the Ln photoactivators [12,13]. LaNb,0O7 per-
ovskite nanosheet can be considered as an ideal candidate host
nanosheet for Ln-photoactivated phosphors. The absorption onset
wavelengths of the Eu3*- and Sm3*-doped LaNb,0; nanosheets
and the Eu3*-doped KLaNb,0; bulk sample are around 370 nm
[12,13,16], whereas the GaN-based solid state lighting requires
phosphors that can be effectively excited in the 250-400 nm range
[17]. Therefore, it is worthwhile to investigate the PL properties of
Ln-doped LaNb, 07 nanosheets, shedding light on the new genera-
tion solid state lighting based on GaN.

Due to their negative charged nature, the exfoliated oxide
nanosheets can be flocculated with positively changed species by
the electrostatic self-assembly deposition (ESD) to form nanocom-
posites [1]. In particular, it is attractive to use them to fabricate
multilayer composite films on a glass substrate through the
layer-by-layer (LBL) assembly technology, based on the alternate
adsorption with suitable polymeric cations [ 18-24]. After followed
by ultraviolet light exposure or heat treatment, the organic cations
will be decomposed completely, which leads to the formation of
transparent polymer-free nanosheet multilayer films deposited on
the substrate [22-24]. To the best of our knowledge, only the red
Eu3* and Sm3* emissions of doped LaNb,0; nanosheets in fluid
suspensions have been reported [12,13], the assembly films of Ln-
doped LaNb, 07 nanosheets have been unexplored so far. It is very
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interesting to evaluate the PL emissions of nanosheets in such solid
state form for solid state lighting.

Among the Ln photoactivators, Dy3* is particularly interest-
ing due to its visible luminescence in the blue (470-500 nm,
4F9/2 — 6H15/2) and yellOW (570—600 nm, 4F9/2 — 6H13/2) wave-
length regions. The latter one belongs to the hypersensitive
transition, which is strongly influenced by the environment
[25-27]. In the present paper, we report the preparation and PL
properties of Dy3*-photoactivated LagggDygosNb,07 perovskite
nanosheet and its multilayer films. Their characterization results
are compared with those of the bulk precursors KLag goDyg,05Nb;07
and HLao.goDyo_o5Nb2 0.

2. Experimental
2.1. Reagents and materials

All reagents were of analytical grade and used without further purifi-
cation. Milli-Q ultrapure water with a resistivity of 18.2MQcm was used
throughout the experiments. The host layered compound Dy3*-doped KLaNb,07,
KLag 90Dyo.05sNb2 07, was prepared by a conventional solid-state reaction of a mixture
of K»C0O3:La;03:Nby05:Dy, 03 in the molar ratio of 1.15:0.90:2.00:0.05 at 1150°C
for 24 h in a corundum crucible, similar to the procedures of KLag goEug05s Nb207 and
KLag.90Smg,0sNb, 07 analogs [12,13]. The 15% excess of K,CO3 was used in order to
compensate for its loss by evaporation during the heating reaction. It was found that
the single-phase stoichiometric bulk precursor KLaNb, 07 /Dy>* could not be synthe-
sized. As reported in Refs. [12,28], the starting component amount Ln,03 (Ln=La or
Dy) had to be reduced from the stoichiometric one for KLnNb, 07 in order to avoid the
coproduction of impurity phases like LnNbO,. In case of 5% Dy>* doping, 5% reduction
of Ln was necessary to obtain the single-phase precursor KLag g9Dyo.05Nb07.

The bulk layered compound was converted into its acid phase (designated as
HLag 90Dyo.05Nb207) by stirring vigorously a KLaggoDyo,0sNb207 suspension in 3 M
HNOjs solution at RT for 6 days. During the proton exchange reaction, the acid solu-
tion was replaced with a fresh one every 2 days. The resultant solid product was
centrifuged, washed with deionized water and air-dried at room temperature for
24 h. The protonated powder was exfoliated into lanthanoniobate nanosheets in a
tetrabutylammonium hydroxide (TBAOH) solution with a butylamine/H*-niobate
molar ratio of 2:1. In a typical reaction, 0.5g HLagg9Dyo05Nb,0; was added to
250 mL 15% TBAOH aqueous solution and ultrasonicated at RT for 2 h. Subsequent
centrifugation at 4500 rpm for 30 min yielded an opalescent colloidal suspension
of Lag.g0Dyo,0sNb,07 nanosheet with a concentration of about 10-3 M. Then the pH
value of colloidal suspension was adjusted to 9.0 by 0.5 M HNOj3 carefully.

2.2. Preparation of flocculation and film

The flocculated nanohybrid PEI/LaggoDyo0sNb20; was performed by adding
20 mL polyethylenimine (PEI) solution (2.5gL~!, pH 9.0) into 200 mL as-prepared
Lag.90Dyo.05Nb, 07 nanosheet suspension under vigorous stirring. Driven by electro-
static interaction between the negatively charged nanosheets and positively charged
PEI, the mixing immediately resulted in a flocculated sludge. The sludge was sep-
arated by centrifugation at 3500 rpm, washed several times with ethanol-water
mixed solvent (1:1 in volume) to remove excess PEI and other soluble products.
The resulting product was dried under vacuum at 80 °C for 12 h. For comparison, a
flocculated sample without PEI loading was prepared by acidizing the suspension
and designated as e-HLag.goDyo,05Nb,07.

Deposition of LaggoDyoosNb,O; nanosheets and PEI on Quartz glass was
achieved by alternately exposing the substrate in the positively charged PEI and
the negative nanosheets colloid through a LBL technique. Quartz glass substrates
were cleaned by ultrosonication in acetone, followed by treatment in a bath of
methanol/HCl (1:1 in volume) and then concentrated H,SO4 for 30 min each. The
surface-cleaned substrate was first immersed in a PEI solution (25gL-', pH 9.0)
for 20 min. After being washed thoroughly with pure water and drying under a N,
stream, the PEI-coated substrate was dipped into the nanosheet colloidal suspen-
sion (2 x 107> M, pH 9.0) for 20 min, followed by washing with copious water and
drying under a N, stream. The above procedure was repeated n times to obtain a
multilayer film of (PEI/Lag.90Dyo.05s Nb207 )y.

To obtain polymer-free phosphors, the as-prepared multilayer films were
heated in air at 450 °C for 2 h with an increment of 2°Cmin~! and exposed under a
300 W low-pressure Hg lamp (Amax =254 nm) irradiation for 12 h, respectively. The
resulting polymer-free phosphors were allowed to evaluate their PL properties.

2.3. Sample characterization

Powder X-ray diffraction (XRD) patterns were recorded at RT on a Bruker
D8 Advance diffractometer using Ni-filtered Cu Ko radiation (A =1.5406 A) under
the accelerating voltage of 36kV at a scanning rate of 4° at 20 min~! from 2° to
50°. Elemental compositions of the as-prepared bulk compound were analyzed
with a Leeman Prodigy ICP-OES analyzer. The surface topography of the films was
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Fig. 1. Power XRD patterns of layered compounds KLaNb,O; (a) and
KLap90Dyo.0sNb2,07 (b), protonated HLaggoDyoosNb,07-nH,0 (c), restacked e-
HLag 90Dyo,05Nb207 (d), as-prepared PEI/LaggoDyo.05Nb207 flocculation before (e),
and after heat-treated at 450°C (f) and after UV light exposure (g). Closed squares
represent the in-sheet characteristic peaks of LaggoDyo.05Nb2O7 sheets.

examined using a Veeco Nanoscope 3D atomic force microscope (AFM) in the
tapping mode with a silicon-tip cantilever (15 Nm~1). Simultaneous TG-DTA mea-
surements were performed from RT to 900°C at a rate of 10°Cmin~" on a Shimadzu
DTG-60H thermalanalyzer in N, flow. UV-vis absorption spectra of the diluted
nanosheet suspensions were measured on a Shimadzu UV-2450 spectrometer.
Diffuse reflectance spectra were recorded on a Shimadzu UV-2550 spectrometer
equipped with an integrating sphere 60 mm in diameter using BaSO4 as a refer-
ence, and the reflectance spectra were converted to the absorption spectra by the
Kubelka-Munk method. Both photoluminescence excitation and emission spec-
tra were obtained on an Edinburgh FLS920 fluorescence spectrometer at RT. The
excitation source is a 450 W Xenon lamp and the spectral resolution of the spec-
trofluorometer was 0.05 nm.

3. Results and discussion
3.1. Characterization of flocculation

Comparison of the XRD profiles between the layered lanthanon-
iobate KLaNb, 07 and its Dy3*-doped phase KLagggDyg.05sNb,07 is
documented in Fig. 1a and b. Their patterns are very similar and
can be indexed to the orthorhombic cell with C222 space group
and a=3.9060, b=21.6031, c=3.8879 A [28], which reflects that
their structures consist of stacked single perovskite-type layers
interspersed with K*. The strong and sharp (02 0) diffraction of
KLag 99Dy 05Nb,07 at 8.16° with d-spacing of 1.08 nm indicates
that the well-ordered layered structure was formed. The proto-
nated bulk compound exhibits an intense reflection at around 7.28°
(Fig. 1c). The corresponding d-spacing of 1.21 nm is close to the
lattice parameter along the intersheet direction of the hydrated
analogous protonated phase HLaNb,07-nH,0 [29]. In the undoped
analogous phase KLaNb, O, stacking of each sheet is shifted by 1/2
unit cell (perovskite unit) toward one of the intralayer directions,
whereas no such shift of stacking layers was observed and the api-
cal oxygen ions of the adjacent sheets are eclipsed in the case of its
protonated form [28]. The unit cell of the as-prepared bulk com-
pound contains two perovskite-type sheets along the intersheet
direction (the b axis), whereas that of the protonated compound
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Fig. 2. Simultaneous TG-DTA curves of PEI/Lag goDyo.05Nb, 07 nanocomposite.

contains only one perovskite-type sheet [29]. It is rational to expect
that the slightly Dy3*-doped phase KLaggoDyo0sNb,07 and its
protonated phase crystallize similarly to their undoped analogs.
After the exfoliated Lag ggDyg05Nb,07 nanosheets were restacked
by acidizing the suspension at low pH<3, the main reflections
of e-HLag ggDyg.05Nb,07 were observed to be located at similar
positions to those of HLag ggDyg05Nb,07 (Fig. 1d). Considering the
smaller radius of H* with respect to that of K*, the larger intersheet
distances in the protonated phases than in KLag ggDyg 05Nb,07 can
be reckoned as a result of a monolayer arrangement of the interca-
lated water molecules along with the protons between the sheets,
similar to those previously found in other restacked oxide sheets
[9,29-31]. The observation implies that HLagggDyg 05Nb207 was
almost completely exfoliated into single nanosheets after reaction
with TBAOH.

Upon adding PEI solution, the exfoliated sheets were restacked,
leading to the formation of PEI/LagggDyg05Nb,07. As shown in
Fig. 1e, the reflections at 3.97° and 8.34°, indexed as (001) and
(002)reflections respectively, were observed. The intersheet spac-
ing was determined to be 2.22 nm. The distance between the apical
oxygen atoms within a LaNb, 07 sheet is 0.790 nm from the crystal-
lographic data of KLaNb, 05 [28]. Taking the van der Waals radius
of O atom (0.140 nm), the thickness of the lanthanoniobate sheet
can be evaluated as 1.07 nm. Deducting from this thickness, the
intersheet expansion of PEI/Lag goDyg.05Nb;07 was determined to
be 1.15nm, which evidently demonstrates that PEI is intercalated
into the intersheet region between the sheets. After heat treat-
mentat450°Cfor2h, the (0 1 0) reflection OfPEI/LaO'goDyO.(E sz 07
was shifted to a higher angle 7.89°, corresponding to d-spacing of
1.12 nm (Fig. 1f). On the other hand, after UV light exposure, the
(010) angle and its corresponding d-spacing were observed to be
7.42° and 1.19 nm, respectively (Fig. 1g). During the heat and UV
light treatment, the intercalated organic components between the
sheets were decomposed, the residue was curtained as NH4* and/or
oxonium ions, along with water molecules [3,21,32]. The nearly
completed evaporation of water molecules gave rise to the slightly
smaller d-spacing in the heat-treated sample than that in the UV
treated sample.

Fig. 2 shows the TG-DTA results of the as-prepared
PEI/Lag g9Dyo.05sNb>,07; nanocomposite flocculation. Its weight
loss was found to be extended over a wide temperature range
due to the combination of several factors such as dehydration
and decomposition. The first step below 110°C with a weight
loss of 7.1% and an endotherm at 66°C can be attributed con-
tributed to the dehydration of the adsorbed H,O on the surface
and within the material. The second step between 110 and 700°C
with a loss of 25.2% is due to the carbonized decomposition
of organic components. The exothermic peak at 225°C can be
mostly attributed to the decomposition of the residual TBAY,
while the peak at 353 °C might be raised from the pyrolysis of the
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Fig. 3. Diffuse reflection spectra of KLagpgoDyoosNb2O7 (a), protonated
HLag 90Dyo,05Nb207 (b), PEI/LaggoDyo0sNb,07 flocculation before (c), and after
heat-treated at 450°C (d) and after UV light exposure (e).

interlayered PEI molecules. The results are consistent with the XRD
results of PEI/LaggoDyg.05Nb,07 heated at 450°C. There seemed
to be no distinct weight loss beyond 500°C, but there might have
been the slow transformation of the lanthanoniobate sheets into
Lny/3_sNbO3 and LnNbO, at around 800 °C with a small exotherm,
similar to that previously reported [12,13]. This fact suggests that
the heat-treated temperature of PEI/LagggDyg.95Nb,07 nanocom-
posite powders or films must be between 353 and 500 °C to obtain
polymer-free phosphors and to avoid destroying the layered
structure of LagggDygo5Nb,07 nanosheet. Therefore, 450°C was
employed as the heat-treated temperature in the present study.

Diffuse reflection spectra of KLag 99Dyg.05Nb307,
HLag 9oDyg.05Nb;07, PEI/LagggDygosNb,O7 and its heat-treated
and UV-exposed products are shown in Fig. 3. The absorption
edge of PEI/LagggDyg05Nb,07 nanocomposite was observed at
425 nm, which is red-shifted with respect to those of the bulk
precursors KLagggDygo5Nb,07 and HLaggoDygosNb;07, whose
absorption edges are 381 and 398 nm, respectively. The red
shift of PEI/LagggDygo5Nb207 was probably attributed to the
charge-transfer (CT) transition of O — Dy, similar to that of the
Lag.9oDyo.05Nb207 nanosheet suspension (discussed below). After
heat treatment and UV-exposure, the absorption peak at about
280 nm remained almost unchanged while the absorption edge
was further red-shifted. The lattice strain from the doped Dy3*
is prominent in such treated samples, and the dopant effect may
result in this red shift.

3.2. Characterization of nanosheet

It was found that the Lag g9 Dyg 05 Nb; 07 nanosheet colloidal sus-
pension is stable at the pH range of 4-10. A typical AFM image
of Lag 9oDyo.05Nb207 nanosheets adsorbed on a PEI-coated quartz
glass demonstrates that the unilamellar nanosheets have an aver-
age thickness of ~1.13nm with several hundred nanometers in
lateral size (Fig. 4). This value is closed to the estimated value
(1.07 nm) from the crystallographic data [28]. The slightly larger
value might come from the adsorption of oxonium and TBA*
ions, which is similar to other oxide nanosheets [13,31]. These
nanosheets are irregular in shape, suggesting breakage or fracture
of the sheets during delamination process.

The UV-vis absorption spectrum of the nanosheet colloidal sus-
pension is shown in Fig. 5, showing two peaks at 230 and 320 nm.
In the nanosheets, the conduction band is composed of the 3d
orbits in Nb>* and the 4d and 4f orbits in Ln3*, and the valence
band consists of the 2p orbits in 0%~. The conduction band of
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Fig. 4. Tapping-mode AFM images of LaggoDyo.05Nb,07 nanosheet film (a) and its
cross-sectional profile (b).

the Nb-O system position in a higher position than that of Ln-O
system [5,33]. The absorption centered at 230 and 320nm can
thus be ascribed to the photogenerated electrons excited from
the valence band to the conduction band components contributed
by Nb>* and Ln3*, respectively. The absorbance of the exfoliated
nanosheet suspension was found to exhibit a Lambert-Beer’s rela-
tionship (the top insert of Fig. 5). The molar extinction coefficients
were determined as 2.11 x 10 mol~! dm3 cm~! at 230nm and
2.09 x 103 mol-'dm3 cm~1 at 320nm, respectively. The bottom
insert of Fig. 5 displays a typical photograph of the translucent
opalescent colloidal suspension. Clear Tyndall light scattering was
reflected from its colloidal nature.
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Fig.5. UV-visabsorption spectrum of the colloidal suspension containing the exfoli-
ated Lag 9o Dyo,05Nb, 07 nanosheets, where the relationship between the absorbance
and the concentration is plotted in the top insert and a photograph of a colloidal
suspension with the Tyndall scattering effect is shown in the bottom insert.
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Fig. 6. UV-vis absorption spectra of the multilayer film (PEI/Lag90Dy0.05Nb207)10
monitoring sequential deposition of number. The insert indicates the relationship
between the absorbance at 230 nm and the deposition cycle.

3.3. Film fabrication

Employing a LBL assembly method, the multilayer was achieved
by alternately immersed the substrate in a protonic PEI aqueous
solution and a negatively charged nanosheet colloidal suspension.
After repeating the dipping cycles several times, a transparent
multilayer film composed of n layers of (PEI/LagggDyg.05Nb207
nanosheet), was obtained. UV-vis absorption of the film was mon-
itored immediately after each deposition cycle (Fig. 6). The nearly
linear increase in peak absorbance at 230 nm with the deposition
cycle n, as displayed in the top insert of Fig. 6, provides evidence
for the successful multilayer buildup with approximately equiva-
lent absorbance in each deposition cycle, confirming the stepwise
growth of multilayer film.

The powder XRD pattern of the as-deposited
(PEI/Lag.goDyg.05Nb207)19 multilayer film is shown in Fig. 7a.
The (010) reflection at 26 =4.15° with the intersheet distance of
2.13nm can be ascribed to the nanostructure arising from the
repeating PEI/nanosheet unit, close to that of PEI/Lag g9 Dyg.05Nb2 07
flocculation. Exposing the (PEI/LaggoDyg.05Nb207)19 multilayer
film to UV light allowed the photocatalytic removal of the PEI
moiety, due to the photocatalytical nature of the semiconductor
nanosheets [1,34]. The intersheet distance was decreased with
the UV light irradiation time (the insert of Fig. 7). After UV light
exposure for 12 h, the peak was shifted to a higher angle 7.65° with

Distance / nm
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Intensity

20/°

Fig. 7. XRD patterns for the multilayer films of (PEI/LaggoDyo005Nb207)10: as-
deposited (a), after UV light exposure for 12 h (b) and after heat-treated at 450°C
for 2h (c). The intersheet distance is plotted against the UV light exposure time in
the inset.
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Fig. 8. Normalized absorption spectra of (PEI/LaggoDyo.05Nb207)10: as-deposited
(a), after UV light exposure for 12 h (b) and after heat-treated at 450°C for 2 h (c).

a duplicated distance of 1.15 nm between the nanosheets (Fig. 7b).
This intersheet shrinkage can be explained as the degradation of
the intercalated PEI polymer layer due to the photocatalytic activity
of the lanthanoniobate nanosheets, similar to the PDDA/Tig g0,
and PDDA/Nb3Og multilayer films [3,32]. On the other hand, after
the (PEI/Lag.g9Dyo.05Nb207)1¢ multilayer film was heated at 450°C
for 2 h to move the organic components, similar XRD profile was
obtained, which exhibits a peak at 20=7.88° with d-spacing of
1.12 nm (Fig. 7c). The periodicity of 1.15 or 1.12 nm is similar to the
thickness of lanthanoniobate nanosheet (1.13 nm) detected in the
AFM analysis above and somewhat greater than the theoretic value
(1.07 nm) [28]. The residue after the post-treatments was curtained
as ammonium and/or oxonium ions in the intersheet galleries,
along with some water molecules [3,19,31]. The broad peaks may
be related with the misalignment of the nanosheet crystallites
[20]. Such polymer-free multilayer films of LagggDyggs5Nb207
nanosheets allow us to perform the following PL experiments to
avoid the possible interference with the intercalated polymer.

The comparison between the UV-vis absorption spectrum of
(PEI/Lag.g9Dyg.05Nb207)10 film and its corresponding post-treated
samples is shown in Fig. 8. Since PEI shows negligible absorption
in the measured wavelength range of 200-800 nm, the absorption
profile of the nanosheet film is similar to that in the form of colloidal
suspension. After UV light exposure for 12 h, no apparent change in
UV-vis spectra was observed. In contrast, after heat treatment at
450°Cfor 2 h, the peak at around 230 nm with respect to that for the
as-prepared film was broadened, the broad peak at 320 nm disap-
peared and the absorption edge blue-shifted. As mentioned above,
the heat treatment made more the residual species evaporate from

the intersheet galleries, and introduced more lattice strain than
that from the UV light exposure. The lattice strain would make the
absorption edge blue-shifted.

3.4. Photoluminescence properties

The PL spectra of the bulk layered compound
KLaggoDyoo5Nb,07 and the protonated HLaggoDyo.o5Nb207
are shown in Fig. 9. For these two phases, broad direct excitation
from the lowest ground state ®H;s, to various 4f> states of Dy3*
was observed, whereas no host excitation-mediated luminescence
was observed at room temperature. The general observed peaks
distribution due to the intra-4f transitions of Dy3* is similar to those
of Dy3*-photoactivated phosphors [27,35]. Rosa et al. proposed
that the high symmetry of the substitutional Dy3* photoactivators
in matrix lattice can lead to broad excitation peaks [27]. Therefore,
the broad appearance of excitation peaks for the two present
phases may suggest that the Dy3* ions in KLagggDyg o5Nby07 or
HLag 99Dy, 05Nb, 07 are mainly substituted at the La3* sites with
high symmetry, that is, at the 12-fold coordination sites of the
La3* cation within the KLaNb,0O; or HLaNb,07 crystal lattice. As
mentioned above, the UV-vis absorption peaks below 330 nm of
the bulk compounds I(Lao'goDyO_o5Nb207 and HLao.goDyO_05Nb207
were observed, due to the bandgap transitions (Fig. 3). The
absence of this host excitation-mediated luminescence in the two
present phases suggests the existence of significant nonradiative
relaxation, as observed in Sm3*-doped KLaNb, 0, bulk layered per-
ovskite [12] and other Ln-doped oxides [36,37]. Excited at 388 nm,
the emission spectra of the two present phases exhibit two main
peaks, one in the blue region centered at 480 nm (*Fg; — 6Hys)2)
and the other one in the yellow region at 576 nm (*Fgj; — 5Hys)2),
both characteristic of the Dy3* photoactivator [38]. It is known
that the 4Fg/; — SHysp, transition is a magnetic dipole transition,
which is independent of the site symmetry at which Dy3* ion is
situated, while the 4Fg, — SHy3, transition is an electric dipole
transition, which is especially sensitive to its surrounding and is
allowed only at low symmetries with no inversion center [25-27].
When the Dy3* ion is located at a low-symmetric site, the hyper-
sensitive transition (yellow, 4F9/2 — 61—[13/2) is often prominent in
its emission spectra [39]. As displayed in Fig. 9, the intensities
of two emissions are nearly equivalent with each other, further
indicating that the amount of Dy3* into the interstitial or defect
sites of KLaNb, O~ crystal structure is very small and that into the
La3* substitutional positions is prominent. The protonated bulk
layered compound HLag ggDyg 95 Nb,07 exhibits similar emissions
to the pristine I(La(),g()Dy0.0sszom
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Fig.9. Photoluminescence excitation (A) and emission (B) spectra of bulk precursors KLag 9o Dyo,05 Nb2 07 (a) and HLag 9o Dyo.05 Nb2 07 (b). The excitation spectra were monitored

at 576 nm, and the emission spectra were obtained under excitation at 388 nm.
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Fig. 10. Photoluminescence excitation (A) and emission (B) spectra of exfoliated LaggoDyo05Nb,0- nanosheet. The excitation spectra were monitored at 576 nm, and the
emission spectra were obtained under excitation at 330 and 388 nm, respectively. The inset in A indicates the enlarged excitation spectrum between 370 and 440 nm.

The PL spectra of the exfoliated Lag goDy.05Nb>0O7 nanosheet in
colloidal suspension (2 x 10~> M) are shown in Fig. 10. The exfo-
liated nanosheet suspension exhibits the emission characteristic
of Dy3* photoactivator, the blue 4Fg/; —SHysp, transition cen-
tered at 480 nm and the yellow “Fg, — SHy3), transition centered
at 573 nm. The slight shift of 3nm for the #Fqj; — SHy3p transi-
tion with respect to those of the bulk precursors is likely to be
due to the different relative intensities of its Stark components
rather than the nephelauxetic effect because of the covalent inter-
action strength difference between the activators and the hosts,
similar to the case for LagggEugosNb,0O; nanosheet [12]. How-
ever, the excitation spectrum of the exfoliated LaggoDyg.05Nb;07
nanosheet suspension is very different from those of the bulk
compounds KLag ggDyo05Nb,07 and HLag ggDyg05Nb,07. A broad
excitation band centered at 330 nm was clearly observed for the
Lag 9oDyo.05Nb,07 nanosheet (Fig. 10A). This broad band consider-
ably differs from the excitation spectrum of the bulk compounds,
but closely resembles the bandgap absorption with a maximum
at 320nm (Fig. 5). Therefore, this broad excitation band cannot
be attributed to the direct Dy3* excitation transition [40,41], but
it is likely based on the energy transfer from the bandgap excita-
tion to the Dy3* photoactivators within the nanosheet host. The
O-Ln CT transition is likely to contribute to this excitation band, as
suggested for other Ln-activated oxide phosphors [5,12-16,42,43].
Furthermore, the emission by direct Dy3* excitation was signifi-
cantly and preferentially quenched after exfoliation. The emission
through host excitation is far more prominent than that through
direct Dy3* excitation for the Lag ggDyg 05 Nb, 07 nanosheet.

It is well-known that photoluminescence intensity is related
to the degree of the nonradiative relaxation process, which is
largely affected by energy trapping [13,37]. A model for the energy
transfer in the Lag 9gDyg.05Nb2 0~ nanosheet is proposed in Fig. 11.
The fact that emission intensity from the direct excitation (pro-
cess 2) of Dy3* in the nanosheet is negligibly small suggests that
the nonradiative relaxation through the excited 4f states of Dy3*
(processes 12 and 13) via trapping states has higher transition
probability than that through host excitation (processes 11 and
13), and the host excitation-mediated processes 3 and 4 have
relatively high transition probability. In the form of nanosheet
suspension, the host excitation energy has to be transferred
within the perovskite sheet and the intersheet energy migra-
tion should be minimized. Therefore, the exfoliated nanosheet has
more efficient host to photoactivator energy transfer than its bulk
precursors KLagggDygosNb;07 and HLagggDygo5Nb,07, which
have considerable intersheet interactions and make nonradiative
relaxation (processes 7-9) significant. The previous reported Ln-
doped layered phosphors are consistent with this expectation

[5,10-13,36,37]. It is noted that the nanosheet has far larger sur-
face than those of the bulk layered compounds, which makes the
nanosheet can absorb more energy and the energy must be easier
transferred from the nanosheet host to the Dy3* photoactivators
than that in the bulk layered compounds. The nonradiative relax-
ation in the direct Dy3* excitation-mediated processes is likely
related to the energy trapping states, from which energy dissipates
to the factors such as vibrations of surfactants. It was observed
that such nonradiative relaxation channels are provided by the
vibrations of the adsorbed species such as OH—, H,O or H30" in
the Ln-photoactivated materials [5,12,36,37]. The large surface of
the nanosheet makes such contribution from the adsorbed species
significant, and subsequently results in the decreased emission
intensity of the nanosheet. As shown in Fig. 10A, the host excitation-
mediated emission has a greater intensity than the direct Dy3*
excitation-mediated emission. It indicates that the trapping state
is positioned near the excited 4f states of Dy3*, which elevates the
probability of process 12 rather than 11.

The excitation spectra of the as-prepared
(PEI/Lag.goDyo.05Nb207)19 multiple film and its post-treated
samples are displayed in Fig. 12A. Different from the bulk com-
pounds KLag goDyg g5 Nb,07 and HLag g9Dyg,05Nb, 07 but similar to
the exfoliated Lag 9o Dyg.05Nb, 07 nanosheet, each present material
has a broad and intensive band between 240 and 350 nm from the
host excitation-mediated luminescence and an almost indistin-
guishable form above 350 nm from the direct Dy3* excitation. The
intersheet interactions in these cases are expected to be weakened
with respect to the bulk compounds KLagggDygos5Nby07; and

various
— 4f° states

> *Fon

2 6

6

Hy

Fig. 11. A model for the energy transfer leading to photoluminescence in the
Lap.90Dyo.0sNb, 07 nanosheet system.
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HLag 9oDyg,05Nb;07, and the intersheet energy migration asso-
ciated with the nonradiative relaxation (processes 7-9) thus be
reduced. On the other hand, the adsorption properties of the films
are expected to be similar to that of the nanosheet, which makes
the nonradiative relaxation through the direct Dy3* excitation
(processes 12 and 13) significant. These factors make the host
excitation prominent. The as-deposited (PEI/LaggoDyg05Nb07
nanosheet);o multilayer film shows two main peaks at 275 and
303 nm in its excitation spectrum. Two peaks at 275 and 314nm
were observed after UV light exposure and only one main peak
at 270nm was observed after heat-treatment at 450°C. These
excitation peaks coincide with their bandgap absorptions (Fig. 8).
As mentioned above, the bands centered at 230 and 320nm in
their UV-vis absorption spectra are originated from the transitions
through the valence band (VB), composed of the 2p orbits in 0%~ to
the conduction band (CB) components composed of the 3d orbits
in Nb5* and the 4d and 4f orbits in Ln3*, respectively. Therefore,
the excitation peaks at around 270 nm are attributed to the energy
transfer from the Nb-O network to Dy3* in the nanosheet host
and the broad excitation bands between 303 and 330 nm are likely
based on the energy transfer from the bandgap excitation to the
Dy3* photoactivators through the O-Dy CT transition, similar
to other Ln-activated nanosheet phosphors [5]. The transition
probability from the Nb-O network to Dy3* may be related to the
different defect states in these materials. Stronger lattice strain was
introduced after heat treatment, which makes the energy transfer
more effective and this excitation sharper and more intensive
[36,44,45]. Electrons promoted to CB decay nonradioactively to
the recombination band associated to the traps produced by the
presence of defects [27,44]. From this metastable band electrons
decay to VB and produce the broad emission.

The Dy3* characteristic emission in the as-prepared
(PEI/Lag.g9Dyg.05Nb207)19 multiple film and its post-treated sam-
ples give two emission peaks and the blue emission (4F9/2 — 6H15/2)
is prominent. The emission peaks exhibit slight shifts with respect
to the bulk precursors and the nanosheet suspension. Their blue
4F9/2 — 6H15/2 transition are centered between 477 and 480 nm and
their yellow “4Fg, —®Hy3p transition between 572 and 576 nm.
Like the case for LagggEugosNb,O7 nanosheet [12], these slight
shifts are proposed to be due to the different relative intensities of
its Stark components. As mentioned above, if the Dy3* site has high
symmetry, the electric dipole emission (*Fg;; — ®Hj3/2) is weak
and the magnetic dipole transition (4Fg/2 — 6H15/2) becomes rela-
tively stronger. The ratio between the two transitions Iyejiow/Ibiue
is a measure of the site asymmetry in which the Dy>* is situ-
ated. The ratios for the as-prepared (PEI/LaggoDyo05Nb207)10
multiple film and its post-treated samples after UV light

exposure for 12h and after heat-treated at 450°C for 2h are
0.63,0.61 and 0.85, respectively. These values are lower than those
of KLao_goDyo.osNb207 (1.03), HLaO.goDy0.05Nb207 (0.99) and the
Lag 9oDyo.05Nb207 nanosheet (0.93). In general, the surrounding
of Dy3* in the Lag.goDyo,05Nb,05 lattice be possibly influenced by
the factors such as the introduced defects, the local adsorption
of chemical species and the physical lattice distortion, similar
in Dy3*-activated nanoparticles [27,36,44,45]. The observations
indicate that the symmetry of the Dy3* sites might increase in the
film forms and that the factors can put into effects much more
easily in a nanosheet and its films than in the parent bulk materials,
which makes the Iyejow/Ibiue ratio decreased. The larger distortion
after heat treatment gave a greater increase in the blue emission.

4. Conclusions

In the present paper, the Dy3*-activated perovskite nanosheet,
Lag.9oDyo.05Nb,07, was achieved by chemically exfoliating the lay-
ered perovskite KLag goDyg 05 Nb>07 and the exfoliated nanosheets
were assembled into multilayer films using the LBL electrostatic
deposition technology. The LaggpDyg05Nb;07 nanosheet and its
multilayer films exhibit intense emission by the host excitation
and negligibly low emission by the direct Dy3* excitation, while
the photoluminescence emissions of the bulk precursors are largely
dominated by the direct Dy3* excitation rather than the host exci-
tation. The relative enhancement of the host excitation-mediated
photoluminescence of LagggDyg05Nb207 nanosheet is based on
the energy transfer from the efficient O-Dy CT transition to Dy3*,
and the enhanced emission of the multilayer films is attributed
to the efficient energy transfer from both of the O-Dy CT transi-
tion and the O-Nb network to Dy3*. Dy3* in the Lag ggDyg,05Nb,07
nanosheet and the nanosheet-based films gives two emission
peaks and the blue emission is prominent in the films. It is much
important to modulate the excitation and emission wavelengths
for many of the practical phosphor applications. Based on this
relative enhancement of the host excitation-mediated photolumi-
nescence by exfoliating bulk Ln-photoactivated layered phosphors
into nanosheets and assembling nanosheets into multilayer films,
it is expected to develop a new approach for designing practical
phosphor materials.
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