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ABSTRACT: Nanosheets, which are ultrathin inorganic crystals,
have the potential to exhibit unique surface states and quantum
effects. These nanosheets can be further manipulated to form
lamellar structures for the fabrication of advanced hybrid nanoma-
terials. Here we report that conventionally nonluminescent ceria
yields intense UV photoluminescence with an internal quantum
yield (QY) of 59% when self-organized into a nanosheet lamellar
architecture with dodecyl sulfate (DS) bilayers. The origin of
luminescence exist at the organic/inorganic interfaces, where surface
Ce’" ions of ceria nanosheet layers graft with DS anions to activate
radiative Sd—4f transition.
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B INTRODUCTION Ceria (CeO,_,) exhibits multifunctional properties involving
high mechanical strength, oxygen ion conductivity, oxygen
storage capacity, and strong UV absorption properties as well as
photochemical activities, while doping of rare earth ions such as
Eu**, Tb*, and Er’' into ceria is investigated to yield well-
defined luminescence.”>™'7 To date, ceria nanostructures such
18,19 20,21 22
as nanorods, nanocubes, and nanotubes™ have been
examined to tune the physical/chemical properties for the such
applications. In the present study, we have investigated
. . . . nanoscale lamellar hybrids based on ceria NSs. We discover
motivated a number of extensive studies to synthesize and . . ) )

. . . 2 .10 3-6 that undoped ceria that is conventionally nonluminescent
characterize novel NSs involving metals,” oxides,” "~ hydrox- o . . :
178 9,10 exhibits very intense UV photoluminescence at 380 nm with a
ides,”” and sulfates.” L . o

_— . ) high internal quantum yield (QY) of ca. 59% when self-
Furthermore, the nanoscale hybridization of inorganic NSs o S
o . . organized into a nanosheet lamellar hybrid with dodecyl sulfate
with ions, clusters, and molecules can offer dense integration of

. . . 11,12 (DS) anions. Spectroscopic studies reveal that the ceria-DS
unique interface properties at the bulk scale. For example, layered hybrid yields efficient Ce** 4f—5d radiative transitions,
Sofos et al. have reported that 1 nm thick sheets of

here the lumi t path i hed significantly i
polycrystalline ZnO with interlayer organic dyes exhibit the Z\;;\f:ntioilalu rclllrril:i(;elzteg;a‘:e?i’allss qienched slghiiicanty in
highest photocurrent for organic, hybrid, and amorphous '

silicon by selective excitation of the dyes.'” Our research B EXPERIMENTAL SECTION

group has synthesized titania nanosheet-based layered materials

For a decade, chemistry has contributed to the synthesis of
nanomaterials with precisely controlled structures, chemical
compositions and properties. Nanosheets (NSs) are promising
next-generation nanomaterials. The two-dimensional anisotro-
py and nanoscale thickness provide two-dimensional quantum
effects and unique surface bonding states, which potentially give
rise to outstanding physical and chemical properties such as
those discovered in graphene." These promising features have

Synthesis of Ceria NS-DS Hybrid. aqueous solutions of

with lanthanide ions as guest species,'”'* which allows to the Ce(NO,);-6H,0 (0.05 M, Wako, 99.5%), sodium dodecyl sulfate
high luminescent sensitivity depending on humidity as well as (SDS; 0.1M, Wako, 99.5%), and hexamethylenetetramine (HMT; 2 M
applied voltage. These studies have successfully employed Wako, 99.5%) were prepared with Milli-Q water. Twenty millilters of
layered structures to synergistically enhance the active proper- cerium nitrate solution was added to a mixed solution of 10 mL of
ties of nanosheets and intercalated materials. It is also SDS and 1 mL of HMT and 20 mL of water in a SO cm® vessel. The
significant that the lamellar material could be synthesized

using a nontoxic aqueous solution method with inexpensive Received: November 27, 2011

metal salts, which realizes novel device fabrication that is cost- Accepted: January 18, 2012

effective and eco-friendly. Published: January 18, 2012
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mixed solutions were heated at 80 °C for 6 h. After the reaction,
precipitates were obtained by centrifugation and washed with distilled
water and ethanol, and then dried at room temperature (RT) under
vacuum.

Synthesis of Reference Ceria NPs and Surface Modification
with DS. Twenty milliliters of cerium nitrate solution was added to a
mixed solution of 1 mL of HMT and 20 mL of water in a 50 cm®
vessel. The mixed solutions were heated at 80 °C for 6 h. For the
surface modification, products (ceria NPs) were dispersed in 0.1 M
SDS aqueous solution under vigorous stirring for 1 day, and then
collected by centrifugation and washed with distilled water and
ethanol, and finally dried at room temperature (RT) under vacuum.

Exfoliation of Ceria NS-DS Hybrid into Unilamellar NSs. The
dried product was dispersed in formamide (Wako, 99.5%) by
ultrasonic treatment. A stable colloidal solution of exfoliated
nanosheets was obtained after centrifugation at 3000 rpm for 20 min.

Characterizations. the crystal structures were analyzed from XRD
(Rigaku RINT-2500VHF) patterns obtained using Cu Ka radiation (4
= 1.54056 A). The thickness of the exfoliated nanosheets was
confirmed by AFM (Veeco Nanoscope-V) measurements. PL spectra
were obtained using a spectrofluorometer (Jasco FP-6500) with a 150
W Xe lamp at room temperature. The excitation and emission spectra
were corrected for the spectral distribution of the Xe lamp intensity
using thodamine B (5.5 g/L, ethylene glycol solution) and a reference
light source (Jasco ESC-333). The QY and UV—vis reflectance spectra
were measured using a spectrofluorometer with an integrating sphere
(Jasco ILF-533). The internal quantum yield (QY,,) can be obtained
by the following equation.

QY = Nem/ (Nine = Nief)

Where N, is number of photons emitted by the sample, N is
number of photons irradiated on the sample, N, is number of
photons reflected by the sample and the standard.

The accuracy of the QY measurements was confirmed by
measurement of a standard quinine sulfate solution. The incident/
detection wavelengths for UV—vis reflection spectroscopy were
controlled to be the same. Luminescent decay time was measured
using a Hamamatsu Quantaurus-tau measurement system. The sample
was excited on 280 nm for the measurements. XPS measurements
were performed in a vacuum less than 1 X 1077 Pa using a
spectrometer (Thermo Scientific Sigma Probe) equipped with a
monochromatized X-ray source (1486.6 €V). Electrons emitted from
the samples were detected by a hemispherical energy analyzer
equipped with six channeltrons. The overall energy resolution for
XPS was below 0.55 eV (on Ag 3d;,, with a pass energy of 15 eV).
The XPS peaks were deconvoluted using Gaussian components after
Shirley background subtraction. Raman spectroscopy was performed
using a micro-Raman spectrometer (Jasco NRS-3100) with a $32 nm
excitation source at room temperature. Field-emission scanning
electron microscopy (SEM; Hitachi, SU-8000) was performed in
secondary electron imaging mode with an acceleration voltage of 5 kV.
The room temperature infrared (IR) Fourier-transform spectra were
recorded on a Jeol JIR-7000 spectrometer. The products (20 mg) were
thoroughly ground with (400 mg) potassium bromide powder (KBr
for IR, Wako), and subjected to IR analysis.

B RESULTS AND DISCUSSION

We have synthesized lamellar hybrids based on ceria nano-
sheets for the first time by a simple aqueous solution route. In a
typical synthesis, Ce(NO,); solution is added into a mixed
solution of hexamethylenetetramine (HMT) and sodium
dodecyl sulfate (SDS) with a molar ratio of Ce/DS of 1, and
subsequently heated at 80 °C for 6 h. Synthesis generally yields
submicrometer thickness plates that are several micrometers
wide (see the Supporting Information, Figure S1). X-ray
diffraction (XRD) patterns (Figure 1a) of the lamellar product
have sharp (001) basal reflections labeled with asterisks in the
low angular region (up to 35°), which indicates a highly
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Figure 1. (a) XRD pattern of ceria NS-DS hybrid; asterisk indicate
(001) reflections from a lamellar structure. (b) Low-magnification
TEM image and ED pattern. (c) Cross-sectional HRTEM image; an
inserted fast-Fourier transform (FFT) image presents a ring pattern
that can be indexed in the cubic fluorite CeO, phase (JCPDS #34—
0394).

developed lamellar structure with the basal spacing of 3.2 nm
calculated with Bragg’s equation using the theta value of (001)
reflection. No remarkable reflections from known cerium-
containing oxide, hydroxide, or carbonate phases were observed
over the entire range measured, which suggests an extremely
thin Ce-based inorganic layer.

A selected electron diffraction pattern (SAED) of the
lamellar structure gives a distinct ring pattern that can be
indexed in the ceria phase (Figure 1b) (JCPDS #34—0394),
which suggests that the ceria layers are polycrystalline
throughout the entire lamellar architecture. High-resolution
transmission electron microscopy (HRTEM) (Figure 1c)
confirms that the lamellar structure is composed of alternating
layers of approximately 1.5 nm thick ceria layers (dark) and 2
nm thick DS bilayers (bright). The 1.5 nm ceria layer is
approximately three times that of the CeO, lattice constant
(0.54 nm), while consideration of the DS molecular length (ca.
1.9 nm) suggest that the 2 nm thick DS bilayer consists of DS
anions tilted with respect to the nanosheet surface. Careful
observation reveals that the individual nanosheet layer contains
two-dimensionally connected nanosized grains with no
preferential orientation (also see Figure Sb), which accords
well with the SAED study. The formation mechanism of
polycrystalline ceria layers is described as follows. Although
trivalent rare earth (Re) ions generally favor Re(IIl)-hydroxide
formation in a reaction with a base solution, Ce(OH); is known
to be unstable under the given reaction conditions, so that ceria
(oxide) is produced with partial oxidation and dehydration of
cerous hydroxides.”” In fact, ceria nanoparticles (10 nm in an
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average size) were formed when the synthesis was performed
without the SDS additive (see the Supporting Information,
Figure S2). On these bases, single-crystal-like Ce(OH); layers
are likely formed between DS bilayers during the initial growth
stage, and then ceria nanocrystals are nontopotactically
nucleated in the hydroxide matrix. The proposed mechanism
is similar to that for the formation of ZnO lamellar, where a
Zn(OH), nanosheet layer with preferential crystallographic
orientation is nontopotactically converted to a two-dimensional
ZnO nanosized grain network when annealed at 150 °C in
air.'”” Note that optimization of the reaction conditions was
cruc1al for the successful formation of the ceria-DS lamellar
structure. If the reaction temperature was increased to be 120
°C, or amount of SDS was decreased to adjust the molar ratio
of Ce/DS to be 2 in a starting solution, ceria nanoparticles were
predominantly formed (see the Supporting Information, Figure
S2).

Further structural information was provided by Raman and
IR spectroscopy. The Raman spectrum (Figure 2a) shows a
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Figure 2. Raman and IR spectra for ceria lamellar NS-DS hybrid and
SDS powder.

strong band at 464 cm ™" that corresponds to a triply degenerate
Raman-active phonon of the cubic CeO, fluorite phase with the
space group Fm3m,”® which supports that the inorganic layer is
based on the ceria phase rather than other cerium-based
compounds. The DS layers in the lamellar structure provide the
other Raman bands. In particular, strong bands detected in
1000—1200 cm™' region correspond to symmetric OSO;
vibration,”* of which the peak positions are close to those
from SDS, while the relative peak-intensities in each spectrum
are significantly different, suggesting a unique geometry of DS
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anions between ceria layers. In the IR spectra of ceria NS-DS
hybrid and SDS powder (Figure 2b), a series of bands in the
2750—3000 cm™" region are attributable to the symmetric and
asymmetric stretching of the CH, groups and the terminal CH;
group. The bands around 3400 cm™" are attributed to the O—H
stretching. From 1100 to 1350 cm™', the s ectrum exhibits
asymmetric stretching bands of OSO; group.”® In this region,
SDS powder gives a main band at 1220 cm™!, whereas the band
appears at 1175 cm™ for the ceria NS-DS hybrid. The vibration
mode corresponding to the band is parallel to the DS anion and
therefore is sensitive to dlrect contact with surfaces.>*
According to the literature,”® adsorption of DS anion on
various metal oxides (TiO,, ZrO, ALO;, and Ta,0;) slightly
shifts the band position within 10 cm™ via electrostatic
interactions through the surface hydroxyl groups. In the present
case, the shift in the band position is remarkably large (45
cm™'), which suggests that SO;~ moiety directly coordinates
with the Ce ions at the ceria nanosheet surfaces.

Although undoped ceria can show photoluminescence given
by hopping from defect levels to the O2p band,”’~*° such
defect-mediated luminescence is weak in general because of
nonradiative pathways induced simultaneously by defects.
However, surprisingly, undoped ceria NS-DS layered hybrid
displayed violet luminescence clearly visible to naked eyes upon
UV light irradiation (254 nm) with Hg lamp, while no
luminescence was observed for SDS powders as well as
reference 10 nm-size ceria nanoparticles (NPs) synthesized
without SDS. Therefore, in the present case, individually
nonluminescent ceria and DS anions are self-organized in a
nanoscale lamellar architecture to produce luminescent
functionality, which can be described as “self-functionalization”.
The photoluminescence (PL) emission spectra (Figure 3)

Emission
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4_,\.

SDS Powder ( x 100)
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v T T T
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Figure 3. PL emission spectra (excited at 280 nm) and excitation

spectra (monitored at 380 nm) for ceria NS-DS hybrid, reference ceria
NPs, and SDS powder.

demonstrate that the luminescence is decomposed in two
bands at 373 and 396 nm with full-width at half maxima
(fwhm) of approximately 25 and 45 nm, respectively. The
double-peak luminescence suggests direct emission from the *D
(5d') state of Ce®* to the two split 4f' ground states of *Fs/,
and ?F,, caused by spin—orbit coupling,*" while the excitation
spectrum monitored at 380 nm emission (Figure 3) shows a
band around 284 nm attributable to the Ce** 4f—5d transition.

dx.doi.org/10.1021/am201613z | ACS Appl. Mater. Interfaces 2012, 4, 1010—1015
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Figure 4. (a) UV—vis reflection and (b) Ce3d XP spectra for ceria NS-DS hybrid and reference ceria NPs.
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Figure S. (a) Low-magnification image of an exfoliated nanosheet. (b)) HRTEM image of a part of the nanosheet. (c) AFM image of exfoliated

nanosheets.

The lamellar hybrid offers a very high QY (59%) of UV
luminescence upon excitation at 280 nm. The decay constant of
this band was measured to be approximately SO ns (Supporting
Information, Figure S3). This value is comparable to those
previously reported for Ce**-activated phosphors,**** which
evidenced that the Ce®" ion is responsible for the UV emission
band.

UV—vis diffuse reflectance spectroscopy was performed to
further elucidate the emission mechanism for the lamellar
hybrid (Figure 4a). Both the ceria NS-DS hybrid and reference
NPs show strong absorption in the UV region from an 0>~ —
Ce*" charge transfer (CT) transition.** Lamellar hybrid exhibits
an enhanced absorption band at ca. 270 nm due to the 4f—5d
absorption, in addition to the CT band. The O*—Ce* CT
band does not overlap with the PL excitation spectra for the
ceria NS-DS hybrid; therefore, this excitation process is not
involved in the luminescent mechanism.

XPS data (Figure 4b) shows that the ceria NS-DS hybrid
involves remarkably high concentration of Ce®*. The Ce®'/
(Ce* + Ce’') atomic ratio, calculated from the peak areas
using the deconvolution procedure,” corresponded to 0.48 and
0.28 for the lamellar hybrid and reference ceria NPs,
respectively. Although the XPS analysis might overestimate
the Ce®* concentration due to the reduction of Ce*" to Ce®"
during measurements preformed under high-vacuum con-
ditions,®® it is commonly accepted that the ceria surface
strongly favors Ce® formation,”” and therefore, the higher
Ce**/(Ce* + Ce") atomic ratio of ceria NSs than ceria NPs
should be given by the significantly high surface to volume ratio
due to the extremely thin thickness of NSs. It is notable that,
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according to the XPS and TEM-EELS investigations, ceria
nanoparticles with tiny sizes can show such high or even higher
concentrations of Ce® spices while keeping the fluorite
phase;w’39 however, 5d—4f (Ce**) luminescence form those
nanoparticles are quenched, as the Ce®* ions at nanoparticle
surfaces strongly favor bonding with OH groups, which is a
very effective quenching ligand because of its large vibrational
energy. On the other hand, surface Ce®* ions of ceria
nanosheets in the lamellar structure were passivated by
sulfonate-moiety, as indicated by IR analysis, and the number
of nonradiative pathways due to the OH groups should be
reduced significantly. It is worth mentioning that the 5d orbitals
of Ce®* ions are sensitive to the ligand sphere, so that many
organic ligands have been found to quench Ce®" luminescence
upon complexation; organic ligands that effectively activate
Ce® luminescence remain rather rare, for example, diazapo-
lyoxabicyclic ligands (cryptands) and polybenzimidazole
tripodal ligands allow radiative Sd—4f transitions.”>*’ There-
fore, DS anion could play a crucial role to give luminescent
functionality in addition to the formation of the layered
structure. It is also notable that Ce’* 4f—5d radiative
transitions were not detected for the referenced ceria NPs
even after surface-modification with DS anion by mixing these
NPs and SDS aqueous solution, whereas IR analysis confirmed
that the sample involved DS (see the Supporting Information,
Figure S4), indicating that the nanoscale layered structure is
greatly contributed to luminescent properties. So far, we have
proposed that the formation of dense integration of interfacial
Ce’*-sulfonate centers in the lamellar structure could give
excellent luminescent properties to the ceria NS-DS hybrid.

dx.doi.org/10.1021/am201613z | ACS Appl. Mater. Interfaces 2012, 4, 1010—1015
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We also investigated in the exfoliation of the lamellar
structure into unilamellar nanosheets, which are highly
attractive as building blocks for the fabrication of nano-
structured devices. TEM observation (Figure Sa) showed that
the presence of nanosheets, and HRTEM image (Figure Sb) of
a part of the unilamellar nanosheet demonstrated that they are
composed of ceria nanocrystals connected two-dimensionally.
The atomic force microscopy (AFM) image (Figure Sc) shows
that the nanosheet thickness was ca. 2 nm, which is much
thinner than the basal spacing determined from XRD data (3.2
nm) and is rather close to the thickness of the ceria layer
observed by HRTEM (1.5 nm), which indicated that DS anions
were removed from the ceria surface during the exfoliation
process. Along with the products well-defined sheetlike
morphology, small ones (size less than 100 nm) are also
observed, though their thickness is uniform (ca. 2 nm). This
observation indicates that the ceria layers were not robust due
to the polycrystalline nature so that they were broken partially
by the exfoliation process. We note that the photoluminescence
was quenched drastically by the exfoliation process (see the
Supporting Information, Figure S5), which can be interpreted
that replacement of DS™ with OH™ and/or formamide upon
the exfoliation quenched the luminescence.

Traditionally, rare earth activated phosphors have been
explored based on inorganic materials such as metal fluoride,
oxides, sulfates, and nitrides or complexes,41 whereas in the
present study, we could have established inorganic/organic
layered phosphors with interfacial luminescent centers where
the luminescent properties could be, in principle, controlled by
appropriate selection of the nanosheet and organic layers. Such
novel phosphors may further develop luminous sources for
lasers, displays, and fluorescent lamps. In particular, ceria-based
lamellar hybrid phosphors are potentially applicable in sensors,
because of the redox properties based on reversible oxidation/
reduction of Ce*<Ce* in the fluorite phase.”*

B CONCLUSION

In summary, we succeed in the synthesis of ceria NS-DS
layered materials and the exfoliation into unilamellar nano-
sheets. We discovered that conventionally nonluminescent ceria
exhibit intense UV photoluminescence at 380 nm when self-
organized into a nanosheet lamellar hybrid with DS anions.
Microscopic studies show a well-developed lamellar structure
with alternate stacking of approximately 1.5 nm thick
polycrystalline ceria layers and 2 nm thick DS bilayers.
Spectroscopic studies suggest that DS anion coordinates with
Ce® ions on the ceria NS surface, which results in the
activation of radiative 5d —4f transitions, whereas the transition
is not allowed for conventional ceria nanoparticles, due to the
surface hydroxyl groups. Therefore, it can be concluded that DS
anion plays a double role to form the layered structure, and to
provide luminescent functionality. Our results develop a
concept for material design; namely, nanosheet-organic lamellar
hybrids can provide a novel functionality that is inactive for
both individual inorganic and organic components.

B ASSOCIATED CONTENT
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SEM images of ceria NS-DS lamellar hybrid (Figure S1). XRD
patterns of reference ceria NPs synthesized by the reaction of
Ce(NO); with HMT solutions at 80 °C for without SDS
additive (molar ratio of Ce/DS = 1), ceria NPs synthesized at
80 °C with SDS additive (molar ratio of Ce/DS = 2), and ceria
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NPs synthesized at 120 °C with SDS additive (molar ratio of
Ce/DS = 1) (Figure S2). PL luminescent decay time of 380
nm-luminesce excited at 280 nm (Figure S3). IR spectra of
ceria NPs modified by DS (Figure S4). Emission and excitation
of a colloidal solution of exfoliated ceria NSs in formamide
(Figure SS). This material is available free of charge via the
Internet at http://pubs.acs.org.
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