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Undoped and cerium doped LaCO3OH annular-shaped nanoarchitectures with high specific surface area have been
fabricated via the thermolysis of CexLa1-x(oleate)3 (x = 0-20 mol %) complexes in a toluene-water system
containing tert-butylamine/oleylamine. The products exhibit 400 nm-sized monodisperse annular-shaped nanoarch-
itectures, which are constituted of 3-5 nm-sized primary particles. A possible mechanism of the reaction of CexLa1-x-
(oleate)3 and tert-butylamine for the formation of annular-shaped CexLa1-xCO3OH nanoarchitectures is proposed.
The thermal conversion of CexLa1-xCO3OH to CexLa1-x(CO3)O2 at 600 �C, to CexLa1-x(OH)3 at 800 �C, final to
(CexLa1-x)2O3-δ at 900 �C were employed, while the original morphology was essentially unchanged. The dopant
concentration was varied from 5 to 20 of cerium ions per LaCO3OH nanoparticle. The X-ray diffraction (XRD) results
reveal that the cerium dopant could enter easily into the LaCO3OH structural lattice, whereas copper could unlikely
enter into their lattice because of their large ionic radius difference. The cerium oxidation state was controlled by
changing doping concentration. The X-ray photoelectron spectroscopy (XPS) results reveal that only one Ce3þ

oxidation state is in the as-synthesized CexLa1-xCO3OH samples with cerium concentration ranging from 5 to 20 mol %,
whereas both 3þ and 4þ ones coexisted in 20 mol % Ce:LaCO3OH structure. Remarkable luminescence emission
intensity enhancement of 1.5-9.0 times were observed for CexLa1-xCO3OH samples with cerium concentration
ranging from 5 to 20 mol %, after doping with an undoped LaCO3OH.

1. Introduction

Self-assembled doped oxide nanostructures with specific
morphology have attracted considerable attention in both
fundamental research and potential application in recent
years.1-4 Incorporating metal ions of appropriate elements
into host lattices yields a homogeneous mixed oxide solid-
solution with desirable properties because the electronic state
of the dopant is confined to a small volume as a quantum
confinement.5 The interfacial interactions of the heterojunc-
tion nanocomposites originate from electron transfer across
the nanometer contact at the interface of dopant atoms
and particles.6 This electron exchange interaction introduces

crystalline defects from the presence of oxygen vacancies in
the structural lattices, which is expected to significantly
enhance the application performance.7,8 Controlled doping
of metal atoms/molecules into oxide structures can manip-
ulate their electronic and optical properties because the
number of active electrons is modified.9 The controlled
syntheses of mesoporous metal doped oxide nanocomposites
with large surface area have drawn rapidly growing interest
because of not only the additional dopant-dependent func-
tional properties but also the in situ assembly of small
particles as a building block into larger complex architec-
tures.10,11 The novel properties of assemblied three-dimen-
sional (3D) nanoarchitectures depend on the emergence of
nanoscale properties as a result of the interparticle arrange-
ment.12 The realization of metal ion doped oxide nano-
architectures with advanced functions thus requires the
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development of efficient synthetic approaches for the combi-
nation of the building blocks into complicated structures.
Because of the empty 4f shell of La3þ and the lack of electro-

nic f-f transitions, cerium doped lanthanum(III) carbonate
hydroxide (CexLa1-xCO3OH) has drawn a great deal of
interest as a promising luminescent material.13,14 This ad-
vance is mainly due to their unique electronic and optical
properties arising from the 4f electrons of cerium.15 Cerium
dopant incorporation is as a substitutional ion with compen-
sating oxygen vacancies, which can be improved the reactive
performance of LaCO3OH materials because of the genera-
tion of the crystalline defects.16,17 These make cerium doped
LaCO3OHmaterials to find various potential applications in
catalysts,18 high-quality phosphors,19 up-conversionmaterials,20

oxygen-ion conducting electrolytes.21 Lanthanide carbonate
hydroxide can be formed readily from the combination of
lanthanide oxide with carbonate or carbonyl species in the
presence of water or hydroxide.22 Upon annealing at high
temperature in the range of 600-900 �C, lanthanide carbo-
nate hydroxides could be converted to their respective oxides
by decarbonation and dehydration processes.22 Considerable
efforts have recently been devoted to preparing LaCO3OH
micro/nanomaterials. For example, Fang et al.23 synthesized
the hexagonal-phase LaCO3OH microspheres from the hy-
drothermal reaction of La(NO3)3 3 6H2O in the presence of
CO(NH2)2. Popa et al.24 reported the solvent-free synthesis
of LaCO3OH superstructures from the thermal dissociation
of the lanthanum acetate hydrate precursor under autogenic
pressure at elevated temperature process. Han et al.25 synthe-
sized the LaCO3OH nanowires via a solvothermal process
controlling the volume ratio of tetramethylguanidinium lac-
tate towater solvent.Nevertheless, it is often difficult to bring
cerium into the bulk interior of LaCO3OH nanoparticles by
these methods. The cerium-doped lanthanum compound
materials where cerium is often located on the surface or in
the surface region or where at least the doping level is low.
Thus, major limitations still emerge in advanced synthetic
approaches forCexLa1-xCO3OHhomogeneous structure and
their mixed oxide derivative with large surface area, possibly
because of the difficulty in choosing appropriate precursors
and synthetic method. To obtain monodisperse and homo-
geneous CexLa1-xCO3OH nanocomposites, using binary
cerium-lanthanum complex as precursor with similar de-
composition temperature to generate stable mixed precursor

monomers in bulk solution is really required.26 This can
reduce the diffusion path of the spontaneous crystallization
of cerium and lanthanum nuclei for the formation of the
compositional and structural uniformity of CexLa1-xCO3OH.
One of the more successful protocols is a powerful two-phase
method for synthesizing novel metal,27 metal oxide,28

semiconductor29 nanoparticles. Very recently, we reported
the general synthesis of rare earth oxide nanocrystals via
thermolysis of the rare earth-oleate complex precursors in
two-phase system containing tert-butylamine/oleylamine un-
der autoclaving at 180 �C for 24 h.30 This protocol allowed a
variety of oxide nanocrystals to be synthesized in a toluene-
water mixture using metal complexes as starting materials,
which is inexpensive, uses low reaction temperature, and is
easily obtained.
In the continuation of the development of a simple two-

phase approach of synthesizing uniform-sized nanocrystals,
herein, we report the fabrication of undoped and cerium
dopedLaCO3OHannular-shaped nanoarchitectures with large
specific surface area via the thermolysis of the binary source
precursor, CexLa1-x(oleate)3 complex (x = 0-20 mol %),
in a water-toluene system containing tert-butylamine/
oleylamine. A possible growthmechanism for the self-assem-
blied CexLa1-xCO3OH annular-shaped nanoarchitectures is
proposed. After annealing at 900 �C, the CexLa1-xCO3OH
structure was easily converted to the derived mixed oxide
particles, which kept their original morphology. The partial
replacement of lanthanum by cerium ion and the surface
composition and oxidation state of cerium dopant in the
LaCO3OH structural lattice were confirmed by X-ray dif-
fraction (XRD) and X-ray photoelectron spectroscopy
(XPS) techniques. The luminescence emission intensity of
the cerium-doped LaCO3OH samples was found to be en-
hanced as compared to that of undoped LaCO3OH sample.

2. Experimental Section

Starting Materials. All chemicals were used as received with-
out further purification. Lanthanium(III) nitrate hexahydrate
[La(NO3)3 3 6H2O, 99.9%], cerium(III) nitrate hexahydrate (Ce-
(NO3)3 3 6H2O, 99.9%), copper(II) nitrate hexahydrate [Cu(NO3)3 3
6H2O, 98%], oleylamine (C18H35NH2 or OM, technical grade,
70%), potassium oleate (C18H35COOK, 40% water), and tert-
butylamine [(CH3)3CNH2, 98%] were purchased from Sigma-
Aldrich. All solvents used such as toluene and ethanol were of
analytical grade and purchased from Reagent ACS.

Annular-Shaped CexLa1-xCO3OH (x=0-20 mol%)Nano-
architectures. The preparation of CexLa1-x(oleate)3 complex (i)
and the formation of nanoannular products (ii) consists of two
steps.

(i). Preparation of CexLa1-x(oleate)3 Complex. An organic
solution was prepared by adding 160mL of toluene into ethanol
solution (80 mL) containing potassium oleate (21.31 g or
26.64 mmol). Subsequently, the organic phase was mixed with
80 mL of an aqueous solution of Ce(NO3)3 3 6H2O (0-1.78
mmol) and La(NO3)3 3 6H2O (8.88-7.10 mmol) with designed
lanthanide molar ratios, and transferred to a flask. The stock
two-phase mixture was heated to 70 �C for 6 h with vigorous
stirring, and the organic solution turned light yellow after the
reaction, indicating the occurrence of the coordinative reaction
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between binary metal (Ce3þ,La3þ) cations and oleate anions for
the complex formation. The Ce3þ,La3þ/oleate molar ratio is
close to 1:3, CexLa1-x(oleate)3 with x of 0, 5, 10, 15, 20 mol %.
The upper homogeneous toluene supernatant phase (160 mL)
containing CexLa1-x(oleate)3 complexes was washed several
times with distilled water in a separatory funnel. After washing
and drying in an oven at 80 �C for 24 h, the toluene and trace
water was evaporated off, yielding the CexLa1-x(oleate)3 com-
plex in solid form. A 5.0 mol %Cu,La(oleate)3 complex was
obtained from a toluene/water-ethanol mixture containing
0.44 mmol Cu(NO3)2 3 6H2O, 8.43 mmol La(NO3)3 3 6H2O,
21.31 g of potassium oleate, in which the preparative procedure
carried out under the same condition as that used to prepare
CexLa1-x(oleate)3 complex.

(ii). Synthesis of Annular-Shaped CexLa1-xCO3OH Nano-
architectures. A 0.72 g portion of CexLa1-x(oleate)3 complex
solid (after toluene elimination) was dissolved in 20 mL of
toluene solution under stirring at room temperature for 24 h.
Five milliliters of oleylamine was added to the above homo-
generous complex solution under stirring for 10 min. This
organic solution was then transferred to a 70 mL Teflon-lined
stainless steel autoclave containing an aqueous solution (20mL)
in the presence of tert-butylamine (0.15 mL). The autoclave was
seated and heated to the crystallization temperature at 180 �C
for 24 h. The colloidal nanoparticle products in the toluene
phase were precipitated by adding excess of ethanol and recov-
ered by centrifugation. This approach was extended to synthe-
size the copper-doped LaCO3OH heterogenerous nanoarchitec-
tures. Typically, this sample was synthesized using 5.0 mol %
Cu,La(oleate)3 complexes under the same synthetic conditions
of annular-shaped CexLa1-xCO3OH nanoarchitectures.

Characterization. XRD patterns were recorded on a Bruker
SMART APEXII X-ray diffractometer, using Cu KR radiation
(λ = 1.5418 Å). Scanning electron microscope (SEM) images
and elemental dispersive spectrum (EDS) analysis were ob-
tained from a JEOL 6360 instrument working at 3 kV. Trans-
mission electron microscope (TEM) images and selected area
electron diffraction (SAED) patterns were obtained on a JEOL
JEM 1230 operated at 120 kV. High-resolution TEM images
and Fast Fourier transform (FFT) analysis were taken on a
JEOL field-emission transmission electron microscope (2100F)
operated at 200 kV. Samples were prepared by placing a drop of
a dilute toluene dispersion of product onto a 200 mesh carbon
coated copper grid and immediately evaporated at ambient
temperature. XPS was carried out in an ion-pumped chamber
(evacuated to 10-9 Torr) of a photoelectron spectrometer
(Kratos Axis-Ultra) equipped with a focused X-ray source
(AlKR, hv = 1486.6 eV). The binding energy of the samples

was calibrated by setting the C 1 s peak to 285 eV. The peaks
were deconvoluted by means of a standard CasaXPS software
(v.2.3.13; product of CasaXPS Software Ltd., U.S.A.) to resolve
the separate constituents after background subtraction. FTIR
spectra were measured with FTS 45 infrared spectrophotometer
with the KBr pellet technique. The specific area was calculated
from the linear part of the Brunauer-Emmett-Teller equation
(P/Po≈ 0.05-0.4). The pore diameter distributionwas obtained
from analysis of the desorption branch of the isotherms using
the Barrett-Joyner-Halenda model. The room temperature
photoluminescence (PL) emission spectra were measured on an
optical spectrum analyzer (ANDO AQ6317, Japan).

3. Results and Discussion

Two-phase synthesis of undoped and cerium doped La-
CO3OH (CexLa1-xCO3OH, x=0-20 mol%) homogeneous
annular-shaped nanoarchitectures involves two steps, as
shown in Scheme 1: (i) the preparation of CexLa1-x(oleate)3
complex from the reaction between respective lanthanide
nitrate and potassium oleate in a water-toluene mixture;
(ii) the formation of mesoporous CexLa1-xCO3OH annular-
shaped nanoarchitectures in an autoclave containing awater-
toluene mixture composed of CexLa1-x(oleate)3/tert-butyl-
amine/oleylamine at 180 �C for 24 h. According to the
classical LaMer diagram,31 the formation process of the
colloidal CexLa1-xCO3OH nanoarchitectures can be well
understood by the reported two-stage growth model, in
which nanosized crystalline precursors are nucleated first in
supersaturated solution at the water-toluene interface and
then the initially formed seeds aggregate into a larger sec-
ondary nanoarchitecture. The CexLa1-xCO3OH nanoarchi-
tectures were capped by the amine groups of oleylamine
molecules, the exposed hydrophobic alkyl groups were well-
immersed in toluene, and guaranteed the good dispersibility
of the product in the toluene phase.Noproduct was observed
in the water phase. The solid-solution cerium-lanthanum
oxide particles were produced from the decarbonation and
dehydration of CexLa1-xCO3OH upon annealing.
Undoped lanthanum-compound sample synthesized using

La(oleate)3 complex. The formation of lanthanide oleate
complex was illustrated by FTIR spectrum (in the Support-
ing Information, S-Figure 1). The XRD pattern (Figure 1a)

Scheme 1. Two-Phase Protocol for the Synthesis of the Undoped and Cerium Doped LaCO3OH Annularshaped Nanoarchitectures

(31) Meldrum, F. C.; Colfen, H. Chem. Rev. 2008, 108, 4332–4432.
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of the formed product without cerium dopant reveals that all
diffraction peaks were perfectly indexed to a pure hexagonal-
phase LaCO3OH structure with cell constants of a=5.22 Å,
b=5.22 Å, c=11.42 Å, which is consistent with a reference
pattern JCPDS No. 05-0602.32 No La(OH)3 or La2O3 was
found. The strong and sharp diffraction peaks demonstrate
high crystallinity of the products. The broadening of the
peaks confirms the nanoscale nature of the LaCO3OH struc-
ture. The average particle size was assessed from the (302) peak
at 2θ= 30.2� using the Scherrer equation, revealing that the

resulting product consists of the small particles of ∼3-5 nm
in size. This indicates that the LaCO3OH nanostructures are
composed of numerous small particle assemblies. The SEM
image in Figure 1b shows that a uniform population of
LaCO3OH nanostructures with an interesting annular shape
each containing an interior concavity in the sphere were
observed. The monodisperse annular-shaped nanoarchitec-
tures presented a rough surface, narrow size distribution, and
an average particle diameter of ∼400 nm. TEM images in
Figure 1c indicate that the distribution of small particles at
the center of each big LaCO3OH annular-shaped nanoarch-
itecture is less than that of their edges, confirming the annular
structure. Dark-field TEM image (Figure 1d) of this sample

Figure 1. (a) XRD; (b) SEM; (c) and (d) TEM, inset dark-fieldTEM, inset SAED; (e) and (f)HRTEM, insetFFTpatternof the as-synthesizedLaCO3OH
annular-shaped nanoarchitectures.

(32) Joint Committee on Powder Diffraction Standards diffraction data
file no. 13-434; International Center for Diffraction Data: Newtown
Square, PA, U.S.A., 1963.
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shows a clear contrast between ring and interior concavity,
confirming the doughnut structure. Figure 1d shows a single
LaCO3OHannular-shaped nanoarchitecture with a diameter
of∼400 nm. From the HRTEM image shown in Figure 1e,f,
the lattice space of a single particle was clearly observed, and
it further displays that the annular nanoarchitecture is com-
posed of numerous small interconnected primary nanoparti-
cles with a size of 3-5 nm, in good agreement with the XRD
result. The SAEDpattern (inset ofFigure 1d) confirms the poly-
crystalline nature of the self-assembled annular nanoarchi-
tectures. Fast Fourier Transform (FFT) analysis (inset of
Figure 1e) shows the crystallographic nature of the small
particle assembly.
Oleylamine-capped LaCO3OH annular-shaped nanoarch-

itectures were characterized by the XPS technique for the
evaluation of the surface composition, oxidation state, and
capping oleylamine on the particle surface (Figure 2). Survey
XPS spectrum and elemental dispersive spectrum (EDS)
analysis detected the presence of La, C,O elements (S-Figure 2).
La 3d XPS spectrum (Figure 2a) shows that the La 3d5/2
peaks center at ∼640.59-652.01 eV, and La 3d3/2 peaks
center at ∼642.20-653.60 eV, with Δ ≈ 1.6 eV, correspond-
ing to La3þ, which is consistent with those of bulk La2O3

phase.33 The splitting (Δ) is due to spin orbit interaction and
charge transfer from O 2p to La 4f. The N 1s region
(Figure 2b) contained a single peak at 399.8 eV, assigned to
nitrogen in the -NH2 group of the oleylamine molecule. The
C 1s spectrum (Figure 2c) exhibits that the peaks at 284.6,
288.3, 288.3 eV were attributed to alkyl chain, C-N, carbo-
nate, respectively, indicating that the LaCO3OH nanoarch-
itectureswere coveredwith the oleylaminemolecules.34FTIR
spectrum of oleylamine-capped LaCO3OH nanoarchitec-
tures is shown in Figure 2d. The shape absorption peaks at
3625 and 3468 cm-1 are assigned to the stretching vibration

of structural OH and adsorbed H2O, respectively.35 The
peaks at 2850-2925 cm-1 are attributed to the C-H stretch-
ingmode of alkyl chains of oleylaminemolecules.30 The strong
peak at 1412 cm-1 is assigned to the stretching vibration of the
-NH2 group of oleylamine.30 Four modes of the CO3

2- ion of
LaCO3OH appeared at 1070-1100 cm-l (ν1), 850-880 cm-1

(ν2), 1400 cm
-l (ν3), and 690-730 cm-1 (ν4).

35Moreover, one
photograph of the transparent toluene solution containing
colloidal LaCO3OH nanoarchitectures is shown in the inset
Figure 2d. These data further confirm that the -NH2 groups of
oleylamine molecules are capped on the particle surface. The
exposed hydrophobic alkyl groups were oriented outward,
and thus the capped products were highly dispersed in toluene.
The oleylamine is fully decomposed when the LaCO3OH

nanoarchitectures are thermally treated at 550 �C for 2 h. The
thermal-stabilized nanoarchitectures therefore become me-
soporous, as shown in the SEM image (inset of Figure 3).
Figure 3 shows that the calcined LaCO3OH sample reveals a
typical type-IV isotherm with H1-type hysteresis, character-
istic of mesoporous materials,36 with Brunauer-Emmett-
Teller (BET) surface area of ∼100 m2g-1. The high surface
area of the calcined self-assembled nanoannulars could be
due to the individual surface area of 3-5 nm LaCO3OH
particles after calcination.The pore size distribution obtained
using the Barrett-Joyner-Halenda (BJH) method (inset of
Figure 3) shows the bimodal pore distributions at 20 and 16
nm. This could be due to the porosity of interparticles, which
is consistent with the results of SEM/TEMobservations. The
void structure is expected to arise from the self-assembly of
3-5 nm particles. Large external pores were generated by the
formation of a large concavity in the center of annular-
shaped structures, while small internal pores were formed
the interstitial voids inside the annular-shaped LaCO3OH
nanoarchitectures. Obviously, such novel mesoporous La-
CO3OH nanoarchitectures with high surface area and rough
surface can be useful for the catalytic performance.
Because of the La(oleate)3 complex solid (after toluene

elimination) having high thermal stability, the thermolysis
rate of these complexes at the water-toluene interface is rela-
tively slow. The oleylamine-capped seeds with small in size
were produced. These formed small seeds are active because

Figure 2. (a) La 3d; (b) N 1s; (c) C 1s XPS; (d) FTIR spectra of the
as-synthesized LaCO3OH nanoannulars; Inset of (d): one photo of transpar-
ent toluene solution containing the colloidal LaCO3OH nanoannulars.

Figure 3. Nitrogen adsorption-desorption and pore size distribution of
the as-made LaCO3OH nanoannulars after annealing at 550 �C for 2 h.
Inset SEM image of the calcined LaCO3OH annular sample.

(33) Moulder, J. F.; Stickle,W. F.; Sobol, P. E.; Bomben,K.D.Handbook
of X-ray photoelectron spectroscopy; Perkin-Elmer corporation, Physical Elec-
tronics Division: Minneapolis, MN, 1992.

(34) Deng, Z.; Peng, B.; Chen, D.; Tang, F.;Muscat, A. J.Langmuir 2008,
24, 11089–11095.

(35) Sun, J.; Kyotani, T.; Tomita, A. J. Solid State Chem. 1986, 65, 94–99. (36) Li, Y.; Cao, M.; Feng, L. Langmuir 2009, 25, 1705–1712.



1314 Inorganic Chemistry, Vol. 50, No. 4, 2011 Nguyen et al.

of their high surface energy and tend to aggregate growth,
leading to the formation of larger aggregates to minimize the
interface energy. A possible formation mechanism of the
LaCO3OH structure using La(oleate)3 complex, tert-butyla-
mine, and capping oleylamine, is depicted in eq 1. The for-
mation of LaCO3OH structure could consist of three steps
during the solvo-hydrothermal synthesis: (i) tert-butylamine
as nucleophile attacks one carboxyl group of the oleate ligand
through a SN

1mechanism, inwhich a lone pair of electrons of
the donor NH2 group shares with the electrophilic carboxyl
center at the nucleation stage.Tert-butylamine can react with
the oleate group but not with oleylamine because its basic
property is stronger than that of oleylamine. Moreover, tert-
butylamine is dispersed an aqueous phase and easily hydro-
lyzed to generate OH- compared with oleylamine in organic
phase. (ii) This nucleophilic reaction leads to C-O bond
cleavage and the release of lanthanum-oxyl and carbonyl
species. (iii) The LaCO3OH structure was formed from the
combinative reaction of lanthanum-oxyl, carbonyl, and
hydroxyl species at the water-toluene interface.

The seed-mediated growth has recently been employed for
the synthesis of largermetallic nanoparticles on smaller seeds,
meaning that the growth process is separated from additional

nucleation.37 For example, Hyeon and co-workers38 synthe-
sized the monodisperse iron oxide nanoparticles with con-
tinuous size spectrum of 6-13 nm from the combination of
various-sized iron oxide nanoparticles and the iron-oleate
complex solution via thermal decomposition. In this work, a
similar principle is expected to apply for the synthesis of
colloidal LaCO3OH nanospheres by the additional incre-
mental growth. The annular-shaped LaCO3OH nanoarchi-
tecture as seed and La(oleate)3 complex as additional growth
source were used. Twenty milligrams of presynthesized 400
nm LaCO3OH annular-shaped nanoarchitectures was dis-
persible to 10mLof toluene under stirring, and then added to
a water-toluene (20:10 mL) mixture containing 0.24 g of
La(oleate)3 and 0.05mLof tert-butylamine. Under autoclav-
ing at 180 �C for 10 h, La(oleate)3 complexes were decom-
posed to produce LaCO3OH nuclei under catalyzing tert-
butylamine. These nuclei directly grow on the surface of
LaCO3OH doughnut seeds by a digestive ripening mechan-
ism leading to the formation of final annular-shaped La-
CO3OH nanoarchitectures. SEM image (Figure 4a) depicts
that the morphology of the product has a spherical shape
with the diameter unchanged (∼400 nm), but any voids at the
center of each sphere were not observed. The TEM image
(Figure 4b) indicates that the self-assembled nanospheres
without void consist of small particles. The XRD pattern
(Figure 4c) of the as-synthesizedLaCO3OHnanospheres also
exhibits a pure hexagonal structure, and the intense and
broadening diffraction peaks are significantly unchanged. A
schematic drawing of the shape change from annular-shaped

Figure 4. (a) SEM; (b) TEM; (c) XRDpattern of the as-synthesizedLaCO3OHnanospheres; (d) a schematicmodel of the shape change fromannular into
sphere by the seed-mediated growth.

(37) Chen, A.; Hindle, P. H. Chem. Rev. 2010, 110, 3767-3804.
(38) Park, J.; Lee, E.; Hwang, N. M.; Kang, M.; Kim, S. C.; Hwang, Y.;

Park, J. G.; Noh, H. J.; Kim, J. Y.; Park, J. H.; Hyeon, T. Angew. Chem.
2005, 117, 2932–2937.
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architecture into a sphere by the seed-mediated growth is
illustrated in Figure 4d.
LaCO3OH compound can be doped with various lantha-

nide elements to form a nanostructured mixed oxides. Ex-
ploiting this sensitivity can allow their physical and chemical
properties to be controlled with atomic-scale precision, and
can result in materials tailored to possess specific properties.
In this second work, the cerium doped LaCO3OH samples
with cerium dopant concentration of 5, 10, 15, 20 mol %
using binary complex precursor, Cex,La1-x(oleate)3 with x of
5, 10, 15, 20 mol %, respectively. SEM images in Figure 5
show that the particle size and shape of all the CexLa1-x-
CO3OH samples with various doping levels (5-20 mol %)
are similar to those of undoped LaCO3OH annular-shaped
nanoarchitectures. The 400 nm-sized CexLa1-xCO3OH
annular-shaped nanoarchitectures with various doping levels
were made up of many particles and were polycrystalline in
nature as indicated by the inset TEMand SAEDresults (inset
of Figure 5a-f). Corresponding to the elemental dispersive
spectrum (EDS) analysis (Figure 5e) of the representative
15mol% cerium doped LaCO3OH sample reveals the molar
ratio of Ce and La content is similar with the original ratio of

reagents. The morphology of the doped products did not
substantially vary when an increase in the amount of further
doping, suggesting that cerium ions tend to solubilize into the
LaCO3OH lattice leading to a homogeneous CexLa1-xCO3OH
structure.The segregation of cerium ions on the surface of the
annular-shaped nanoarchitecture seems to be limited.
Figure 6(a-d) displays XRD patterns of the as-synthe-

sized cerium doped LaCO3OH annular-shaped nanoarchi-
tecture samples with doping levels of 5, 10, 15, 20mol%.The
introduction of cerium seems not to modify the crystalline
structure of pureLaCO3OH. Indeed, ceriumdopedLaCO3OH
still presents the hexagonal phase for all doping concentra-
tions. All the doped samples show that no additional diffrac-
tion peaks corresponding to either cerium oxide or cerium
hydroxide were detected at the current doping levels. This
indicates that the cerium ions are completely dissolved in the
LaCO3OH host lattice by substitution for lanthanum ions to
yield a homogeneous CexLa1-xCO3OH structure. The cal-
culation of the average particle sizes of four doped samples
using the (302) peak at 2θ = 30.2� also suggest that the
CexLa1-xCO3OH nanoarchitectures are composed of the
small particles of 3-5 nm in size. It is known that La ion

Figure 5. SEMimages of theCexLa1-xCO3OHnanoannularswith various doping level (mol%): (a)x=5; (b) x=10; (c)x=15; (d)x=20; (e) EDSand
(f) SAEDpattern of 15mol% ceriumdoped sample. The upper insets in (a-c) show the TEM images of a corresponding annular-shaped nanoarchitecture.
The upper inset in (d) showing a drawn scheme of an annular structure.
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can exist in only one oxidation state of 3þ having an ionic
radius of 1.172 Å, whereas Ce can exist in the 3þ (1.143 Å)
and 4þ (0.97 Å) oxidation states. Only the Ce3þ oxidation
state in the as-synthesized 5-15 mol % Ce:LaCO3OH sam-
ples was observed, while both Ce3þ (38%) and Ce4þ (62%)
oxidation states in 20 mol % Ce:LaCO3OH were found (see
the XPS results below). It was noted that for the 5-15mol%
Ce3þ:LaCO3OH samples (in the absence of Ce4þ), no sig-
nificant shift of the XRD peak positions was observed,
consequently, no significant change in the lattice parameters
of the doped samples, as compared to those of the undoped
LaCO3OH sample was observed (Figure 6a-c). This can be
attributed to negligible difference in ionic radii ofCe3þ (1.150 Å)
and La3þ (1.172 Å). However, for the 20 mol % cerium
doped LaCO3OH sample, with the presence of Ce4þ, the
(302) peak was shifted lightly toward higher angle side owing
to the partial substitution of Ce4þ with La3þ in the La-
CO3OH lattice (Figure 6d).We reasoned that the ionic radius

of Ce4þ (0.97 Å) is smaller than that of La3þ (1.172 Å),
leading to a contraction in the unit-cell volume.
TGA-DTA curves (Supporting Information, S-Figure 3)

were recorded for oleylamine (OM)-cappedCexLa1-xCO3OH
annular-shaped nanoarchitectures. The TGA curve shows
that the total weight loss of the OM-capped CexLa1-xCO3-
OH sample is∼46%, which is attributed to the combustion/
elimination of oleylamine and the decarbonation of the
conversion of CexLa1-xCO3OH to CexLa1-x(OH)3 and
finally to (CexLa1-x)2O3-δ. An intense exothermic peak at
351 �C in theDTAprofile is attributed to the combustion and
elimination of oleylamine. The weight loss because of the
decarbonation of CexLa1-xCO3OH into (CexLa1-x)2O3-δ is
∼7%, corresponding to weak exothermic DTA peaks at
higher temperature (∼680-830 �C). A representative as-
synthesized 10 mol % cerium doped LaCO3OH annular
sample was heat-treated at 300, 600, 800, 900 �C for 12 h in
air to investigate the thermal stability and induce the forma-
tion of derived mixed oxide solid-solution. The thermal
decomposition of CexLa1-xCO3OH structure at different
calcined temperatures could be expressed in eqs 2, 3, and 4.

2CexLa1- xCO3OH f
600 �C ðCexLa1-xÞ2ðCO3ÞO2 þCO2 þH2O

ð2Þ

ðCexLa1-xÞ2ðCO3ÞO2 þ 3H2O f
800 �C

2CexLa1-xðOHÞ3 þCO2

ð3Þ

2CexLa1- xðOHÞ3 f
900 �C ðCexLa1- xÞ2O3- δ þ 3H2O ð4Þ

From evidence of the SEM images (Figure 7A), the
samples annealed at 300, 600, 800 �C, show quite similar
morphology to the untreated sample, indicating that the
annular shape has a high thermal stability. When treated at
900 �C, the annular-shaped nanoarchitectures become smooth,
and the agglomeration between both annulars appears because
of the effect of sintering. Figure 7B showsXRDpatterns of the

Figure 6. XRD patterns of the as-synthesized CexLa1-xCO3OH nano-
annular sampleswith various doping levels (mol%): (a) x=5; (b)x=10;
(c) x= 15; (d) x = 20.

Figure 7. (A) SEM images and (B) XRDpatterns of the as-synthesized 10mol% cerium doped LaCO3OH samples calcined at the different temperatures
for 12 h: (a) CexLa1-xCO3OH, 300 �C; (b) CexLa1-x(CO3)O2, 600 �C; (c) CexLa1-x(OH)3, 800 �C; (d) (CexLa1-x)2O3-δ, 900 �C.
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CexLa1-xCO3OH nanoarchitectures calcined at 300, 600,
800, 900 �C, which evidence the conversion of composition.
The doped sample calcined at 300 �C still remains the hexa-
gonal CexLa1-xCO3OH phase. This structure was converted
into an hexagonal (CexLa1-x)2(CO3)O2 intermediate at
600 �C and into hexagonal CexLa1-x(OH)3 at 800 �C by dec-
arbonation. At 900 �C, CexLa1-x(OH)3 was converted into
hexagonal (CexLa1-x)2O3-δ by the dehydration process. The
width of diffraction peaks in theXRDpatterns of the samples
treated at 300, 600, 800 �C has no difference in particle size,
suggesting that the small particle (∼3-5 nm) in these samples
still remained. However, as the treatment temperature was
raised to 900 �C, the mean nanoparticle size is increased to
8.5 nm, confirming further the agglomeration of particles by
heating.
The surface composition, the oxidation state, and the

binding energy change of the cerium element in the doped
LaCO3OH samples were identified by XPS. The N 1s and C
1s XPS (Supporting Information, S-Figure 4b,c) and FTIR
(Supporting Information, S-Figure 4d) data of these doped
samples also reveal their particle surfacewas capped by -NH2

groups of oleylamine molecules. The La 3d XPS spectrum
(Supporting Information, S-Figure 4a) of the doped sample is
similar to that of the undoped LaCO3OH nanoarchitectures.
As can be noted, with increase of dopant concentration, there
is no change in the position and intensity of the La 3d core
level peaks. Survey XPS results of these doped samples
determined no other contaminants are detected, except for
the above-mentioned elements. The Ce-to-La molar ratio of
5 mol % Ce:LaCO3OH, 10 mol % Ce:LaCO3OH, 15 mol %
Ce:LaCO3OH, 20 mol % Ce:LaCO3OH samples was spec-
trally estimated to be 4.5:96.5, 8.7:91.3, 13.1:86.9, 19.2:80.8,
respectively, corresponding toCe0.045La0.965CO3OH,Ce0.087-
La0.913CO3OH, Ce0.131La0.869CO3OH, Ce0.192La0.808CO3OH
formulas. The detected cerium concentrations were slightly
lower than the initial starting concentrations of CexLa1-x-
(oleate)3 complexes, indicating the atomic mixing nature of
the cerium and lanthanum ion sites.
Ce 3d XPS spectra (Figure 8Aa-c) of the as-synthesized

samples of 5mol%Ce:LaCO3OH, 10mol%Ce:LaCO3OH,

and 15 mol % Ce:LaCO3OH exhibit Ce 3d5/2,3/2 peaks at
885.7-904.0 eVwhich are attributed to Ce3þ.33 No peak was
observed in the binding energy region of Ce4þ. However, the
Ce 3d5/2,3/2 XPS spectrum (Figure 8Ad) of the as-synthesized
20 mol % Ce:LaCO3OH sample displays that cerium is in
mixed valence states of 3þ (880.40, 885.5, 898.81, 903.7 eV)
and 4þ (882.7, 888.96, 898.2, 901.3, 907, 916.7 eV).33 On the
basis of the peak areas, we found the surface concentration of
Ce3þ andCe4þ to be∼38and 62%, respectively. These results
evidence the presence of Ce in predominantly 3þ oxidation
state in the CexLa1-xCO3OH samples with dopant concen-
tration ranging from 5 to 15 mol %. Both 3þ and 4þ oxi-
dation states coexist in 20 mol % Ce:LaCO3OH, in which a
part of Ce3þ ions would be converted into Ce4þ during
synthesis process. It is particularly noted that theCe 3d peaks
showed the shift by∼0.8-1.0 eV toward lowerbinding energy
with increasing dopant concentration. The decrease in bind-
ing energy can be attributed to an increase in valence electron
density and the formation of Ce-La bonding structure.39

It was predicted that the oxidation state change of cerium
dopant in the lanthanide compound is often related to
crystalline defects and generated oxygen vacancy concentra-
tion,whichwould greatly influence the chemical properties.40

Figure 8B shows themodifications of cerium oxidation states
of a representative 10 mol%Ce:LaCO3OH sample, calcined
at 300, 600, 800, 900 �C for 12h. From the analysis of theXPS
spectra, cerium ion in the samples calcined at 300 and 600 �C
still exist in one oxidation state of 3þ (Figure 8Ba,b), whereas
two cerium oxidation states (Ce3þ and Ce4þ) coexist in the
samples calcined at 800 and 900 �C (Figure 8Bc,d). The Ce4þ

concentration in the doped sample calcined 800 �Cwas found
to be∼41.2%,which increased to∼75.5%upon annealing at
900 �C.The partial conversion ofCe3þ ion toCe4þ tookplace
on their surface upon annealing because of the oxidation of
Ce3þ in air atmosphere.The difference ofO 1sXPS spectra of

Figure 8. (A) Ce 3d XPS spectra of the as-synthesized CexLa1-xCO3OH samples with various doping levels (mol %): (a) x= 5; (b) x= 10; (c) x= 15;
(d)x=20. (B)Ce3dXPSspectraof 10mol%ceriumdopedLaCO3OHsamples calcinedatdifferent temperatures for 12h: (a) 300 �C; (b) 600 �C; (c) 800 �C;
(d) 900 �C.

(39) Ahmad, A.; Shah, J. A.; Buzby, S.; Shah, S. I. Eur. J. Inorg. Chem.
2008, 948–953.

(40) Luque, M. P. R.; Hernandez, J. C.; Yeste, M. P.; Bernal, S.; Cauqui,
M. A.; Pintado, J. M.; Omil, J. A. P.; Stephan, O.; Calvino, J. J.; Trasobares,
S. J. Phys. Chem. C 2008, 112, 5900–5910.
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the CexLa1-xCO3OH and (CexLa1-x)2O3-δ samples were
also observed (Figure 9). The CexLa1-xCO3OH sample is
composedof twooxygencomponents,whereas the (CexLa1-x)2-
O3-δ sample exhibits only one oxygen component. For the
CexLa1-xCO3OH sample, the weak XPS peak at 529.4 eV
is assigned to the hydroxide group, and the intense second
one at 531.8 eV is attributed to the carbonate group. The
(CexLa1-x)2O3-δ sample exhibits only one O 1s XPS peak
at 531.8 eV related to O-La,Ce bonds. This also indicates
a high OH concentration on the particle surface of the
CexLa1-xCO3OH sample.
To understand the effect of the cerium dopant concentra-

tion on the upconversion emission, photoluminescence (PL)
emission spectra (Figure 10) of the colloidal CexLa1-xCO3OH
nanoarchitectures with various doping levels (x =
0-20mol%) in toluene were recorded on exciting at 360 nm.
Using the same particle concentrations, the colloidal solu-
tions of these CexLa1-xCO3OH samples show the same
spectral peak positions at 424, 448, 486, 529, 560 nm, which
can be attributed to the charge-transfer transition in the
CexLa1-xCO3OH structure.41,42 The broad backgrounds of
the luminescence spectra of these doped samples can be due
to the self-assembly of small nanoparticles (3-5 nm) for the
formation of the aggregatedCexLa1-xCO3OHstructurewith
annular shape.43 However, the observed effect of variation in
emission can be correlated to the dopant concentration.
Namely, the intensity was found to increase with increase
indopant concentration.Weobtained thePL intensity enhance-
ment of 1.5, 2.2, 5.0, 9.0 times for CexLa1-xCO3OH with
doping level of 5, 10, 15, 20 mol%, respectively, after doping
with an undoped LaCO3OH. The emission intensity of
CexLa1-xCO3OH sample increases with increase in cerium
concentration to 20 mol % and then exhibits a gradual
decrease upon further increase in cerium dopant content.
The relationship between the cerium dopant concentration in
LaCO3OH sample and the PL intensity ratio was shown in
inset of Figure 10. The initial increase in emission intensity
can be associated with the increase in relative concentration

of the defects in crystal structure. The subsequent decrease in
emission intensity can be primarily attributed to the increase
in particle size of the formed Ce doped LaCO3OH hetero-
generous structure.
To validate our hypothesis, 5.0 mol % copper ion was

introduced to LaCO3OH annular-shaped nanoarchitectures
under the same lanthanide doping approach, except that
5.0 mol % Cu,La(oleate)3 complex was used. XRD pattern
(Figure 11a) of the as-synthesizedCudopedLaCO3OHsample
shows that there are separate phases: hexagonal LaCO3OH,
monoclinic CuO,44 and cubic Cu2O

45 phases. No shift of the
diffraction peak of the hexagonal LaCO3OH phase was
observed. This demonstrates that the copper ions cannot
enter the lattice of LaCO3OH by occupying the La3þ ion
sites. They crystallized to form two new separate phases of
CuOandCu2Odispersing on the LaCO3OHannular surface.
Actually, Cu ion clusters can chemically bond with oxygen
ions to formoxide traces on the surface or in the shallow layer
of LaCO3OH annular-shaped nanoarchitectures. The main
reason for this was attributed to the radius of La3þ ion which
is much larger than that of Cuþ ion (r(La3þ) = 1.172 Å,
r(Cu2þ) = 0.87 Å, r(Cuþ) = 0.91 Å). This is also supported
bythe SEM image of the 5.0 mol%Cu/LaCO3OH sample as
shown in Figure 11b. It is clearly that the basic morphology
of Cu/LaCO3OH sample is similar to annular shape of un-
dopedLaCO3OH.Asevidenced in theTEMimage (Figure11c),
3 nm-sized CuO/Cu2O particles segregating on the surface of
400 nm-sized LaCO3OH annular-shaped nanoarchitectures
were observed. The segregation of copper(I,II) oxide on the
surface of LaCO3OH nanoarchitectures is probably due to
the different decomposition temperature of the Cu- and La-
oleate. The different crystallization rates of copper and
lanthanum nuclei lead to the formation of heterogenerous
structure. Survey XPS spectrum (Supporting Information,
S-Figure 5) of this sample also reveals the presence of Cu on
the surface layer of annular-shaped nanoarchitectures. The
main peak at 932.2 eVbelongs toCu 2p3/2, and canbedivided
into two peaks at 932.2 and 934.6 eV, attributed to Cuþ and

Figure 9. O 1s XPS spectra of (a) CexLa1-xCO3OH and (b)
(CexLa1-x)2O3-δ samples.

Figure 10. Photoluminescence emission spectra (under excitation at 360
nm) of the as-synthesized CexLa1-xCO3OH nanoannular samples with
various doping levels (mol%): (a) x=0; (b)x=5; (c)x=10; (d)x=15;
(e) x = 20. Inset: one photo of transparent toluene solution containing
colloidal 10 mol % cerium doped LaCO3OH nanoannulars and the
relationship between the cerium concentration and the PL intensity ratio.

(41) Pol, V. G.; Thiyagarajan, P.; Moreno, J. M. C.; Popa, M. Inorg.
Chem. 2009, 48, 6417–6424.
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J. Phys. Chem. B 2006, 110, 21536–21544.

(44) Zhou, H.; Wong, S. S. ACS Nano 2008, 2, 944–958.
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Cu2þ, respectively, corresponding to CuOx,
46 in agreement

with the XRD data. The surface composition of the 5.0 mol
%Cu/LaCO3OH sample was found to contain 7.3mol%Cu
at the surface. The tendency for excess surface enrichment of
copper ions is mainly due to the segregation of copper on the
LaCO3OH surface instead of incorporation into the structur-
al lattice.
Because the aggregation is energetically favored, the primary

particles tended to aggregate into larger annular-shaped nano-
architectures to lower the system energies at longer reaction

time. Time-dependent experiments of 10mol%Ce:LaCO3OH
nanoarchitectures were carried out at 180 �C for 4, 12, 24 h.
The growth process of the monodisperse homogeneous
annular-shaped nanoarchitectureswas carefully examined by
using TEM. As depicted in Figure 12, some seed aggregates
appeared after aging for 4 h (Figure 12a). When the aging
timewas prolonged to 12 h, these aggregated particles tend to
assemble further to form irregular annulars (Figure 12b).
They evolved into the perfect 400 nm sized-nanoannulars as
the aging time was prolonged to 24 h (Figure 12c). A feasible
formationmechanismof the annular-shapedCexLa1-xCO3OH
nanoarchitectures is proposed to involve different growth

Figure 11. (a) SEM; (b) TEM, inset SAED; (c) XRD; (d) Cu 2p3/2 XPS patterns of the as-synthesized Cu/LaCO3OH nanoannulars. Upper inset in
(a) shows the simulated structure of a Cu/LaCO3OH annular.

Figure 12. TEM images of 10 mol % cerium doped LaCO3OH samples synthesized at 180 �C with a reaction time of (a) 4 h, (b) 12 h, (c) 24 h.
(d) A schematic diagram for the formation of annular-shaped nanoarchitectures.

(46) Sun, X.; Zhang, Y. W.; Si, R.; Yan, C. H. Small 2005, 1, 1081–1086.
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processes as illustrated inFigure 12d.With increased reaction
time, more inner CexLa1-xCO3OH crystals with higher
energy gradually dissolved possibly because of the presence
of capping oleylamine in homogeneous toluene phase,47

which finally led to a void space in the center, resulting in
mesostructured CexLa1-xCO3OH.

4. Conclusion

In conclusion, mesoporous undoped and cerium doped
LaCO3OH homogeneous annular-shaped nanoarchitectures
with large specific surface area have been synthesized through
the thermolysis of CexLa1-x(oleate)3 (x = 0-20 mol %)
complexes in a toluene-water mixture containing tert-buty-
lamine/oleylamine at 180 �C for 24 h. The mechanism of the
decomposition reaction of CexLa1-x(oleate)3 under catalyz-
ing tert-butylamine for the formation of CexLa1-xCO3OH
structure and the growth of self-assemblied nanoarchitec-
tures are proposed. The conversion of CexLa1-xCO3OH
structure to CexLa1-x(CO3)O2 at 600 �C, to CexLa1-x(OH)3
at 800 �C, and eventually to (CexLa1-x)2O3-δ at 900 �Cwere
employed. The XRD results reveal that because cerium and
lanthanum have similar ionic radii, the cerium dopant could

enter easily into the LaCO3OH structural lattice. Whereas
copper could be unlikely enter into their lattice because of the
large ionic radius difference. The XPS results reveal that only
one Ce3þ oxidation state is in the as-synthesized Cex-
La1-xCO3OH samples with doping level ranging from 5 to
15mol%,whereas both 3þ and4þ ones coexisted in 20mol%
Ce:LaCO3OH. Upon annealing at high temperatures (800-
900 �C) under air atmosphere, the partial conversion of
Ce3þ into Ce4þ occurring on the surface of mixed cerium-
lanthanum hydroxide or oxide was observed. The significant
luminescence emission intensity of the as-synthesized Cex-
La1-xCO3OH samples was found to increase from 1.5 to 9.0
times with increase in cerium dopant concentration from 5 to
20 mol %. This approach was extended to synthesize Cu2O/
CuO doped LaCO3OH heterogenerous nanoarchitectures.
We expect that these mesoporous nanomaterials could offer
opportunities for investigating their collective properties and
open thedoor forother technologically important applications.
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