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ABSTRACT

We report a simple one-pot method to prepare organically functionalized CeO, nanoparticles by
controlled chemical precipitation. The particles were nucleated by mixing aqueous solutions of
Ce(NO3);-6H,0 and ammonia at room temperature. Different small organic molecules were chosen
as capping agents and injected into the reaction medium at the beginning of the synthesis: 3-
(mercaptopropyl) trimethoxy silane (MPS), hexadecyltrimethyl ammonium bromide (CTAB), 3-mercapto
propionic acid (3-MPA), and thioglycolic acid (TGA). The resulting nanocrystals were quasi-spherical
and had a narrow mean size distribution with an average size smaller than 10 nm. Dynamic nuclear
polarization enhanced NMR (DNP-NMR) and FTIR measurements suggested a chemical grafting of the sur-
factant and a homogeneous surface modification. The colloidal stabilities were characterized by dynamic
light scattering and zeta potential measurements. The stabilization by aliphatic groups was tested with
a frequently used hydrophobic monomer, methyl methacrylate. According to the results, CTAB is the
most effective of the used stabilizing surfactant. The mechanism of formation of the organophilic CeO,
nanoparticles is discussed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Rare-earth metal oxides arise great interest in materials sci-
ence, because the presence of 4f electrons results in attractive
optical, magnetic, and chemical properties [1]. Ceria (CeO,) is one
of the most frequently studied rare earth metal oxides and pos-
sesses unique physicochemical properties, such as absorption of
ultraviolet radiation [2], gas sensing [3], and catalytic properties
[4,5]. Moreover, it is a wide band gap semiconductor, with a band
gap of 3.2 eV [6]. Most of the advanced applications of CeO, gen-
erally appear in the nanosized regime, in which many physical
properties are strongly size dependent and show significant quan-
tum size effects. Many new potential applications for nanometric
ceria—including solar cells, nanolasers, and other highly functional
and effective devices—are under current discussion [7]. The syn-
thesis of nanosized ceria particles have been achieved by many
different methods. Supercritical hydrothermal [1], conventional
hydrothermal [8], solvothermal [9], and pyrolytic [10] syntheses
are the four major methods to fabricate nanosized powder. The
synthesis methods require hard conditions at extreme temperature
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and pressure; they are also still limited in the amount of nanopar-
ticles. However, chemical precipitation provides a promising
pathway for large scale production of nanosized particles at ambi-
ent conditions [11-13].

Polymer/nanoparticle composites with tunable composition
and morphology often exhibit multiple functionalities and even
novel properties [14], which may lead to applications in diverse
areas such as optoelectronics. The performance of composite
materials strongly depends on the homogeneity of the particle
dispersion. The control of the surface chemistry of particles is a
key point to obtain well-defined and homogeneous dispersions of
host particles in guest polymer matrices. Post-synthetic modifica-
tion has usually been employed to introduce desired functionalities
onto the surface of nanoparticles. Nanoparticles are typically
treated with surfactant molecules in dispersion. This treatment
modifies the surface chemistry of particle domains, which are gen-
erally formed by pseudo-aggregates of a group of particles. Thus,
the surface cannot be functionalized evenly and the particle dis-
persion is negatively affected. The precipitation in the presence of
surfactant molecules (i.e., controlled precipitation) is an efficient
approach to obtain homogeneous surface modification of the par-
ticles in one step and it allows the size and the surface chemistry
to be controlled [15].

The use of a minute amount of a surface-active reagent—which
could be a small molecule or a macromolecule—in the reaction
mixture has been considered a powerful pathway to prepare
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nanoparticles with a desired surface chemistry [16,17]. Recently,
Taniguchi et al. reported the synthesis of organophilic CeO,
nanoparticles by a single step reaction of a cerium oleate com-
plex with NH4OH [18]. The reaction was carried out at room
temperature in an aqueous medium. The authors claimed that
the oleate links to the surface of CeO, particles by chemical
bonding and render the particles surface an organophilic nature.
The same research group performed supercritical hydrothermal
synthesis of hydrophilic polymer-modified CeO, nanoparticles.
Water-soluble polymers (e.g., polyvinyl alcohol or polyacrylic acid)
were employed in the reaction mixture as surface modifiers. As
a result, 20nm cuboctahedral water-dispersible CeO, nanopar-
ticles were obtained [19]. Using a similar strategy, Yu et al.
synthesized high quality CeO, nanocrystals by stabilization with
the double hydrophilic block copolymer poly(ethylene glycol)-
block-poly(methacrylic acid) as a stabilizer [20]. Monodisperse
CeO, particles with less than 2 nm diameter were synthesized by
hydrothermal hydrolysis at 120°C.

In the present work, we report a novel and very versatile syn-
thesis of surface-functionalized CeO, nanocrystals by chemical
precipitation at room temperature in aqueous solutions con-
taining various capping agents. Nanoparticles with a variety of
surface chemistry can be prepared. Four small surfactant molecules
were used: 3-(mercaptopropyl) trimethoxy silane (MPS), hexade-
cyltrimethyl ammonium bromide (CTAB), 3-mercapto propionic
acid (3-MPA), and thioglycolic acid (TGA). The dispersibility of the
produced particle domains were investigated in a hydrophobic
monomer, methyl methacrylate, by determining the particle size
distribution by DLS.

2. Experimental
2.1. Synthesis of CeO, nanoparticles

Colloidal cerium(IV) oxide particles were synthesized at 22 °C,
by reacting 10 mL of an aqueous solution of Ce(NO3 )3-6H,0 (0.05 M,
Merck, extra pure solution) and 10 mL of ammonia (0.5 M, Merck)
for 3 h. The precipitation was repeated in the presence of various
surfactants: 3-(mercaptopropyl) trimethoxy silane (MPS, Aldrich,
95%), hexadecyltrimethyl ammonium bromide (CTAB, Aldrich), 3-
mercapto propionic acid (3-MPA, Alfa Aesar), and thioglycolic acid
(TGA, Merck). 2.65 x 10~> mol of each surfactant was added to the
mixture at the first minute of reaction. The nanoparticles obtained
were separated from the solution mixture by centrifugation at
6000rpm for 1h. After washing twice with deionized water and
ethanol, the product was dried overnight in a vacuum oven at 45 °C.
All reagents were used without further purification.

OCH,
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2.2. Characterization

Transmission electron microscopy (TEM) was carried out in a
Zeiss EM 902 microscope operated at 80kV. High-resolution TEM
micrographs were obtained with a FEI Technai F20 microscope
operated at 200kV. The phase structure of synthesized particles
were characterized by X-ray diffraction (XRD, Philips X'pert Pro)

with a Cu Ko radiation source (A =1.54 A) The average size of crys-
tallites was determined by Scherrer’s equation

092
“ Bcos @

where t is the diameter of the particle, A is the wavelength of Cu

Ko radiation (1.542 A) and B is the line broadening (full width at
half maximum), 0 is the angle of the peak center. Fourier trans-
forminfrared (FTIR) spectra were registered by using a Perkin Elmer
Spectrum 100 instrument (4000-400 cm~!, 20 scans, resolution of
4cm™!). Thermogravimetric analysis was performed under nitro-
genin a Mettler Toledo ThermoSTAR TGA/SDTA 851 thermobalance
by heating from room temperature to 1000 °C at a heating rate of
10°Cmin~!. The size distributions of particles dispersed in methyl
methacrylate (Fluka) were investigated by dynamic light scatter-
ing (DLS, Malvern Zetasizer Nano-ZS Nano Series). The viscosity
and refractive index of the medium were specified as 0.584 mPas
and 1.414 (20°C), respectively. Photoluminescence emission spec-
tra of dispersions in methyl methacrylate were determined in a
Varian Cary Eclipse Fluorescence spectrophotometer by exciting at
250nm and observing the emission between 300 and 450 nm. 13C
cross-polarization (CP) magic-angle spinning (MAS) nuclear mag-
netic resonance (NMR) spectra were recorded in a Bruker Avance
spectrometer at 100.6 MHz 13C Larmor frequency. All CP-MAS spec-
tra have been recorded with 1 s recycle delay, 2 ms CP contact time,
100 kHz RF nutation frequency for proton and carbon (2.5 s for 90°
pulse length), at ~9kHz MAS frequency, and by using the TPPM
scheme for proton decoupling. 50 and ~59kHz spin lock pulses
were used for the cross-polarization transfer.

(1)

3. Results and discussion

3.1. Structural and morphological characterization of CeO,
nanoparticles

Crystalline CeO, nanoparticles were precipitated by mixing
aqueous solutions of cerium nitrate and ammonia at room temper-
ature. Four molecules with different structures and functionalities,
shown in Scheme 1, were used as capping agents.

It is known that ceria, of cubic fluorite structure, develops from
either spherical [21] or rod-like [22] morphology to truncated

Q:/\/\/\/Ilmr‘
/ N\

Hexadecyltrimethyl ammonium bromide

(CTAB)

OH

—~

HS O

Thioglycolic acid
(TGA)

Scheme 1. Chemical structures of the surfactants.
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Fig. 1. TEM micrographs of CeO, particles synthesized with NH3: (a) unmodified; and modified by (b) CTAB, (c) MPS, (d) 3MPA, (e) TGA, and (f) structural models of the cubic

and octahedra.

octahedral, which gradually convert to a cubic shape, indepen-
dently of the initial morphology. Fig. 1 contains overview TEM
micrographs of both unmodified and modified CeO, nanoparticles,
as well as structural models of the cubic and cuboctahedral crystals.
An average size of about 5 nm was estimated for the functionalized
nanoparticles by measuring the size of more than 50 particles in
the TEM micrographs.

High resolution TEM micrographs provided more detailed infor-
mation about the morphology of our nanoparticles. Capturing
images of individual unmodified particles is a hard task because the
unmodified particles have, in general, strong tendency to aggregate
to reduce the surface area/volume ratio. Nevertheless, individual
particles in the aggregates showed a cuboctahedral shape, as seenin
the representative example indicated by an arrow in Fig. 2a. The
micrographs of Fig. 2b-c shows that the particles precipitated in the
presence of CTAB and MPS have a cubic morphology. Each particle is
a well-ordered single crystal with a fringe distance of 0.31 nm cor-
responding to the (11 1) lattice plane of ceria. Furthermore, lattice
fringes for (22 0) and (2 00) are evident.

The yield of the precipitation reaction, presented in the second
column of Table 1, lies between 50 and 70%.

Fig. 3 shows X-ray diffraction (XRD) patterns of the CeO,
nanoparticles. Reflections for all samples agree well with those
of cubic ceria CeO, (JCPDS Card No. 81-0792), whose patterns are
given as vertical drop lines at the bottom of the diffractograms.

Table 1

Crystal size values of the synthesized ceria nanoparticles under ambient pressure
and at room temperature. The size of crystals was obtained from XRD pattern by
using Scherrer’s equation taking into account (11 1) reflection. Yield was obtained
gravimetrically.

Sample Yield (%) Dregm (nm) Dxgp (nm)
CeO, 50 5+2 8
Ce0,-MPS 70 4+2 4
Ce0,-CTAB 60 6+1 10
Ce0,-3MPA 49 4+1 6
Ce0,-TGA 58 5+3 6
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Fig. 2. High resolution TEM micrographs of CeO, particles (a) unmodified and mod-
ified by (b) CTAB and (c) MPS.

The crystallite sizes, given in the fourth column of Table 1, were
calculated by Scherrer’s equation.

3.2. Surface chemistry and stability of particle dispersion

The control of the surface chemistry is important not only for
the compatibility of the particles with organic media but also
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Fig. 3. XRD patterns of the as-synthesized CeO, particles.

for reaching certain properties such as roughness, hydrophobicity,
surface charge, surface energy, and reactivity. Both Fourier trans-
form infrared (FTIR) spectroscopy and nuclear magnetic resonance
(NMR) were used to examine the functional groups present on
the surface of the CeO, nanoparticles. FTIR spectra for unmodi-
fied and CeO, nanoparticles modified with different surfactants are
presented in Fig. 4.

Two signals are commonly observed in all spectra: (i) the broad
band centered around 3300-3400 cm~!, which is attributed to OH
stretching; and (ii) a narrow peak at 1384 cm™1, originating from
nitrate groups. The spectra of the surface-modified particles were
compared with that of the corresponding pure surfactant. As each
surfactant has its own characteristic signals, the grafting of surfac-
tant molecules on the particle surface could be determined from
the appearance/disappearance of these signals. For example, for
TGA and MPA, the SH band at 2800-2500cm~! disappears while
the bands of the —OCH3 group remains at 1676 cm~!. A condensa-
tion takes place between —SH and surface —OH groups, leading to
a grafting of the molecules to the particle surface. Similarly, when
using MPS as a surfactant, a new band attributed to the Si—0—C
bond appears (Fig. 4). For CTAB-capped particles, the vibrations of
CH, bending are remarkably enhanced after modification.

Compared to the significantly much larger mass/volume of the
bulk CeO, nano-particles, the surface surfactants sites represent
a relatively very small percentage of the whole studied material.
As a result, conventional NMR techniques have difficulties to
observe such surface species with small quantities. Dynamic

TGA
‘g’ 3MPA COO strétching
g
[
NO'1 vibration
O-H stretching
" 1 i 1 i
4000 3000 2000 1000
Wavenumbet/cm™

Fig. 4. FTIR spectra of the as-synthesized CeO, particles.
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Fig. 5. CP-MAS spectrum of the surface modified CeO, materials in the presence of
MPS, and 3MPA.

nuclear polarization (DNP), a recently introduced technique, has
been proven to be very successful in increasing the sensitivity of
the NMR signal several orders of magnitude for both synthetic
functional and bio materials [23-26]. Although the DNP method
is well established when applied to the biological materials,
very few examples about its application to synthetic materials
have been demonstrated at high magnetic fields up to now
[24,26,27]. Especially, the need to mix the electron source, a radical
which is mostly 1-(2,2,6,6-tetramethyl-1-o0xy-4-piperidinyl)oxy-
3-(2,2,6,6-tetramethyl-1-oxy-4-piperidinyl)amino-propan-2-ol
(TOTAPOL), with insoluble materials is one of the big challenges of
this very promising technique.

Here, we present the utilization of 13C CP-MAS NMR spec-
troscopy performed at low temperatures (~100K) for the
proof-of-principle demonstration on two selected examples of
the synthesized nano-materials, MPS and 3MPA modified CeO,
nano-materials. This method is a first step to the final DNP charac-
terization of the surface species of these nano-materials, and for the
moment only ensures the utilization of the larger Boltzman polar-
ization as a result of lower temperatures to increase the sensitivity
of the NMR experiment. The detailed study on the DNP enhanced
NMR spectroscopy with the use of radical is in progress in our group.
The 13C CP-MAS spectra were recorded for the CeO, nanoparticles
functionalized with MPS and 3MPA-materials are represented in
Fig. 5. The spectra were recorded at ~100K, ~9 kHz MAS and in
~12h each. The spectra show clear signals from the surface sur-
factant species (from CH;, OCHs3, and carboxylic carbon sites), and
proves the successful modification of the surface of the nanoma-
terial with MPS and 3MPA. With the detection of trace-amount of
functional surface species, significant changes in the surface com-
position of the nanoparticles were determined, as seen in Fig. 5.

Although the product has the same physical features in bulk, the
preparation method and starting materials can give rise to different
nucleation and growth behaviors, which may result in the forma-
tion of defects in the crystal structure. Defects have a strong impact
on electronic transitions and, thus, on the optical properties. Fig. 6
shows that room-temperature photoluminescence (PL) emission
spectra of samples prepared in the presence of the surfactants are
very similar to that of the unmodified sample, demonstrating that
the presence of surfactants does not significantly affect the optical
properties.

1.0
——MPS
0.8 unmodified
—TGA
—3MPA
0.6
=y ——CTAB
17
=]
g 0.4
—
0.2
0'0 1 " 1 n 1 L 1 i 1 L 1
300 320 340 360 380 400 420 440

Wavelength/nm

Fig. 6. Fluorescence spectra of the as-synthesized CeO; particles.

Both unmodified and modified CeO, particles showed a strong
PL emission signal at 424 nm, a faint shoulder around 395 nm, and
two broad emissions centered at 365 nm and 350 nm. The spectra
are normalized with respect to the most intense signal at 424 nm
to examine the effect of surfactants on the emission. The emission
bands at 424nm and 394 nm are generally attributed to charge
transfer from O, to Ce**, that is, electron transition or charge
transfer from oxygen vacancies [5,28,29]. The two weak and broad
signals at 365 nm and 350 nm are ascribed to charge transfer tran-
sition from 02~ to Ce** [12,30].

Thermal degradation of synthesized cerium oxide nanoparticles
was studied by thermogravimetric analysis under nitrogen flow.
Fig. 7 shows thermograms of unmodified and surface-modified
cerium oxide nanoparticles.

A continuous mass loss is observed until ca. 800°C for all
samples. After that temperature, the curves reach a plateau that
corresponds to ca. 93% loss for the unmodified sample and to
85-92% for the surfactant-modified samples. From the difference
between the mass loss between the unmodified and the modified
samples, the content of organic component in the samples was
estimated to range between 0.6 wt% (for 3MPA) and 7.8 wt¥% (for
MPS). The results suggest that a crystalline core of CeO, particles
is covered with a thin layer of organic groups. Using the estimated
individual particle size from TEM micrographs and assuming that
the density of CeO, nanoparticles is equal to bulk density of CeO,,
one can estimate the number of surfactant molecules grafted to
the surface of the particles. The third column of Table 2 presents
the results of this estimation.

100 |-

95

unmodified
—— MPS
85 ——CTAB
—3MPA
—TGA
80 1 1 Il " 1 L

0 200 400 600 800 1000

Temperature / °C

Mass loss / %
g

Fig. 7. Mass loss curves of the as-synthesized CeO, particles.
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Table 2
Percent mass loss from the CeO, nanoparticles and surface coverage by modifier
precipitated in the presence of various surfactants.

Modifier Mass loss (%) from TGA  Coverage modifier (molecules/nm?)
No modifier 7.3 -

MPS 151 2.5

CTAB 8.4 0.9

3MPA 7.9 2.4

TGA 9.0 4.1

An inverse relationship is observed between grafting density
and the size of surfactant molecule. The smaller the surfactant,
the higher grafting density is, and vice versa. For example, TGA is
the smallest surfactant and the graft density is the highest. On the
other hand, CTAB is the largest one; correspondingly, its density
is the lowest. Based on this result, a compact packing of surfac-
tant molecules on the surface of particles can be proposed for our
system.

Surface charge is an important property of nanoparticles that
determines the stability of dispersions. When a nanoparticle is dis-
persed in an aqueous solution, the ionization of surface groups
and/or the adsorption of cations or anions result in the genera-
tion of a surface charge. Thus, an electric potential is developed
between the particle surface and the dispersion medium. The elec-
trostatic repulsion force between colloidal particles in the medium
is featured by zeta potential measurements, which also can provide
the isoelectric point (IEP). The IEP is defined as the pH at which
the surface is neutrally charged. The surface charge is expected to
change depending of the chemistry of surfactant. The effect of pH
values on zeta potentials of both unmodified and modified CeO,
nanoparticles is illustrated in Fig. 8.

The surface charge may vary from positive to negative as pH
increases because of the deprotonation of the surface groups. For
unmodified particles, the IEP is 4.4, which suggests that the surface
of unmodified CeO, particles is negative. The surface of metal oxide
nanoparticles dispersed in water is generally covered by hydroxyl
groups [31]. Partial dissociation of hydroxyl groups can be the ori-
gin of negative surface charge. The usage of a positively charged
surfactant, such as CTAB in our case, shows Coulombic interac-
tion between the negative sites on the particles and shifts the IEP
to higher pH (=9.9). On the other hand, the surface charge is not
affected by the usage of silane surfactants, as seen when MPS is
applied in our system. The grafting of MPS occurs mainly through
surface hydroxyl groups and does not affect the charge balance
on the particle surface. The IEP value is lower when TGA is used
as a surfactant. Based on the results of vibrational spectroscopy
discussed above, TGA molecules are grafted onto the particle sur-
face mainly by condensation of —SH and surface —OH groups.

60 T T T T
—s—unmodified

10k —e—MPS
> ——CTAB
& ——TGA
S 20
E 1 i 1 i 1
B OO\ 6 8 h\_ 12
=4 pH
a 20
o
N

40}

60

Fig. 8. Zeta potentials of unmodified CeO, particles and CeO, particles synthesized
in the presence of MPS, CTAB, and TGA dependent on pH values.
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Fig. 9. Particle size distributions of the nanoparticles.

The carboxylic acid group of the surfactant molecule remains on
the surface of particles. In an aqueous medium, it dissociates and
forms carboxyl groups that make the surface even more negative
(pH=3.8). Accordingly, the surface charge can readily be controlled
by the selection of the surfactant.

The surface-capped molecules prevent the nanoparticles aggre-
gation and allow the CeO, nanocrystals to be redispersed in organic
media. Particle size distributions of unmodified and surface-
modified CeO, nanoparticles in methyl methacrylate (MMA) were
investigated by DLS. The results are shown in Fig. 9.

MMA has a hydrophobic medium and the efficiency of the
surface-modification process can be readily tested. The results
suggest that the interactions between nanocrystals and organic
media, that is, surface chemistry of particles, have a key role in
the dispersion stability. The unmodified ceria particles exhibit
a mean diameter of 0.6 um (the size refers to aggregates of
individual particles). 3-MPA and TGA modified particles showed
comparable particle size distribution as in the unmodified ones.
Both surfactants contain mercapto and carboxyl groups. Although
the molecules are attached to the surface from mainly mercapto
groups, both functional groups may coexist on the surface. As a
result, the surface has some hydrophilic nature due to the presence
carboxylic acid groups that reduces the compatibility with MMA.
This result indicates that these surfactants are not a good choice
to obtain homogeneous dispersions of particles in organic media.
However, MPS- and CTAB-modified particles exhibited mean diam-
eters of 40nm and 20 nm, respectively, in the same monomeric
medium. In MPS, the control of surfactant amount on the CeO, par-
ticles requires a systematic study. In our conditions, a high amount
of SiO, network is formed due to the self-condensation of silane
groups [32]. We can conclude that CTAB is the best surfactant from
all aspects. Since the surface of CeO, nanoparticle has a negative
potential, CTAB is attached to the surface from its cationic part via
electrostatic forces. The long hydrophobic alkane group provides
surface hydrophobicity and renders the size smallest among other
surface modifiers.

3.3. Tentative mechanism of particle formation

At room temperature, the reaction of cerium(IIl) nitrate under
basic conditions with ammonia results in the precipitation of gelati-
nous hydrous cerium(IV) oxide [7]. When ammonia is added to a
cerium(IIl) precursor solution, immediate precipitation of Ce(OH)3
is observed because of the low solubility constant of this compound
(Ksp=7 x 10721) [13]. In an alkaline environment, Ce(OH)s is oxi-
dized to hydrated Ce(IV) ions,[33] and then hydrolyzed to form
the complex [Ce(OH),(H,0),]“~** [34,35]. Finally, the cerium(IV)
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Table 3

Comparison of the intensity ratio of reflections (11 1) and (2 00) in XRD patterns.
CeO; nanocrystals (111)/(200) intensity ratio Morphology
CeO, 2.95 Cuboctahedral
Ce0,-MPS 143 Cubic
Ce0,-CTAB 1.74 Cubic
Ce0,-3MPA 147 Cubic
Ce0,-TGA 1.49 Cubic

hydroxide complex is deprotonated by water molecules [33,36]
and the nucleation of ceria nanoparticles occurs. The supersatu-
ration degree of the initial precipitate and the oxidation of Ce(III)
to Ce(IV) are strongly affected by the hydroxyl ion content in the
process [13,36,].

The growth of CeO, nanocrystals can be examined by the corre-
lation between the intensity of (11 1) and (2 00) crystallite planes
in XRD patterns. The simple ratio between these most prominent
planes can give some hints about the development of particle mor-
phology. The result of our measurements for each particle is given
in Table 3.

In the absence of surfactants, the growth of (11 1) planes domi-
nates that of the (2 00) plane, that is, the (11 1) plane grows faster
than the (2 00) one. Thus, the nanocrystals showed a cuboctahe-
dral morphology. This ratio is reduced from 2.95 in the unmodified
CeO, to approximately 1.50 in the surface-modified samples. In
the presence of surfactant, the particles showed cubic morphology,
regardless of the type of surfactants. The capping agents prefer-
entially adsorb to (2 00) planes and suppress the growth of these
planes. The relative growth of (111) planes exceeds the one of
(200) ones. As a result, well defined cubic morphology is obtained.

4. Conclusion

In this study, controlled chemical precipitation of homogeneous
CeO, nanoparticles of average size smaller than 10 nm with var-
ious surface functionalities was presented. The most significant
aspect of our synthesis method is that almost any functionality
can be introduced onto the surfaces of nanoparticles by choos-
ing appropriate molecules as capping ligands. Although only thiol,
aliphatic, and carboxylic groups are chosen here to demonstrate
the idea, molecules with other functional groups such as alde-
hyde, epoxide, amine can also be used as the capping agents to
build a specific ligand shell. The compatibility of the resulting parti-
cles with MMA demonstrated that the procedure can be developed
into a general one for the preparation of ceria nanoparticles with
versatile surface functionalities. This simple approach is promis-
ing for future large-scale synthesis of this nanostructured material
for many important applications in catalysis, optoelectronics, and
oxygen storage capacity medium in a controlled manner.
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