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Abstract The effect of lanthanides that have positive
association energies with oxygen vacancies, such as
samarium and neodymium, and the elements with
negative association energies, such as holmium and
erbium, on ionization state of cerium and, consequen-
tially, the oxygen vacancy concentration in doped ceria
nanoparticles are investigated in this article. Structural
and optical characterizations of the doped and undoped
ceria nanoparticles, synthesized using chemical pre-
cipitation, are carried out using transmission electron
microscopy, X-ray diffractometry, optical absorption
spectroscopy, and fluorescence spectroscopy. It is
deduced that the negative association energy dopants
decrease the conversion of Ce ™ into Ce™t? and, hence,
scavenge the oxygen vacancies, evidenced by the
observed increase in the allowed direct bandgap,
decrease in the integrated fluorescence intensity, and
increased the size of doped nanoparticles. The opposite
trends are obtained when the positive association
dopants are used. It is concluded that the determining
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factor as to whether a lanthanide dopant in ceria acts as
a generator or scavenger of oxygen vacancies in ceria
nanoparticles is the sign of the association energy
between the element and the oxygen vacancies. The
ability to tailor the ionization state of cerium and the
oxygen vacancy concentration in ceria has applications
in a broad range of fields, which include catalysis,
biomedicine, electronics, and environmental sensing.
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Introduction

In the last few years, cerium oxide (ceria) nanoparti-
cles have extensively been studied due to their
potential uses in various applications in different
fields, such as UV absorbents and filters (Tsunekawa
et al. 2000), polishing media in micro-electronics,
luminescent materials (Oh et al. 2011), neuroprotec-
tive agents in biological systems (Das et al. 2007), and
as catalysts in the fuel cell technology (Steel and
Heinzel 2001). Oxides with the cubic fluorite structure
like ceria are known to be excellent solid electrolytes
when they are doped with certain cations due to the
reduction of the energy barrier for oxygen migra-
tion and the improvement of the ionic conductivity
(Andersson et al. 2006). It is reported that doping
ceria with trivalent elements changes the structural
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properties of ceria. In general, doping ceria with
trivalent elements results in a decrease in the lattice
parameter as compared to undoped ceria, which is the
result of an increased conversion process of Ce ™ ions
to Ce™ ions and a corresponding increase of the active
oxygen vacancies (Deshpande et al. 2005). However,
scandium, a trivalent element (SC+3), has been shown
to produce an anomalous behavior in ceria where the
dopant acts a scavenger for oxygen vacancies (Vp),
pinning the vacancy in a Sc—Vg pair, due to its
negative association energy between vacancy and
dopant (Gerhardt et al. 1987). Thus, not all trivalent
element dopants cause an increased formation of
active oxygen vacancies in ceria.

The control of oxygen vacancies in ceria will have a
positive impact in many applications. For example,
high-x ceria films are currently deposited on germa-
nium substrates to reduce the density of interface
states in field effect transistor (FET). However, the
Ge-based FETs suffer from leakage current since these
films have relatively low bandgap and higher charge
trapping (Chui et al. 2004). An increase in the ceria
bandgap can be obtained by reducing the oxygen
vacancy concentration, which will reduce charge
trapping and, thus, the resulting degradation of the
device performance. Another important application
for ceria is gas sensing due to its oxygen storage
capability, which is related to the concentration of
oxygen vacancies (Elyassi et al. 2004). Ionic conduc-
tivity of thin film gas sensors is also dependent on the
concentration of oxygen vacancies. The sensitivity
and dynamic range of a ceria-based sensor can be
maximized by optimizing the oxygen vacancy con-
centration. Also, an increase in oxygen vacancies can
lead to improve the properties of ceria to act as free
radical scavenger in biomedical applications (Babu
et al. 2007). The increase of oxygen vacancies and
ionic conductivity can be helpful in improving the
catalytic activity of ceria for solid-state fuel cells
applications (Zeng et al. 2010). As fluorescence
efficiency of ceria is proportional to the percentage
of cerium in the Ce™> ionization state, the conversion
of Ce™ to Ce™ determines the efficiency of ceria
when used as a phosphorous material in solid-state
lighting (Zholobak et al. 2011). One potential future
application for ceria nanoparticles may be in bioi-
maging as the fluorescent wavelength of ceria is in the
visible wavelength range (Shukla et al. 2004). There-
fore, it is critical to control Ce™ ionization states
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and the corresponded concentration of oxygen vacan-
cies for many applications.

In this study, the relationship among the vacancy-
trivalent element association energies in doped ceria
nanoparticles, synthesized using chemical precipita-
tion, and the conversion of Ce™ ions to Ce™ ions is
studied and correlated to the formation of active
oxygen vacancies in ceria. The selected lanthanide
elements are samarium, neodymium, holmium, and
erbium. The first two elements have positive associ-
ation energies, which may repel, or do not form
complexes with oxygen vacancies, whereas the last
two elements have relative negative Vo—dopant asso-
ciation energies. The negative sign indicates the
trapping of oxygen vacancies (Andersson et al. 2006;
Nakayama and Martin 2009; Wei et al. 2009). Optical
and structural characterizations of doped ceria nano-
particles are performed to calculate the direct allowed
bandgap, emitted fluorescent intensity, particle size,
and lattice parameter as functions of dopant element
and concentration. These characteristics are compared
to those of the undoped ceria to determine whether
there is a decrease or increase in the conversion
process from Ce™ to Ce™, a process which is
correlated to an increase in the concentration of free
oxygen vacancies.

Experimental procedure

There are many techniques that are used to produce
doped ceria nanoparticles, including chemical precip-
itation (Suda et al. 2006), hydro-thermal synthesis
(Dikmen et al. 1999), and solid-state reaction method
(Yamamura et al. 2007). Compared to most methods,
precipitation is attractive due to its use of inexpensive
salt precursors, the simple process performed at room
temperature and pressure, and the ease at which the
process can be scaled for mass production (Dhannia
et al. 2009). Therefore, this method is selected to
synthesize the undoped ceria nanoparticles and the
nanoparticles doped with the selected lanthanide
elements (Sm, Nd, Ho, and Er).

Undoped ceria nanoparticles are prepared using a
chemical precipitation technique similar to that
described in Chen and Chang (2004). 0.5 g of cerium
(IIT) chloride heptahydrate (99.9 %, Sigma-Aldrich) is
added in 40-mL de-ionized (DI) water as a solvent.
The solution is stirred constantly in an open container
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at a rate of 500 rpm for 24 h while placing in a water
bath. The water bath is heated to a temperature of
60 °C and held for approximately 1 min to ensure that
the solution is homogeneous. 1.6 mL of ammonia is
then added to the solution and the reaction is initiated
immediately. The stirred solution is kept in a heated
water bath for 1.5 h. In the second stage of the
reaction, the solution is stirred for the remaining
22.5 h at room temperature.

The elevated temperature during the first stage of
the synthesis process is important because it increases
the conversion rate of Ce(OH)3, the first product of the
reaction, to CeO, where cerium is in the Ce™
ionization state. Then, CeO, is converted to Ce,0s,
where cerium exists as Ce™ jons (Lawrence et al.
2011; Trovarelli 2005). Nonetheless, the initial reac-
tion temperature is relatively low and the concentra-
tions of reactants used are fairly dilute, relative to the
synthesis parameters mentioned in Basu et al. (2004
and Guo 2007), to reduce the potential for agglomer-
ation of the nanoparticles form in solution. The
constant stirring of the solution assists in the fracturing
of nanorods into nanoparticles.

The doped ceria nanoparticles are synthesized using
the same procedure. However, the weight of cerium
chloride and the doping element chloride depends on
expected concentration of the rare earth (RE) element
used as the dopant in the ceria nanoparticles. Thus, the
quantities of the salts used in the synthesis of doped
ceria nanoparticles are 0.025 g of RE chloride hepta-
hydrate (RE = Sm, Nd, Ho, or Er) and 0.475 g of
cerium chloride heptahydrate, 0.05 g of RE chloride
heptahydrate and 0.45 g of cerium chloride heptahy-
drate, and 0.075 g of RE chloride heptahydrate and
0.425 g of cerium chloride heptahydrate to obtain a
dopant weight ratio of 5, 10, and 15 %, respectively.

After the completion of the synthesis process, the
colloidal solution is centrifuged and the centrifugate is
washed with DI water and ethanol to remove any
unreacted cerium and ammonia, and is then resus-
pended in DI water. This process is repeated for a
second time, after the solution is sonicated to separate
any agglomerates. Following these steps, the centrif-
ugate is allowed to dry in air.

0.03 g of the dried powder then is suspended in
10 mL of DI water and sonicated prior to the
fluorescence measurement. Approximately 3 mL of
the colloidal solutions is pipetted into methacry-
late cuvettes. The fluorescence spectroscopy system

consists of an ultraviolet (UV) lamp coupled to a
monochromator (a 1/4 m Newport Cornerstone 260).
The light that exits the monochromator (Aey. =
430 nm) is focused on to the colloidal solution. The
fluorescence signal is collected using a second mono-
chromator (a %4+ m Newport Cornerstone 260), posi-
tioned at an angle of 90° to the first monochromator.
As monochromator is scanned over the visible wave-
length region and the fluorescence signal is detected by
the photomultiplier tube (Newport PMT 77340),
located at the exit port of the second monochromator,
and is measured using a power meter (Newport Power
meter 2935C).

A further dilution of the samples by a factor of 4 is
required when measuring the absorbance dispersion
using dual-beam UV-vis—-NIR spectrometer (UV-
3101PC Shimadzu) to obtain data from 350 to
800 nm. The reference used during the absorption
measurements is a methacrylate cuvette filled with DI
water. The allowed direct bandgap can be calculated
from the linear region of the absorbance dispersion
curves, as will be discussed in “Results and discus-
sion” section.

To determine the structure of the doped and
undoped nanoparticles, the surface planes of different
samples are measured using a PANalytical’s X Pert
PRO X-ray diffractometer (XRD) at 45 kV and 40 A
with Cu K, radiation (A = 0.154 nm). The average
diameter of the nanoparticles can be calculated from
the first diffraction peak; the plane (111) of ceria.
Images of the doped and undoped nanoparticles of the
different samples are collected using transmission
electron microscopy (TEM) (Philips EM420). The
TEM samples are prepared by immersing carbon-
copper mesh grids in colloidal solutions with the same
concentration of nanoparticles used during the absorp-
tion measurements, which are then dried for 30 min
before imaging. The average diameter of the nano-
particles is measured from the collected images and
compared to the diameters calculated from XRD
measurements. Also, the interplanar distance and the
lattice parameter of the doped ceria nanoparticles can
be calculated from the electron diffraction rings,
which can be obtained during TEM imaging.

The concentrations of the chemical components of
the synthesized nanoparticles are measured using a
PHI Quantera SXM scanning X-ray photoelectron
spectroscopy (XPS). Samples were prepared by drying
colloidal solutions on quartz slides. Quantitative

@ Springer



Page 4 of 10

J Nanopart Res (2012) 14:1173

analyses of the chemical elements and their chemical
states found within the top few nanometers of a surface
are performed. Concentration of the dopant elements
in the nanoparticles is determined from the XPS data.
Given that there is some ambiguity over the accuracy
of the calculated ionization state of cerium, this
technique was not used to quantify the concentration
of Ce™ and Ce™ in the nanoparticle samples (Qiu
et al. 2006), but is used as a qualitative confirmation of
the trends determined from an analysis of the data
collected using the other characterization equipment.

Results and discussions

The absorption dispersions for ceria doped with Nd and
Er are presented in Fig. 1a, b as examples of the optical
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absorption spectra collected on the colloidal nanopar-
ticle solutions. For all samples, the absorbance disper-
sions have the same general shape, monotonically
increasing with increasing photon energy, though they
have slight difference in the magnitude and slope of the
curves in the linear regions and the photon energy at
which the nanoparticles begin to absorb strongly.

The relation among the absorption coefficient, the
absorbed photon energy, and the allowed direct
bandgap of the nanoparticles is described in Eq. (1)
(Pankove 1971)

o (E) = A(E — E,)"? (1)

where « is the absorbance coefficient, A is a constant
that depends on the effective masses of electrons and
holes in the material, E is the absorbed photon energy,
and E, is the allowed direct bandgap.
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Fig. 1 Absorbance dispersion of ceria a doped with Nd, b doped with Er, and the direct bandgap calculations of ceria, ¢ doped with Sm,

and d doped with Ho
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In Fig. 1c and d, (ocE)2 versus E is plotted for
samples doped with Sm and Ho, respectively. The
intersection between the extrapolation of the linear
portion of (xE)* curve and x-axis is equal to the
allowed direct bandgap of ceria nanoparticles. The
bandgap of CeO, is roughly 4 eV while Ce™ ions
present in the crystal lattice, which could be consid-
ered a part of a Ce,O3 compound, create a trap state
3 eV above the CeO, valence band and correspond to
the CeS5d—Cedf transition (Patsalas et al. 2003).
Experimentally, the measured range of Ce,O5; band-
gap is between 3.03 and 3.7 eV, depending on the
synthesis method, reaction temperature, and the size of
particles (Yin et al. 2002).

In this study, we have found that the bandgap of
undoped ceria is 3.26 eV. We interpret that this is due
to substantial concentration of Ce™ ions in the
undoped ceria nanoparticles produced via the chem-
ical precipitation synthesis process described earlier.
If the doped ceria nanoparticles are found to have a
smaller bandgap than that found for the undoped ceria,
then it is assumed that there are more Ce™ states and a
higher concentration of oxygen vacancies. However, if
the value of bandgap for the doped ceria should be
found to be greater than 3.26 eV, it is presumed that

more of the cerium is in the Ce™ state and the
concentration of Vg is smaller than that found in the
undoped ceria samples.

From the calculations of E, summarized in Table 1,
it can be noted that the direct allowed bandgap of doped
ceria is smaller than that of undoped ceria with the
incorporation of dopants Sm or Nd, and the difference
between the bandgap energy of the doped ceria and
undoped ceria increases with increasing dopant con-
centration. This is also an evidence that there is a higher
percentage of cerium in the Ce™ state in the samples
doped with Nd or Sm than in the undoped samples,
which supports the hypothesis that ceria nanoparticles
doped with a positive vacancy—dopant association
energy trivalent element increase Ce™ states and that
leads to a higher concentration of V. Furthermore, the
bandgap energies of nanoparticles doped with Ho and
Er are larger than the bandgap of the undoped ceria and
the magnitudes of direct bandgaps are larger with
increasing the dopant concentration, an indication that
the doping with negative vacancy—dopant association
energy elements yields ceria nanoparticles with lower
Ce ™ ionization states and lower V, concentration than
that the concentration that exists in the undoped ceria
nanoparticles. In other words, the Sm and Nd act as

Table 1 Summary of the

optical and structural Material Direct  Peak Lattice Ir}terplanar Mean panicle Mean Particle
properties of the undoped B (V) fuorescence parameter dtance  size wing - sie using
and RE-doped ceria :
;’i‘(f)nl;l;’; gf = Sm, Nd, Undoped 326 1 522 3.03 6.75 6.83
’ ceria
Doped with Sm
5% 3.24 1.10 5.27 3.04 6.29 6.30
10 % 3.23 1.21 5.31 3.07 6.23 6.29
15 % 321 1.33 5.35 3.09 6.21 6.10
Doped with Nd
5% 3.24 1.12 5.30 3.06 6.48 6.55
10 % 3.22 1.36 5.35 3.09 6.39 6.45
15 % 3.20 1.91 5.38 3.11 6.24 6.30
Doped with Ho
5% 3.36 0.86 5.09 2.94 7.21 7.12
10 % 3.38 0.70 4.99 2.88 7.25 7.31
15 % 3.39 0.67 4.94 2.85 7.33 7.44
Doped with Er
5% 332 0.98 5.08 2.93 7.36 7.12
10 % 3.33 0.82 5.04 291 7.48 7.44
15 % 3.34 0.78 5.01 2.89 7.60 7.79
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oxygen vacancy generators and Er and Ho act as
oxygen vacancy scavengers due to the increase and
decrease of Ce™ ionization states, respectively. The
4-eV bandgap of cerium dioxide is an indirect gap.
Hence, there will be a very small probability that
radiative recombination will occur when the Ce™** ions
in CeO, are optically excited. On the other hand, Ce,O3
has a direct bandgap of 3.26 eV, as mentioned before,
and the relaxation via the 5d—4f transition of an excited
Ce™ ions in Ce,0;, results in a photon emission
(Patsalas et al. 2003). When ceria that contains some
fraction of Ce,Oj; is illuminated with UV light, the
valence band electrons can easily be excited to an
oxygen vacancy defect state located within the CeO,
bandgap. From the Vg defect state, the electron
undergoes multiple transitions before it returns to the
ground state. Energy is radiatively released during one
of the transitions; the emitted photon has a wavelength
around 520 nm. The other transitions are non-radiative.
Therefore, the rate at which photons are emitted from
ceria via spontaneous emission, which is proportional
to the peak intensity of the emitted fluorescence
spectrum, is proportional to the number of electrons
optically excited to the Vo defect state near the
conduction band, corresponded to more Ce*? ions.
When there is a higher concentration of Ce ™ states and
a corresponding high concentration of Vg states, a
greater percentage of valence electrons can be excited
to the defect state and a larger fluorescence signal will
be emitted. In summary, a sample of ceria that has a
strong fluorescence indicates that there is a higher
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concentration of Ce™ states in that sample as com-

pared to a ceria sample that has a weak fluorescence
signal. The fluorescence spectra for ceria doped with
Sm and Er are shown in Fig. 2a and b, respectively. A
summary of the peak fluorescence intensities, normal-
ized to the undoped ceria fluorescent intensity for all of
the doped and undoped ceria nanoparticles, is reported
in Table 1. The peak fluorescence intensity is highest in
the ceria samples doping with the two positive
association energy elements, Sm and Nd, as compared
to that of undoped ceria, which is an evidence that there
are higher concentrations of Ce ™ ions and more active
oxygen vacancies in these doped samples.

The opposite behavior is found within ceria sam-
ples doped with negative association energy dopants,
Ho and Er, which is an indication that there is a
reduction in the concentration of oxygen vacancies
due to a lower percentage of cerium in the Ce ™ state.
The conclusions drawn from the fluorescence data are
in good agreement within the results obtained from the
direct bandgap calculations.

TEM images of undoped and some of the doped
ceria nanoparticles, associated with diffraction rings,
are shown in Fig. 3. The average size, interplanar
distances, and lattice parameters of the nanoparticles
are calculated and reported in Table 1. From these
results, it can be noted that the particle size becomes
smaller and the interplanar distance and lattice
parameter are increased when ceria is doped with a
positive association energy element such as Sm and
Nd, as compared to undoped ceria. These structural

0
500 510 520 530 540 550
4 (nm)

560 570 580 590 600

Fig. 2 Fluorescence emission from ceria doped with 5, 10, and 15 %, by reagent weight, of a Sm and b Er (All the emitted intensities

are normalized to the undoped ceria fluorescence)
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changes can result from the increased lattice strain that
produced by high concentrations of the oxygen
vacancies associated with Ce™ ijons in the doped
ceria (Deshpande et al. 2005). The opposite trends in
structural changes are found when the dopant is a
negative association lanthanide such as Ho and Er.
This provides further evidence that the ceria doped
with positive association lanthanide dopants contain
higher Ce™ ionization states and concentration of
oxygen vacancies and that the negative association
lanthanide dopants reduce the concentration of oxygen
vacancies in ceria nanoparticles related to lower Ce™>
ionization states.

X-ray diffractometer (XRD) patterns are presented
in Fig. 4 for (a) undoped ceria and (b) ceria doped with
5 % Nd as examples. In Fig. 4b, the XRD pattern of
the doped ceria nanoparticles demonstrates that the
sample is composed of Nd-doped ceria as opposed to a
mixture of neodymium oxide nanoparticles and ceria

nanoparticles. The same conclusion is derived from
the other doped ceria XRD patterns.

The average diameter of the nanoparticles can be
calculated from the angular position of the first pattern
peak, which corresponds to the most stable surface
plane, (111), among the low-index planes of ceria
(Deshpande et al. 2005), using Scherrer’s formula

092

~ PeosO’ @)

where d is the average diameter of the particles, 4 is the
wavelength of X-ray, f3 is the full width half maximum
(FWHM) of the surface plane pattern, and 0 is the
diffraction angle. The average diameters for all of the
undoped and doped ceria samples are reported in
Table 1. The average particle size for each sample is in
good agreement with the results obtained from the
TEM images. This corroborates the conclusions drawn
from the analysis of TEM images that the addition of a

100 nm

100 nm

Fig. 3 TEM images and diffraction rings of ceria a undoped, b doped with 5 % Ho, ¢ doped with 5 % Er, and d doped with 5 % Nd
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Fig. 4 XRD patterns of

(a)250

111

ceria: a undoped and
b doped with 5 % Nd as
examples

Intensity (a.u.)

(b) 250

111

200

150

Intensity (a.u.)

25 30 35 40
2 Theta (degree)

lanthanide dopant with positive vacancy—dopant asso-
ciation energy generates more oxygen vacancies in
ceria and that a lanthanide dopant with negative
association energy reduces the concentration of oxy-
gen vacancies in ceria nanoparticles as compared to
the Vo concentration in undoped ceria.

Table 2 lists the results from the analysis of the
doped ceria nanoparticles obtained from XPS and
provides a quantitative overview of the chemical
composition of each synthesized nanoparticles. It is
observed that the incorporation of dopant in the ceria
nanoparticles during synthesis was higher when the
dopant has negative association energy. Several trends
can be observed from the analysis of the data presented
in the two tables. Of the two oxygen vacancies

45 50 55 25 30 35 40 45 50
2 Theta (degree)

th
th

generators, Nd causes a larger change in the oxygen
vacancy concentration, compared to what obtained
when an equal weight of Sm is added. In other words,
there is a higher concentration of Ce™ ions formed in
the ceria doped with Nd more than the doped ceria
with Sm. Ho is a much better vacancy scavenger than
Er as there is a more significant reduction of Ce™>
states in the Ho-doped ceria, based upon the decreases
in allowed direct bandgap and peak fluorescence
intensity with increasing dopant concentration. The
relationship between conversion rate from Ce™ to
Ce™ states, or the corresponding oxygen vacancy
concentration, and the amount of dopant in the ceria
nanoparticles appears to be relatively linear when the
dopant is either Nd or Sm, but is strongly nonlinear

Table 2 Chemical analysis

of the atomic concentrations Weight ratios Ols Ce3d Sm3d Nd3d Ho4d Erdd Molecular
of synthesized nanoparticles gercentage of
opants

Undoped ceria 62.62 10.39 0 0 0 0 0
Doped with Sm

5 % 62.10 12.34 0.76 0 0 0 6.16

10 % 65.63 12.14 1.09 0 0 0 8.98

15 % 65.40 10.13 1.73 0 0 0 17.08
Doped with Nd

5% 65.31 11.86 0 0.29 0 0 2.45

10 % 66.03 10.70 0.44 0 0 0 4.11

15 % 65.45 10.97 0 0.96 0 0 8.75
Doped with Ho

5% 66.68 12.03 0 0 0.38 0 3.16

10 % 67.02 8.01 0 0 1.02 0 12.6

15 % 68.30 10.99 0 0 1.44 0 13.10
Doped with Er

5% 69.77 10.61 0 0 0 0.46 4.34

10 % 60.02 14.31 0 0 0 1.34 10.68

15 % 69.36 8.17 0 0 0 1.85 22.64
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when the dopant is Ho or Er. The largest changes in the
properties of the doped ceria nanoparticles occur when
the dopant concentration is roughly below 5 % for
either of these two dopants.

Conclusion

It can be concluded that not all trivalent lanthanide
elements, used as dopants in ceria nanoparticles,
increase the conversion of cerium from Ce™ to Ce™
or increase the oxygen vacancy concentration. This fact
is first noted in the past for scandia-doped bulk ceria. A
correlation between association energy of the lantha-
nide dopant element and its ability to increase or
decrease the conversion of Ce™ to Ce™ and enhance
or suppress the formation of oxygen vacancies in ceria
nanoparticles is demonstrated in this study. The
lanthanide dopants with positive association energies,
such as samarium and neodymium, increase the
conversion rate from Ce™ ionization state to Ce™
state and consequently increase the oxygen vacancies
in ceria nanoparticles. However, lanthanide elements
with negative association energies, such as holmium
and erbium, reduce the percentage of cerium that exists
in the Ce™ jonization states and scavenge oxygen
vacancies in the synthesized ceria nanoparticles.

There are major findings presented in this study that
demonstrate this conclusion. First, the ceria nanopar-
ticles doped with one of the positive association
dopants had a smaller direct bandgap as compared to
undoped ceria. Second, the integrated emitted fluo-
rescent intensity of the ceria doped with a lanthanide
with positive association energy was higher relative to
that of undoped ceria sample. The next piece of
evidence is that the average diameter of the nanopar-
ticles doped with a lanthanide with positive associa-
tion energy is smaller and the lattice parameter and
interplanar distance are larger than that found for
undoped ceria. The opposite trends in material prop-
erties are found when the dopant is a lanthanide with
negative association energy.

The results of this study suggest that the concentra-
tions of Ce™ jonization states and the corresponded
oxygen vacancies in ceria nanoparticles can be con-
trolled by selecting the lanthanide element with the
appropriate vacancy—dopant association energy and its
concentration during the ceria nanoparticle synthesis
process. This novel concept to engineer the generation

or scavenging the oxygen vacancies and to determine
the dominant Ce ionization states via the selection of
lanthanide dopant and dopant concentration can have
significant impact in a range of applications that
include high mobility Ge FETs, gas sensors, solid-state
phosphors, and nano-biomedical therapeutic agents.
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