
Structural and Electronic Properties of
Cubic CeO2: Unpaired Electrons in CeO2

CARLOS QUINTANAR,1 REYNA CABALLERO,1 JORGE BARRETO,2

ELIZABETH CHAVIRA,3 ERNESTO E. MARINERO4

1Facultad de Ciencias, Universidad Nacional Autónoma de México, Ciudad Universitaria,
04510 México D.F., México
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04510 México D. F., México
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ABSTRACT: The high performance of cerium dioxide (CeO2) as support for Au in
catalysis relies on its ability to anchor Au clusters and transfer charge to the gold
nanoparticles. These two processes are governed by oxygen vacancy formation. To
study the localization and the mobility of the electrons left behind by the vacancy from
the relaxed oxygen, an experimental and theoretical study is hereby reported. CeO2

powder was synthesized by the polyacrylamide gel method and its microstructure was
characterized by X-ray diffraction and high resolution scanning electron microscopy.
We have determined the presence of only the fluorite cubic phase in our samples and
the formation of acicular particles of �1 lm in length. In the electron spin resonance
study, we observed that the unpaired electrons are quasi free. A single-line
paramagnetic signal is observed that exhibits spin characteristics with a g-value of
2.0039 at room temperature. This compares well to the value of 2.0023 determined for
free electrons. In addition, we have conducted a theoretical study using a density
functional theory cluster approach and calculate the electron spin density of CeO2

clusters. We find that spin density clouds are localized around the cerium ions. VC 2010
Wiley Periodicals, Inc. Int J Quantum Chem 110: 2949–2954, 2010
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Introduction

C erium dioxide (CeO2) having a cubic fluorite
crystal structure has been used in catalytic

reactions as a reducible oxide support material in
emission control catalysis [1, 2]. For achieving
high catalytic activity, reducible supports usually
exhibit appreciably better performance than non-
reducible ones [1]. In the oxidation of CO cata-
lyzed at the surface of metal particles like Au,
CeO2 plays an important role [2, 3], and it has
been reported that Au/CeO2 catalysts also show
high catalytic activity for low-temperature water
shift reaction and CO oxidation [4–7].

CeO2 surface defects such as oxygen vacancies
have also recently attracted interest because the role
they may play in catalytic processes of the CO oxida-
tion [8]. This is attributed to the fact that in metal
oxides, point defects such as oxygen vacancies may
anchor the metal particles and transfer charge to the
metal nanoparticles [9–13]. It has been reported that
the electrons left behind by the relaxed oxygen from
the vacancy are localized at the cerium ions [14].

This work aims to determine the sites where
the electrons left behind by the removal of neutral
oxygen from the oxygen site become localized,
and whether they weakly or strongly bond to the
lattice ions.

To generate defects in our synthesized CeO2 par-
ticles, we utilize heat treatment of the powder to pro-
duce point defects such as oxygen vacancies. It is
known that on annealing the cerium ion reduces
from Ce4þ to Ce3þ. We note that according to Freund
and coworkers [12], point defects, such as oxygen
vacancies, are the most important type of defects
that increment the system’s catalytic activity. These
defects are known to anchor gold particles [11, 12],
to enhance the catalytic activity of the metal nano-
particles [12], and to the release of electrons [7].
Using spin density calculations in this work, we
have determined the site where the unpaired elec-
trons might be localized, and using spin resonance
measurements, we establish the strength of the elec-
tron bonding that are released from the vacancies.

Methods

SAMPLE PREPARATION

CeO2 mesoparticles were prepared using a
modified acrylamide sol–gel technique. This is

particularly useful, since the polyacrylamide net-
work inhibits the aggregation of CeO2 particles
[15]. Cerium oxide (99.999%, Aldrich) was dis-
solved in a solution of distilled water at 80�C
using oxygenated water (20% vol.) and nitric acid
(69–70%, J. Baker), buffered at neutral pH with
ammonium hydroxide (28–30%, J. T. Baker), fol-
lowed by the addition of N,N0-methylene-bis-
acrylamide (99.5%, Fluka) and acrylamide (99%,
Fluka). The polymerization took place within 4 s
resulting in a homogeneous gel. The gel was
dried at room temperature in air, pulverized and
then heated up to 600�C, and maintained at that
temperature for 15 min. Following these proce-
dures, two different subsequent additional treat-
ments are used: in the first one, samples were
brought slowly down to room temperature, while
in the second procedure, the sample was
quenched from 600 to �60�C. For the quenching,
a metal copper plate attached to a metal rod was
used. The rod was in contact with liquid nitrogen,
and once equilibrium was achieved, the tempera-
ture at the plate was measured to be �60�C.

Powder X-ray diffraction (XRD) analysis was
used to determine the crystalline structure and
the residual polymer material present in the sam-
ples using a Bruker D8 Advance diffractometer
with Cu Ka radiation (k ¼ 1.5406 Å), 40 KV and
30 mA equipped with a graphite diffracted beam
monochromator. Diffraction patterns were col-
lected at room temperature over the 2y range 5–
140�. The microstructure and morphology were
observed by scanning electron microscopy (SEM)
analysis using a Zeiss 1540 XB. Electron spin reso-
nance (ESR) measurements were performed using
a JEOL JES-RE3X spectrometer, using a cylindrical
cavity (TE011 mode) operating at X-band frequen-
cies (near 9.1024 GHz) with 100-kHz field modu-
lation. The g-values were obtained by measuring
the resonance field using an NMR gaussmeter,
JEOL ES-FC5 in combination with a HP-5350 fre-
quency counter. A sample of MgO: Mn2þ was
used as a standard field marker for ESR measure-
ments. Quartz tubes (2.5 mm ID, 13 mm high)
were used for the ESR studies.

Quantum Chemical Methods

All calculations were performed with the linear
combination of Gaussian-type orbitals Kohn-Sham
density functional theory (DFT) code deMon2k
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[16]. To avoid the calculation of four-center elec-
tron repulsion integrals, the variational fitting of
the Coulomb potential [17–19] was used. The aux-
iliary density [20] was expanded in primitive Her-
mite Gaussian functions and the Perdew, Burke,
and Enzerhof generalized gradient approximation
[21] was used. The exchange-correlation potential
was calculated by numerical integration on an
adaptive grid [22, 23] from the auxiliary function
density [20]. All electrons of oxygen were treated
explicitly using the double-z valence plus polar-
ization basis sets (621/41/1*). For the cerium
atoms, the relativistic effective core potential with
19 valence electrons proposed by Schwerdtfeger
et al. [24] was used. The GEN-A2 auxiliary func-
tion set for the O atoms and the GEN-A2* set for
the Ce atoms were used.

Results and Discussion

X-RAY DIFFRACTION AND SCANNING
ELECTRON MICROSCOPY

Figure 1 shows an XRD spectrum of a CeO2

sample that was slowly cooled down to room tem-
perature. The spectrum reveals sharp reflections
that evidence a crystalline phase as well as a back-
ground that corresponds to the residual polymer
material present in the samples. We note that the
spectra corresponding to the fast quenched sample
are virtually identical to the one shown in Figure 1
but exhibit even sharper peaks than for the slowly
cooled down sample. Spectral analysis of the dif-
fraction pattern indicates that it corresponds to the

powder diffraction file 34-0394, associated with a
cubic unit cell and a lattice parameter a ¼ 5.4113 Å
with space group: Fm3m. As can be seen in the
spectrum shown in Figure 1, the full width at half
maximun (FHWM) of the spectral lines are quite
narrow, indicating that the sample is comprised of
rather large mesoparticles. This observation is sub-
stantiated by the scanning electron microscope
(SEM) micrographs obtained and shown in Figure
2. The presence of large crystallites and of elon-
gated ‘‘needles’’ is readily observed. Figure 2 corre-
sponds to a CeO2 xerogel heated at 600�C and
slowly cooled down. In this image, acicular CeO2

structures are readily observed. These needles have
different lengths: the one on the right side is 0.8
lm long, whereas the one in the middle of the
image is 1.1 lm in length and the one on the left
side of the image is 1.4 lm long. Also, in the fig-
ure, the presence of residual polymer material can
be observed and this is highlighted on the upper
left portion of the micrograph. It is noted that
annealing at 600�C for 15 min is not sufficient to
fully decompose and volatize the polymer to pro-
duce only particles of the CeO2 compound.

ESR MEASUREMENTS

Cerium has the [Xe] 4f25d06s2 electronic config-
uration. In the CeO2 fluorite phase, it exhibits a
þ4 oxidation state [25], Ce4þ and O�2 ions having

FIGURE 1. XRD of a CeO2 sample that was slowly
cooled down to room temperature. The spectrum
corresponds to the fluorite phase structure. [Color
figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

FIGURE 2. SEM image showing particle clusters of
CeO2 with acicular structures. Some characteristics
dimensions are given: the one on the right side is �0.8
lm long, the one in the middle �1.1 lm, and the one
on the left �1.4 lm. In the upper left side of the micro-
graph, an arrow points to the residual polymer.

STRUCTURAL AND ELECTRONIC PROPERTIES OF CUBIC CeO2

VOL. 110, NO. 15 DOI 10.1002/qua INTERNATIONAL JOURNAL OF QUANTUM CHEMISTRY 2951



closed shells, with the electronic structure of Xe-
non and Neon, respectively. The presence of oxy-
gen vacancies in CeO2 is suggested to induce the
reduction of Ce from 4þ to 3þ to maintain elec-
trostatic balance [25]. In the nonreduced case
(closed shells), one should not observe a para-
magnetic signal, while in the reduced case, the
signal due to the Ce3þ is difficult to be observed
because of spin lattice relaxation, and only near 4
K can a paramagnetic signal be observed [26].
However, in reports found in the literature, a nar-
row signal has been observed in EPR spectra of
CeO2-based materials yielding g-values near the
free electron value g ¼ 2.0023. This signal has a
small linewidth and is readily detected, Gideoni
and Stainberg [27] assign this signal to quasi-free
electrons or to electrons trapped at oxygen vacan-
cies of the CeO2 lattice. This signal is correlated
with the level of defects in the samples [26],
thereby suggesting that both facts are intimately
related [26]. Therefore, in the most pure and par-
tially reduced CeO2 samples, this signal has a
very low intensity [28] or is even absent [29].

Besides, its intensity does not correlate with the
degree of reduction of the samples [26].

We performed ESR measurements on two CeO2

samples with different postsynthesis cooling treat-
ments. One was heated up to 600�C and then was
let to cool down to room temperature in air. The
spectrum is shown in Figure 3(a), the other sample
was also heated up to 600�C and then it was
quenched to �60�C. The corresponding spectrum
for the latter sample is shown in Figure 3(b). Both
CeO2 samples show only a paramagnetic line that
exhibits free spin characteristics with a g-value of
2.0039 with an error of 60.0008 at room tempera-
ture, when compared with the value of 2.0023 for
free electrons. Only one ESR transition was
observed in both cases, but the line of the quenched
sample shown in Figure 3(b) has an intensity which
is three orders of magnitude larger than that of
nonquenched sample [Fig. 3(a)]. This might indi-
cate that the quenching freezes the mesoparticle
defects by hindering their mobility due to the
drastically reduced time � temperature product
that controls diffusive processes. Therefore, we
suggest that the quenching leads to the formation
of more quasi-free electrons in the sample.

We exclude the possibility that the ESR signal
may be due to the residual polymer material on
two grounds: (1) the amount of the residual poly-
mer is the same for both the quenched and slow
cooled down samples. (2) the residual polymer is
amorphous (no crystalline diffraction peaks besides
those corresponding to crystalline CeO2 are present
in the XRD spectra). Thus, defects in low concentra-
tion should not be expelled from the polymer, as
they are from CeO2 crystals bulk, because defects
have more sites to localize in a amorphous polymer
than in a crystal; therefore, the entropy gain that
provides the driving force to expel the defects out-
side the material is less in amorphous polymers
than in crystals, and also the polymer viscosity
works against the force that expels defects. There-
fore, if there was a contribution to the ESR signal
from the polymer, it should have the same contri-
bution in both sample sets, which is contrary to the
experimental results. Therefore, we attribute
defects in the CeO2 polycrystals as being responsi-
ble for the ESR signal that strongly increase as a
consequence of the quenching treatment.

ISO-SPIN DENSITY DFT STUDY

To find out where the unpaired electrons may
be localized, a theoretical study was conducted

FIGURE 3. Electron spin resonance spectrum of both
the nonquenched (a) and the quenched (b) CeO2 sam-
ples. The spectrum of (a) is amplified 200 times more
than that of (b). A g value ¼ 2.0039 6 0.0008 is deter-
mined from these measurements (see text).
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using a DFT cluster approach. Our cluster has 14
cerium ions and 27 oxygen ions, and one vacancy.
In this system, an oxygen ion was removed. The
total cluster charge was set to þ1 to model a par-
tial compensation of the charge, and we calcu-
lated the spin density of this system and is shown
in Figure 4. In this figure, the cerium and oxygen
ions are represented by gray and red spheres,
respectively. The vacancy is represented by a
black sphere. In Figure 4, one can observe the
face-centered cubic lattice formed by the Ce4þ

ions (gray spheres), one can see five Ce4þ on top
of the cube, four in the middle of the cube, and
five Ce4þ at the bottom of the cube. The spin den-
sity is illustrated in green, and one can see that
the green clouds are localized around the Ce4þ

ions. This may be understood considering that Ce
is 4þ while the vacancy is only 2þ. Our results
agree with the results of Esch et al. [14] who
reported that the electrons are localized around
the cerium ions. Conesa et al. [26] proposed that
the quasi-free electrons are conduction electrons
or electrons trapped in an oxygen vacancy. Our
results are suggestive that the quasi-free electrons
may be the conduction electrons, but we do not

observe in our theoretical calculations an electron
spin density trapped at the vacancy, although as
seen in Figure 4. Near the vacancy (black sphere),
there exists some net spin density.

Conclusions

In summary, we have synthesized CeO2 meso-
particles using a modified acrylamide sol–gel
technique. The microstructure of the CeO2 par-
ticles is the cubic fluorite phase and their mor-
phology exhibits acicular—needle like—elongated
crystallites. Defects are generated in the mesopar-
ticles by thermal annealing at 600�C. The diffusiv-
ity of the defects is severely hindered by quench-
ing the samples from 600 to �60�C. ESR
measurements reveal the presence of a strong par-
amagnetic signal for said quenched samples that
we attribute to the presence of almost-free elec-
trons. Said signal is three orders of magnitude
weaker in specimens cooled down slowly from
600�C down to room temperature. To identify the
atomic sites where the unpaired electrons origi-
nating from trapped defects in the lattice struc-
ture, may be localized, a theoretical study was
conducted using a DFT cluster approach. We con-
clude from our spin density DFT cluster studies
that the unpaired electrons are localized around
the Ce4þ ions.
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