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X-ray absorption spectroscopy has been used to study the
structural and electronic properties of cerium atoms in nano-
crystalline cerium oxide. These nanocrystalline cerium oxides
were prepared by precipitation followed by the aging process. To
increase the particle size, the as-prepared cerium oxides were
calcined at various temperatures. The nanocrystalline phase was
retained, even when the samples were calcined at 600°C. The
analyses of X-ray absorption near edge structures (XANES) for
cerium oxides show that the increase in the relative intensity of
the transition to 2p4f'5d*L final state and its transition energy
shifts toward higher energy are due to the increase in covalence
between cerium and oxide ligands with increasing particle size.
The extended X-ray absorption fine structure (EXAFS) results
for cerium oxide show that the third Ce—O shell is degraded and
the coordination number around cerium is decreased, resulting in
a decrease in the bond distances of R .o and R c._c. for particle
size <15 nm. However, when the particle size is increased, the
third Ce—O shell started growing and the coordination number
around cerium attained normal coordination. The present results
provide evidence for the formation of nanocrystalline cerium
oxide prepared by precipitation followed by the aging process.
© 2000 Academic Press

Key Words: X-ray absorption spectroscopy; cerium oxide;
XANES; EXAFS; nanocrystalline.

INTRODUCTION

In recent years, much effort has been devoted to the
studies of the nature of bonding in rare earth compounds,
RO, and RF,, where R = Ce, Pr, Tb etc., by many high-
energy spectroscopic techniques and theoretical studies,
aiming at an improved understanding of the electronic
structure of these materials (1-7). In most cases, the concept
of covalent mixing of 4 f states with anion p states provided
a satisfactory explanation for the observed spectra (2). Pre-
paration of these rare earth oxides in the nanocrystalline
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phase has become feasible now (8-12), and as a result the
drastic change in its properties (9, 13), viz., diffusion, mecha-
nical, magnetic, and electrical properties with varying
particle sizes, has generated a renewed interest in these
materials. In addition, the possibility of using these rare
earth oxides in its nanocrystalline phase as catalysts for
photocatalytic reactions (10, 11, 14), viz., oxidation of or-
ganic materials and reduction of heavy metal ions in indus-
trial waste streams, has made it necessary to understand the
structural and electronic properties of these oxides.

The techniques, viz., X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure
(EXAFS), are together called X-ray absorption spectro-
scopy (XAS) (15). These techniques are atom specific and
capable of probing the short-to-medium range structure
around an imbedded or absorbing atom (10). Among the
experimental techniques employed in determining the val-
ence of rare earth ions in solid compounds, XANES studies
at the rare earth L; thresholds play an essential role due to
its simplicity and universal applicability (6). Similarly,
EXAFS has proved to be a powerful tool for the determina-
tion of the local structure around a specified atom in poly-
atomic systems (15, 16).

In this study, we investigated the effect of the lattice
structure of cerium oxide, oxidation states of cerium, and its
covalence with oxide ligands by varying the particle sizes.
The cerium ion is known to have variable valence (17, 18)
and show characteristic XANES spectra corresponding to
the covalence of the bonding between cerium and oxide
ligands (1, 3-6). Therefore, it is interesting to probe XANES
to obtain the electronic properties of cerium oxide by vary-
ing the particle size. As these materials belong to the nano-
crystalline phase, it is feasible to probe by EXAFS the
unique structural features around Ce atoms in cerium oxide
while varying the size of the nanoparticles.

EXPERIMENTAL

Cerium oxide for the present study was prepared
by precipitation followed by the aging process at room
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temperature (19). An excess amount of ammonia solution
was added to the 0.1 M Ce(SO,), - 4H,O solution and the
pH of the mixture was adjusted to 9.0. Thus, the precipitate
obtained without separating the mother liquor was held for
aging for 7 days. After the aging process, the precipitate was
filtered, washed with distilled water, and dried at room
temperature in an oven. To increase the particle sizes of
CeQ,, the as-prepared sample was calcined in batches at
different temperatures, viz., 150, 400, 600, and 800°C for 6 h
in air. The CeO, powders resulting from the calcination at
a given temperature were directly used for all the measure-
ments. For comparison, the CeO, (99.99%) obtained from
Cerac was also used for the measurements. The X-ray dif-
fraction (XRD) patterns for all the samples were recorded
on a SCINTAG (X1) X-ray powder diffractometer with
nickel-filtered CuKo radiation. The particle sizes of CeO,
were calculated from the Scherrer formula using the
(220) diffraction peak of respective cerium oxide (19-21).
The high-resolution transmission electron microscopic
(HRTEM) measurements were carried out using a Hitachi
H-7100 electron microscope operating at 100 kV. The sam-
ples for the HRTEM measurements were dispersed in alco-
hol before being transferred to the carbon-coated copper
grids.

The XANES and EXAFS measurements for all the sam-
ples were done at room temperature in the transmission
mode by using synchrotron radiation with a Si(111) double-
crystal monochromator at the S-05B/W20 X-ray Wiggler
beam line of SRRC, Taiwan. During the measurements, the
synchrotron was typically operated at an energy of 1.5 GeV
and a current between 130 and 200 mA. The spectra were
scanned in the range 5.5-6.2 keV, which covers the L5 edge
absorption of cerium atoms. The photon energy was cali-
brated for each scan with the first inflection point of the Ce
L; edge of CeO, (Cerac). Energy resolution was 1.5 eV for
the near edge structure and about 3.0 eV for the EXAFS. To
suppress the unwanted harmonics, the angle between the
monochromator crystal faces was adjusted to mistune the
incident beam by 20%. Both the incident (I,) and transmit-
ted (I) synchrotron beam intensities were measured simulta-
neously in different ionization chambers filled by a mixture
of nitrogen and argon gases. The fine powder samples were
coated homogeneously over Scotch tape and used for the
measurements. To avoid the sample thickness effect, it is
required to satisfy Aux < 1 where Apux is the edge step (22).
Hence, the edge step was adjusted by controlling the num-
ber of sample-coated Scotch tape layers from the light path.
The measurements were repeated until Aux =~ 1.

RESULTS AND DISCUSSION
The powder X-ray diffraction patterns for cerium oxide

powders calcined at different temperatures including the
as-prepared sample are shown in Fig. 1. The temperature at
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FIG. 1. Powder X-ray diffraction patterns of CeO, samples with differ-
ent particle sizes. The temperature at which the CeO, samples were
calcined and the corresponding particle sizes are indicated.

which the samples were calcined and the particle sizes ob-
tained from the Scherrer formula and the (220) diffraction
peak of cerium oxide (19-21) are also indicated in Fig. 1.
The XRD pattern for the as-prepared cerium oxide powder
shows a larger broadening of the peaks, which in turn leads
to a small particle size. In addition, the broadening of the
XRD peaks gradually decreases with increasing calcination
temperature until 600°C. With further increases of the calci-
nation temperature to 800°C, all the reflections of ce-
rium(IV) oxide (CeO,) corresponding to the cubic fluorite
structure with space group Fm3m and lattice constant
a = 5.4 A were observed in the XRD patterns (23). Thus, in
general, the XRD patterns reveal that the cerium oxide
prepared by precipitation followed by the aging process
retains the nanocrystalline phase, even when the samples
were calcined at 600°C. High-resolution transmission elec-
tron micrographs of CeO, calcined at 400 and 800°C are
reproduced in Fig. 2. The average particle sizes found in the
micrographs are of the same order as obtained from XRD
line-broadening analyses, which support the formation of
nanocrystalline cerium oxides.

The normalized XANES spectra of cerium Lj; edge for
different particle sizes of cerium oxides are given in Fig. 3.
The second derivatives of these XANES spectra reveal that
each major band contains two components. To find out the
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FIG. 2. High-resolution transmission electron micrographs of CeO,
calcined at (a) 400°C and (b) and 800°C.

exact transition energy and the relative intensity of each
transition, the XANES spectra of all the samples were fitted
with Gaussian functions. To exclude the edge jump from
XANES spectra, an arctan function was also included in the
fit. The resultant fit to the XANES spectra in terms of
Gaussian and arctan functions are reproduced in Fig. 4 for
CeO, (75.6 nm) as a representative example. The assign-
ments for all the transitions are made based on the earlier
works on CeO, and PrO, (1-6). The component A (with its
subpeak A; and A,) is assigned to a core-excited Ce'" final
state with the configuration 2p4f°5d*, where, 2p denotes
a hole in the 2p shell (with J = 3/2), while 54* refers to the
excited electron in the 5d state. The components A; and
A, correspond to the crystal field split of the 2p4f°54* final
state. Component B then corresponds mainly to a 2p4f*
5d*L state, where L stands for a hole in the anion ligand
orbital. In CeO,, component B has more spectral weight
than the sum of components A; and A,, reflecting the
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relative small ionicity of the tetravalent ground state of this
compound. It is found that the relative intensity of the
transition C increases with calcination temperature. Based
on these observations and the earlier works, transition C is
assigned to a Ce®>* impurity (1-6, 17, 18). The weak feature
D in the pre-edge region is explained by a dipole-forbidden
2ps,, — 4f transition, which is a consequence of 5d admix-
tures to the 4f state. The changes induced by the different
particle sizes of CeO, on individual components, A-D,
resulting from the fit analyses, are as follows. With increas-
ing calcination temperature and in turn particle size, the
relative intensity of transition B increases. Component
C shows an increase in its intensity and reaches its maxi-
mum with a particle size of ~15nm and then decreases
with further increases of particle size. Components A and
B shift toward higher energies, while transition C shifts
slightly toward lower energy with increasing particle size. As
a consequence, the separation between transitions B and
C increases, amounting to 0.65 eV with increasing particle
size which is due to increasing calcination temperature. No
changes in the relative energies of the transitions, Ay, A,,
and B were found within the present accuracy. To quantify
the results, the intensity ratios of the components, viz.,
(Ig/1,), and the energy difference between the components
B and C, viz., AE(B,C) are plotted versus the particle size in
Fig. 5. Both the intensity ratio, (Iz/I,), and the energy
difference, AE(B,C), show a systematic increase with in-
creasing particle size until ~ 15 nm, but further increases in
particle sizes do not show a significant change in these
parameters. In covalent compounds like CeO,, one would
expect an increase of covalence between Ce(4f) and O(p)
with increasing particle size. This in turn would cause an

a - CeO, (Cerac)
b - CeO, (75.6 nm)
¢ - CeO, (15.4 nm)
d - CeO, (4.6 nm)
e - CeO, (2.3 nm)
f' - CeO.2 2.1 nlm)

5730 5740
Photon energy (eV)

Relative intensity (arbitrary units)

5750

5720

FIG. 3. The normalized XANES spectra of CeO, samples with differ-
ent particle sizes. The base lines are shifted for clarity.
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FIG. 4. A theoretical fit of XANES spectra of CeO, (75.6 nm) as
a representative example.

increase in the relative intensity of the transition to
2p4f15d*L final state and its transition energy would shift
toward higher energy in the Ly XANES spectra. This was
indeed found to be the case. These results are also in accord-
ance with the earlier reports on CeO, and PrO, with
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FIG. 5. Plots of the intensity ratios of the bands (Ig/I ) and the energy
difference of the bands (AE(B,C)) in the XANES spectra of CeO, as
a function of particle sizes. The solid lines are guides to the eyes.
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pressure-induced changes (1-6). The change in the relative
intensity of component C as a function of particle size is
indicative of the variation in concentrations of Ce** impu-
rity in a CeO, matrix. The present XANES spectral data on
CeO, show that all the CeO, samples of the present study,
including the CeO, obtained from Cerac, contain a mini-
mum 5% of Ce** as an impurity.

For the analysis of the EXAFS data, a background-
subtraction method was used for the data processing (24).
It uses the criteria of good background removal, the optimi-
zation of the low r portion of the EXAFS and Fourier
transformed to r space. The normalized EXAFS obtained is

_ (k) — po(k)

=0 [1]

where k is the wavenumber, u(k) is the measured absorption,
Lo(k) is the background, and Auy(0) is the edge step. The
value of E, was estimated from the respective first inflection
points found in the derivative of cerium L;-edge absorption
spectra for each sample and they were used as input para-
meters for the background subtraction. Phase-corrected
Fourier transforms of y(k) to r space with a k* weighting
factor and a Hanning window function (Dk1 and Dk2 =
0.1) were performed. The values for kn;, (A™') and k.
(A™1) are ~3.7 and ~9.3, respectively. The value of the
passive electron reduction factor, S3 (25), was deduced from
the cerium Ljs-edge EXAFS of CeO, (Cerac) with known
structural data (23) and it was used for fitting the EXAFS
data for CeO, in the present study. The theoretical calcu-
lation of the scattering amplitudes and phase shift functions
of CeO, were done by using the FEFF(7.02) program
(26,27). The shells are due to single scattering corresponding
to Ce-O (first shell, 2.344 A), Ce-Ce (second shell, 3.827 A),
and Ce-O (third shell, 4.487 A) (23), which largely contri-
bute to the intensity.

The phase-corrected and Fourier-transformed cerium L;-
edge EXAFS spectra of cerium oxide with different particle
sizes are reproduced in Fig. 6. The main observation which
can be made from the data in Fig. 6 is that there is a general
enhancement in amplitude of the Fourier-transformed
intensity with increasing particle size of cerium oxide. These
changes indicate that the nearest (Ce-O) and next nearest
neighbor (Ce-Ce) shells experience a decrease in mean
square relative displacement (MSRD) with increasing par-
ticle size. Similar observations have also been made for
nanocrystalline TiO, and CdS (10,28). In general, to get
more insight into the structural properties of these oxides,
detailed analyses of the experimental EXAFS spectra may
be conducted by the theoretical fits. However, in the present
case, the theoretical fit of the experimental EXAFS could
not be done without uncertainty due to the contributions
from the final-sate mixed valence behavior (4,29-31) and
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FIG. 6. The phase-corrected and Fourier-transformed EXAFS signals
of CeO, with different particle sizes. The base lines are shifted for clarity.

intense multielectron excitations (31-33) of cerium oxide to
the EXAFS signal at the L3 edge of cerium. These effects can
be excluded by recording the EXAFS at the K edge of
cerium. With available energy range, the EXAFS signal at
the K edge of cerium cannot be recorded with S-05B/W20
X-ray Wiggler beam line of SRRC. However, as the present
study deals with the X-ray absorption spectra of CeO, by
varying the particle size, one may obtain relative estimates
of the structural parameters around cerium using cerium
Lj;-edge absorption spectra. The experimental EXAFS data
for the L3 edge of cerium were fitted with the theoretical
EXAFS function using the FEFFIT (2.52d) (34) program by
ignoring the effects of the final-state mixed valence behavior
(4,29-31) and intense multielectron excitations (31-33) of
cerium oxide to the EXAFS signal. However, the structural
information should be taken with caution. The goodness of
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the fit has been judged by means of %2, reduced x?(32), and
R factor discussed elsewhere (35, 36). In the present study,
the reduced x*s and R factors were found to be <350
and <0.3%, respectively. The coordination numbers (N),
bond distances (Rce—ojce—ce) and Debye-Waller factors
(0&—0/ce—ce) (37) obtained from EXAFS fits for CeO, as
a function of calcination temperatures and the resulting
particle sizes are given in Table 1. The as-prepared cerium
oxide (2.1 nm) and the sample calcined at 150°C (2.3 nm)
seem to have no contribution from the Ce-O (third shell).
This is also seen in Fig. 6 where the relative intensity of the
EXAFS band at ~4 A is drastically reduced when com-
pared to the band at ~2.3 A with decreasing particle size.
In addition, the coordination number (N) around cerium in
the Ce-O (first shell) and Ce-Ce (second shell) is also
reduced with a particle size lower than ~ 15 nm. However,
when the particle size is increased, the third Ce-O shell
started growing and the coordination number around ce-
rium attained normal coordination. The reduction in the
bond distances observed for R¢.—o and R, provide evid-
ence for a decrease in the coordination around the cerium
atom in cerium oxide with the particle size <15 nm.
However, further increases of the particle size had an insig-
nificant effect on R¢.—o and Rge._c.. A decreasing trend
observed for the values of the Debye-Waller factors with
increasing particle sizes can be understood as the nanocrys-
talline cerium oxide changing to a more ordered crystalline
phase. Similar results were also found for nanocrystalline
TiO, where the reduction of bond distance was accom-
panied with lowering of coordination (10).

CONCLUSION

The powder X-ray diffraction patterns for nanocrystalline
cerium oxide show that the cerium oxide prepared by pre-
cipitation followed by the aging process retains the CeO, in
the nanocrystalline phase, even when the samples were

TABLE 1
The Coordination Numbers (V), Bond Distances (R¢._o/ce—c.) and Debye—Waller Factors (6Zc_o,cec.) Obtained from EXAFS Fits
for CeO, as a Function of Calcination Temperatures and the Resulting Particle Sizes (The Values in the Parentheses Are Errors)

CeO, Ce-O (First shell) Ce-Ce (Second shell) Ce-O (Third shell)
Calcination Particle size N R (A) 2 (1073 A?) N R (A) 62 (1073 A?) N R (A) a2 (1073 A?)
temperature (°C) (nm + 1)
As-prepared 2.1 6 2.280(12) 6.6(9) 6 3.800(15) 4.9(8)
150 2.3 6 2.285(11) 6.0(8) 6 3.806(14) 4.5(8)
400 4.6 6 2.313(12) 5.009) 9 3.845(12) 3.8(8) 16 4.421(31) 11.209)
600 154 8 2.324(12) 4.509) 12 3.848(12) 2.8(8) 24 4.421(28) 10.3(9)
800 75.6 8 2.331(13) 3.09) 12 3.852(12) 1.5(8) 24 4.434(30) 9.2(9)
Cryst. data“ 8 2.344 12 3.827 24 4.487

“The crystal structure data were obtained from Ref. 23.
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calcined at 600°C. The analyses of the XANES spectra for
CeO, show that the increase in the relative intensity of the
transition to 2p4f!5d*L final state and the transition en-
ergy shifts toward higher energy are due to the increase in
covalence of Ce-O with increasing particle size. In addition,
these studies show that all the CeO, samples for the present
study, including the CeO, obtained from Cerac, contain
a minimum 5% of Ce** as an impurity. The EXAFS results
for CeO, show that the third Ce-O shell is degraded and
the coordination number around cerium is decreased when
the particle size is <15 nm. However, when the particle size
is increased, the third Ce-O shell started growing and the
coordination number around cerium attained normal co-
ordination. The present XRD, XANES, and EXAFS results
with variation of the particle size provide evidence in sup-
port of the formation of nanocrystalline CeO, prepared by
precipitation followed by the aging process.
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