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The microstructure and phase stability of nanocrystalline mixed oxide LuxCe1�xO2�y (x ¼ 0–1) are

described. Nano-sized (3–4 nm) oxide particles were prepared by the reverse microemulsion method.

Morphological and structural changes upon heat treatment in an oxidizing atmosphere were studied by

transmission electron microscopy (TEM), X-ray diffraction (XRD), Raman and Yb3+ emission spectro-

scopy, the latter ion being present as an impurity in the Lu2O3 starting material. Up to 950 1C, the

samples were single phase, with structure changing smoothly with Lu content from fluorite type (F) to

bixbyite type (C). For the samples heated at 1100 1C phase separation into coexisting F- and C-type

structures was observed for 0.35oxo0.7. It was also found that addition of Lu strongly hinders the

crystallite growth of ceria during heat treatment at 800 and 950 1C.

& 2008 Elsevier Inc. All rights reserved.
1. Introduction

Rare-earth mixed oxides find wide application as three-way
catalysts [1] and in solid oxide fuel cell technology [2]. Catalytic
activity of ceria-based systems is due to their ability to partially
change oxidation state from 4+ to 3+ during reaction (CeIVO2 to
CeIV,IIIO2�y) [3]. Structure and reduction–oxidation properties of
ceria-based mixed oxides were studied by Bernal et al. [4]. Their
observations indicate that Ln-doped CeO2 nanocrystals could
exhibit high activity in oxidizing reactions even at low tempera-
tures.

The important characteristics of rare-earth mixed oxides
determining their chemical properties are their crystallographic
structure and stability at high temperatures. All lanthanide
elements form sesquioxides (Ln2O3). Three crystalline types
(A, B and C) have been identified for temperatures o2000 1C.
The A-type oxide (La to Nd) crystallizes in the trigonal crystal
system and its structure can be described in space group P3̄m1
(164). The B-type oxide (Sm–Gd) is a monoclinic distortion of
A-type and is described in C2/m (12) space group. Finally, the
C-type (Tb–Lu) is a cubic bixbyite ((Fe,Mn)2O3)-type structure and
is described in Ia3̄ (206) space group [5]. Ce, Pr and Tb may also
ll rights reserved.

iński).
form LnO2 oxides with cubic, fluorite-type (F-type) structure and
Fm3̄m (225) space group [5].

A number of reports have appeared on the structures of ceria-
based mixed oxides (Ce1�xLnxO2�y, x ¼ Ln/(Ce+Ln)) containing La
[6,7], Nd [8,9], Sm [8,10], Eu [10], Gd [11] and Y [12,13]. In such
systems, phase separation at high temperatures often limits possible
applications. Existing data are however, scarce and obtained mostly
for samples prepared by solid-state reaction between polycrystalline
oxides at high temperature (�1400 1C). Moreover, the results are
often contradictory. For Nd two phase region at �0.3oxo�0.9 [8]
was observed, but no phase separation was also reported [9]. For Sm,
the phase separation occurring for �0.3oxo�0.9 [8] as well as its
lack up to x ¼ 0.9 [10] was reported. In systems doped with heavy
lanthanides Chavan et al. [14] reported phase separation for Er, Yb
and Lu for x ¼ 0.5 [14]. More complete data exists on similar
CeO2–Y2O3 system, where phase separation into two phases–Ce-
and Y-rich oxide—over a wide composition range that was strongly
dependent on heating temperature [13].

For nano-sized CeO2-based mixed oxides one of the most
important technological characteristics is texture (particle size,
surface area) and structure stability at high temperatures. Additives
such as La, Pr, Tb and Lu are known to hinder strongly crystallite
growth during heating in oxidizing atmospheres. The inhibiting
effect of Ln increases with content suggesting that additive
segregation at the grain boundaries may prevent crystallite growth
[15–17]. There are no however, systematic studies on the possible
role of phase separation in such nano-crystalline systems.
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In this work, the structure and texture properties of nanocrys-
talline Ce1�xLuxO2�y was studied over the whole composition
range. The samples were prepared by the conventional water-in-
oil microemulsion method, then heated at various temperatures
(500, 800, 950 and 1100 1C) in an oxidizing atmosphere to
elucidate the effect of temperature on microstructure and phase
composition. Samples subjected to various treatments were
thoroughly characterized by powder X-ray diffraction (XRD),
transmission electron microscopy (TEM), Raman and Yb3+ emis-
sion spectroscopy.
2. Materials and methods

Nanoparticles of mixed Ce1�xLuxO2�y oxides were prepared by
precipitation using the water-in-oil (W/O) microemulsion techni-
que described in detail in our previous paper [17]. The powder
samples were dried and then preheated in oxygen flow at 500 1C
for 3 h, before calcining in oxygen at 800 or 950 1C for 3 h or in
static air at 1100 1C for 45 h.

True lanthanide content in Ce1�xLuxO2�y samples, measured
with Energy Dispersive Spectroscopy (EDAX PV 9800 spectro-
meter), appeared to agree within 70.02 with nominal content
corresponding to x ¼ 0.10, 0.17, 0.25, 0.30, 0.35, 0.40, 0.45, 0.50,
0.60, 0.70, 0.80 and 0.90 (Table 1).

The phase composition and lattice parameter were determined
by XRD (STOE, monochromatized CuKa1 radiation) with Win-
PLOTR program [18] used for display and analysis. Morphology
and microstructure were investigated by TEM (Philips CM-20
SuperTwin operating at 200 kV and providing 0.25 nm resolution).
Analysis of TEM images was made with ImageJ program [19].
Raman spectra of the samples were recorded at 2 cm�1 resolution
using Bruker IFS-88 spectrometer. Yb3+ emission spectra were
extracted directly from the Raman data since Yb3+ emission bands
appear in the anti-Stokes part of the Raman spectra. Yb occurs as
contamination in Lu2O3 used as starting material in the synthesis
and according to the certificate provided by the supplier (Stanford,
USA) the oxide contains less than 0.001% of Yb2O3. The amount of
Yb3+ increases therefore linearly with x within of the set of
Ce1�xLuxO2�y samples [20,21]. The size and chemistry of Yb3+ ion
is very similar to that of Lu3+ and therefore it substitutes
isomorphically for Lu. Yb3+ may thus act as a structure probe
revealing the local symmetry of Lu3+ ions [20,21].
3. Results and discussion

As-synthesized Ce1�xLuxO2�y contains small (�4 nm) crystal-
line particles with narrow size distribution, similar to that
observed in Ce0.83Lu0.17O2�y [17,22]. It has been previously shown
that preliminary heating at 500 1C in O2 for 3 h (standardization)
Table 1
Composition and mean crystallite sizes of Ce1�xLuxO2�y samples subjected to various t

Thermal treatment Ce1�xLuxO2�y [x]

Nominal composition 0 0.10 0.17 0.25 0.30 0.35

Measured compositiona – 0.08 0.15 0.26 0.28 0.36

TEM mean size (volume weighted) d (nm)

800 1C/3 h O2 25 25 16 – 16 –

950 1C/3 h O2 81 44 23 – 30 –

XRD mean size (Scherrer formula) d (nm)

800 1C/3 h O2 28 21 14 15 16 12

950 1C/3 h O2 64 32 22 21 22 20

a Measured with EDS; x ¼ at% Lu/(at% Lu+at% Ce), accuracy 7 0.01.
removes all organics and most of nitrate groups, while treatment
in O2 at above 800 1C is necessary to get rid of carbonate groups
[17]. Chemical formula with undetermined ‘‘y’’ factor was used,
instead of stoichiometric Ce1�xLuxO2�x/2, because a fraction of Ce
ions at the surface of particles may exist as Ce+3 even in
nonreduced ceria [23]. The Ce3+/Ce4+ ratio may be close to 1 for
very small particles (o2 nm) but decreases to �0.01 for larger
ones (415 nm) [24]. We assume therefore that the presence of
very small fraction of Ce3+ in the samples heated in oxidizing
atmosphere at temperatures X800 1C can be ignored.

3.1. XRD analysis

XRD patterns of the samples heated at 800 1C (not shown) and
950 1C in O2 for 3 h (Fig. 1A) were similar and revealed a
continuous transformation of the structure from fluorite ðFm3̄mÞ

in the range 0oxo0.5 to bixbyite ðIa3̄Þ in range 0.6oxo1.
Prolonged heating of Ce0.55Lu0.45O2�y and Ce0.5Lu0.5O2�y at
950 1C in O2 for 15 h did not cause any shift or splitting of XRD
reflections indicating phase stability at this temperature. The
patterns of pure CeO2 (x ¼ 0) and Lu2O3 (x ¼ 1) fitted well the
reference data: ICDD PDF No. 00-034-0394 and 00-012-0728,
respectively. Addition of Lu decreased the cell parameter of parent
cubic CeO2 over the whole x range (for bixbyite-type structure
half of the cell parameter was taken) (Fig. 1B), as expected from
the effective ionic radii (Ce4+

¼ 0.092 nm, Lu3+
¼ 0.085 nm [25]).

Closer look at Fig. 1B reveals, however clear deviations from
Vegard’s rule and three regions can be distinguished, which also
correlates with systematic changes in relative intensities of the
(311)F/(111)F, or (622)C/(222)C reflections (Fig. 1C). In the first
region, xo0.25, the change of cell parameter is the slowest and
(311)F/(111)F ratio is close to that in CeO2. In the second region,
0.25oxo0.5, together with faster decrease in cell parameter there
is a continuous change in relative intensities of reflections. Finally
in third region, x40.5 the change of the cell parameter is the
fastest and intensity ratios (311)F/(111)F, or (622)C/(222)C, are
close to those observed for Lu2O3.

Deviations from Vegard’s rule have been reported in other
Ce1�xLnxO2�y systems, where Ln ¼ La [26], Y [12], Gd [27]. As
possible explanation of this deviation contraction of the unit cell
volume of the fluorite structure by coalescence of vacancies was
proposed [7]. In the intermediate x region, this deviation gets even
larger since there is transformation from fluorite to bixbyite, as
indicated by the change in relative intensities of reflections (Fig.
1C). The F–C structure change with x, occurring without phase
separation for the Ce1�xLuxO2�y heated at 800 and 950 1C,
proceeded through an intermediate defect cubic (F-type) struc-
ture existing for 0.25oxo0.5. In the intermediate F-type phase,
oxygen vacancies can be ordered to form superstructure with
decreasing oxygen concentration in the oxide [28]. The deviations
reatments

0.40 0.45 0.50 0.60 0.70 0.80 0.90 1

0.38 0.45 0.50 0.62 0.71 0.80 0.90 –

– 9 8 12 13 11 14 21

– 20 26 33 25 22 24 19

10 9 8 11 10 8 9 10
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Fig. 1. XRD patterns of Ce1�xLuxO2�y heated at 950 1C for 3 h in O2 (A), cell

parameter for samples heated at (K) 800 1C and (J) 950 1C for 3 h in O2 (B) and

dependence of the intensity ratio of XRD reflections, (311)F/(111)F or (622)C/(222)C,

on x for Ce1�xLuxO2�y heated at 950 1C for 3 h in O2 (C).
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from linearity for x40.5 may be ascribed to different partitioning
of Ce and Lu over 8d and 24b sites in bixbyite [29,30].

Mean crystallite sizes calculated from XRD line broadening
(Scherrer formula) and measured from TEM are given in Table 1. It
appears that for the samples heated at 800 and 950 1C there is a
correlation between crystallite size and Lu content (x). Heating at
800 1C caused 5-fold increase of the mean crystallite size of CeO2

while a 1.5–4-fold increase was observed for the doped samples.
At 950 1C, the growth is more than 10 fold for CeO2 and 3–5-fold
for Ce1�xLuxO2�y. The inhibiting effect of Lu dopant on crystallite
growth of CeO2 is the highest in the 0oxo0.25 range and then
saturates.

Phase separation was observed as a function of Lu content in
Ce1�xLuxO2�y heated at 1100 1C for 45 h in air (Fig. 2A). The left
hand panel shows a region of XRD patterns where the (431)
reflection characteristic for C-type oxide is expected. It is seen that
for xX0.5, the reflection becomes visible and then grows and
shifts towards higher angles. In the central panel, another region
of the patterns is shown where (022)F and (044)C reflections occur,
while the multiphase nature of certain samples summarized in
right-hand panel. Two main phases F-type and C-type were
observed for 0.35oxo0.7 and additionally a third C#-type phase
occurred for 0.5oxo0.7. The intensity of the XRD reflections of
the C# phase decreased with increasing heat treatment time to
75 h indicating that the phase is probably metastable. The
existence of C# phase may be due to different partitioning of Ce
and Lu over 8d and 24b sites in bixbyite [29,30]. Analysis of the
variation of the lattice parameter with Lu content (Fig. 2B)
indicates that up to 35 mol% Lu dissolves in CeO2 and the
solubility of Ce in LuO1.5 is 20 mol%. These solubility limits are
bigger than those observed for Ce1�xYxO2�y [13,31,32].

The only information on phase composition of Lu2O3–CeO2

system by Chavan et al. [14], reported phase separation for the
oxide with the initial composition Ce0.5Lu0.5O1.75 heated at
1400 1C for 48 h into fluorite and bixbyite. Many papers reported
phase relations for CeO2–Y2O3 system, which have the same
structure of single oxides and bears a resemblance to CeO2–Lu2O3

[12,13,33,34]. The phase diagram of Ce1�xYxO2�y shows phase
separation into solid solutions of Y2O3 in CeO2 (F-type) and CeO2

in Y2O3 (C-type), over a wide x-range. However, the two-phase
area depends upon heating temperature from 0.1oxo0.8 for
900 1C to 0.25oxo0.7 for 1700 1C [13]. Within the range of
existence of the solid solution the lattice parameter changes in
accord with Vegard’s rule [13,31,32].
3.2. Raman analysis

Fig. 3 shows the Raman spectra of Ce1�xLuxO2�y mixed oxides
(0oxo1) heated in oxygen at 950 1C for 3 h. Spectra of the
samples treated at 800 and at 1100 1C were similar and are not
shown. The spectra have been processed (background subtraction)
and normalized to the strongest band. An effect of increasing heat
treatment temperature on the Raman spectra (Fig. S1 in the
supplementary materials) was some sharpening of the bands,
especially for the samples with xffi0.5, and the development of
bands characteristic of bixbyite phase. This observation correlates
with phase separation at high temperature revealed by XRD.

The spectrum of pure CeO2 contains a strong, single band at
465 cm�1 assigned to F2g mode in fluorite structure [35]. With the
addition of Lu important changes in the spectra occurred. Already
for x ¼ 0.1 strong attenuation of the F2g band was observed with
its simultaneous shift to 467 cm�1 and broadening on the high
wavenumber side. Moreover, weak new bands appeared at 251,
492 (sh), 560 and 603 cm�1. For x ¼ 0.25 and 0.30, intensity of the
F2g band again decreased but its width increased strongly. The
main band shifted to 473 cm�1 and the shoulder at 492 cm�1

gained some intensity. The position of the weak bands changed
also to 255, 561 and 609 cm�1. For x ¼ 0.35, a new weak band
occurred at 389 cm�1 and its relative intensity increased with x up
to 1. At the same time, the intensity of the main F2g band at
473 cm�1 decreased in relation to and that of 492 cm�1 band.
There is also an increase in intensity of the broad band at
611 cm�1. For x ¼ 0.8, intensity of the whole Raman spectrum was
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Fig. 3. Raman spectra of Ce1�xLuxO2�y mixed oxides (0oxo1) heated in oxygen at

950 1C for 3 h.

Fig. 2. Characteristic regions of XRD patterns of Ce1�xLuxO2�y heated at 1100 1C for

45 h in air and proposed phase composition (see text for explanation) (A), cell

parameter of Ce1�xLuxO2�y heated at 1100 1C for 45 h in air (B).
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very weak and there was no evidence for the band corresponding
to fluorite structure. For x ¼ 0.9 and 1, there was significant
growth in intensity of the band at 382 (392) cm�1 characteristic
for C-Lu2O3 [36]. An interesting feature of the spectra of the
samples with high Lu content (0.5oxo0.9) is the strong, broad
band at approximately 620 cm�1. This band occurs also as a weak
feature in Raman spectra of bulk Lu2O3 [36].
Strong weakening and broadening of the main Raman bands of
CeO2 upon addition of guest lanthanide ions arises from structure
disorder and changes of symmetry [37]. On the other hand, the
appearance of additional weak bands at �250 and 560 cm�1 is
explained as the effect of tetragonal distortion of the cubic fluorite
sub-lattice [38]. An alternative explanation for the band at
560 cm�1 could be the presence of oxygen vacancies generated
upon substitution of Ce4+ with Lu3+. Occurrence of such band
upon doping CeO2 with trivalent ions is well known [37,39,40].
Finally, the origin of a weak band at �600–630 cm�1 is unclear.
A weak band at �600 cm�1 is known to occur in undoped
nanocrystalline CeO2 [40,41] and could be assigned to intrinsic
O2� vacancies originating from increased oxygen nonstoichiome-
try of nanocrystalline ceria powders. The extension of the band
towards higher wavenumbers (610–630 cm�1) in samples strongly
doped with Lu may suggest its connections also with special
defect modes present in bixbyite. The shift of the main fluorite F2g

band towards higher wavenumbers with x is the consequence of
the lattice shrinkage (Gruneisen shift) [37], and correlates with
the shift of the weak band at �250 cm�1 assigned to a second-
order 2TA mode [42]. The same effect explains also shift of the
main band of Lu2O3 with addition of Ce, although the direction of
the shift is now opposite as the lattice expands.

Careful analysis of the spectra revealed that apart from
broadening and shift, the main fluorite F2g band contains a
shoulder at �490 cm�1 that is clearly visible for xX0.25. With
increasing x the band dominates the spectra because of weaken-
ing of the main 465 cm�1 band, but its position does not change.
The origin of this band is unclear and will be discussed further in
the paper.

For very high Lu contents, rapid decline of the main Lu2O3 band
at 392 cm�1 together with its broadening and shift were noticed
with increasing Ce content, much more pronounced that for Lu
doping into CeO2. The reason must be very strong distortion of
Lu2O3 lattice upon Ce substitution. There are two possibilities of
such substitution: either with Ce3+ or with Ce4+. In the first case,
there is large misfit in ionic radii (0.086 nm Lu3+ vs. 0.101 nm Ce3+)
but there is no need for charge compensation. In the second case,
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ionic radii are very similar (0.086 nm vs. 0.087 nm) but additional
O2� ions must be added to provide charge neutrality. In both
cases, severe lattice deformation occurs. UV/vis spectroscopy data
for Lu2O3 single crystals doped with 0.26 mol% Ce and heated in
oxidizing atmosphere excluded, however the presence of sig-
nificant amount of Ce3+ [43].
3.3. Yb3+ emission spectroscopy

Fig. 4 shows emission spectra of Yb3+ ions present as impurity
in Ce1�xLuxO2�y heated in oxygen at 950 1C for 3 h. Spectra of the
samples treated at 800 and at 1100 1C (not shown) were similar
what is in apparent contradiction with XRD data where clear
differences due to phase separation were observed. The abscissa
axes in Fig. 4 have been transformed to show directly wavenum-
bers of the emitted radiation. The transformation was as follows:
wavenumber (cm�1) ¼ 9398 (cm�1)—Raman shift (cm�1), where
9398 cm�1 is the wavenumber of excitation radiation (1064 nm).
The spectra have been normalized to maximum intensity in order
to better visualize observed changes. It appears that the shape of
the emission spectra of Yb3+ depends strongly on composition (Lu
content) and to some extent also on the temperature of heat
treatment (Fig. S2); the samples heated at 950 1C will be described
Fig. 4. Yb3+ emission bands of Ce1�xLuxO2�y mixed oxides (0oxo1) heated in

oxygen at 950 1C for 3 h. For comparison, the spectrum of Yb3+ ions in

Ce0.99Yb0.01O2�y is shown.
in detail. For x ¼ 0.1, the spectrum contains strong band at
10285 cm�1 and three weak bands at 10242, 10175 and
10348 cm�1 and is similar to that of CeO2 doped with 1% Yb,
though the main band is slightly shifted by 4 cm�1. For x40.3, the
intensity of the band at 10242 cm�1 increases at the expense of
the main band at 10285 cm�1 so, that at x ¼ 0.7 the bands are
roughly the same. At even higher x, the spectra resemble those of
Yb3+ in Lu2O3 or in Yb2O3 (cf. Fig. 4) [21,44]. It appears therefore,
that Lu ions in CeO2 must be in local environment resembling that
in Lu2O3. XRD and TEM did not provide any evidence for the
existence of crystalline microdomains with C-type structure for
xp0.4 so that it must be assumed that there are unordered
regions enriched in Lu3+ ions, e.g. at the surface of ceria
crystallites.

The dependence of the emission spectra on the temperature of
heat treatment is less pronounced (Fig. S2). For high Lu content
(xX0.6) only some sharpening of the bands is observed that may
be explained by enhanced ordering of the samples (growth of
crystallite size). However, for low and medium Lu content
(xp0.5), a significant decline in intensity of the low wavenumber
band at 10242 cm�1 with temperature was noticed, especially
above 950 1C. This band is characteristic for Yb3+ emission in
bixbyite-type oxides (Lu2O3 and Yb2O3). A possible interpretation
of this observation could be effect of surface segregation reported
in Ce1�xLnxO2�y (Ln ¼ La [6,26], Pr [15]). For low and medium Lu
content, the surface region Ce1�xLuxO2�y crystallites is enriched in
Lu (and thus also Yb) so that local environment of emitting Yb+3

ions resemblances that in C-type oxide. Prolonged heating at
1100 1C causes ‘‘homogenization’’ of the samples i.e. diffusion of
Yb3+ ions into CeO2 matrix. This could be responsible also for
disappearance of the inhibiting action of Lu on the crystallite
growth.
3.4. TEM analysis

Results of measurements of crystallite sizes from HRTEM
images are summarized in Fig. S3 and in Table 1. Volume weighted
mean crystallite sizes (Snidi

4/Snidi
3) were calculated instead of

simple arithmetic mean to enable comparison with the mean
crystallite sizes calculated from XRD data with the Scherrer
formula [45]. In accordance with XRD data, it appears that for the
samples heated at 800 and 950 1C addition of Lu hindered the
crystallite growth. As an example, Fig. 5 compares images of the
samples with x ¼ 0.1 and 0.5 heated at 800 1C. The effect is strong
for Lu content up to x ¼ 0.3 and than saturates. This observation
agrees with literature data [15–17] and according to Borchert et al.
[16] it may be explained by segregation of the dopant ions at the
surface of ceria crystallites. Recently, the surface enrichment in
trivalent Ln component was reported for Ce1�xLnxO2�y where
Ln ¼ La [6], Pr [15]. Extensive crystal growth up to 100 nm was
observed for all samples heated at 1100 1C in air for 45 h,
irrespective of composition. It means that an inhibiting effect of
Lu-ions addition on ceria crystal growth vanishes at high
temperatures, due to ‘‘homogenization’’ of the samples mentioned
above.

Very weak �0.76 nm fringes were observed in HRTEM images
(or more clearly in corresponding FFT patterns) for Ce1�xLuxO2�y

with x ¼ 0.45 and 0.5 heated at 950 1C for 3 h (Fig. 6A). The fringes
could be assigned to superstructure 1/4{220} reflections occurring
due to doubling of the fluorite cell as a result of oxygen vacancy
ordering. This observation correlates with unusual ratios of
intensities of XRD reflections for samples in the range
0.3oxo0.5. The existence of such phase may be also inferred
from the Raman spectra, where splitting of the main F2g band at
�460 cm�1 occurred for xX0.25. The high lying component
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Fig. 5. HRTEM images of Ce1�xLuxO2�y with (A) x ¼ 0.1 and (B) x ¼ 0.5 heated at 800 1C for 3 h in O2.

Fig. 6. HRTEM images and FFT patterns of Ce0.55Lu0.45O2�y heated at 950 1C for 3 h in O2. Crystallites with fluorite superstructure (A) and bixbyite structure (B) are shown.
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(�490 cm�1) of F2g band could be observed up to x ¼ 0.7, whereas
the low laying one faded completely at xX0.5. In an earlier study,
of the CeO2–Y2O3 system [12,34,46], observation of 1/4{220}
satellites for intermediate concentrations of dopant ions (xffi0.5)
led the authors to propose the fluorite-type superstructure with a
periodicity of double F-unit cell. The superstructure was inter-
preted as a result of oxygen vacancy ordering (with ‘‘C-type
domains dispersed in a fluorite-type matrix’’).

Recently, it has been reported that prolonged exposure (several
minutes) to electron beam in TEM may cause partial reduction of
ceria nanocrystals with formation of superstructure, similar to
this reported in this work [47]. We agree that partial reduction of
multivalent oxides is possible in TEM due to high vacuum and
impact of high-energy electrons [48]. However, we reject the
possibility that superstructure fringes observed for Ce1�xLuxO2�y

with x ¼ 0.45 and 0.5 heated at 950 1C for 3 h (Fig. 6) could be
artifacts due to electron beam interaction. The reason is that
under normal working conditions we never observed such
superstructure fringes for samples with low Lu content and
moreover our TEM results correlates with XRD and Raman data.

In accordance with Raman data, FFT analysis of HRTEM images
revealed the occurrence of 0.42 nm fringes (corresponding to
{211} lattice planes of C-type structure) in some crystallites in the
Ce0.55Lu0.45O2�y and Ce0.5Lu0.5O2�y samples after heating at 950 1C
for 3 h in O2 (Fig. 6B). It may indicate that locally, crystallites with
C-type structure may occur before they manifest in XRD patterns.
For samples with higher Lu content 0.6oxo0.9 heated at 800 and
950 1C crystallites with 0.42 nm lattice fringes were frequently
observed, in accordance with XRD and Raman data. The same
conclusion can be drawn from SAED patterns showing increasing
number of 0.42 nm reflections with x increasing from 0.6 to 1.
4. Conclusions

Nano-sized (4–5 nm) particles of Ce1�xLuxO2�y in range
0oxo1, were synthesized for the first time using a W/O
microemulsion method. All mixed oxides were single phase
materials up to temperature of 950 1C having the fluorite structure
(F-type) in range 0oxo0.5 and bixbyite structure (C-type) in
range 0.6oxo1. Phase separation was observed at 1100 1C within
composition range 0.35oxo0.7. Two main (F- and C-type) phases
were present over this range with additional metastable of C#-
type phase existing for 0.5oxo0.7.

XRD and TEM data showed that Lu additive hindered strongly
the crystallite growth of ceria during heating in oxidizing
atmosphere up to 950 1C. Emission spectra of Yb3+ ions present
as impurity indicate that the segregation of the dopant to the
crystallite surface may be responsible for this effect.
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