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Electron energy-loss spectroscopy (EELS) in combination with scanning transmission electron microscopy
(STEM) reveals that the La enrichment at the surface of cerilamthanum solid solutions is an averaged

effect and that segregation occurs in a mixed oxide phase. This separation occurs within a crystalline particle,
where the dopant-rich phase is located at the surface of the dopant-deficient phase. The limiting structure
appears to be a solid solution with a La fractionxof 0.6 in the bulk andk = 0.75 at the surface. Up to a

La fraction of 0.6, this phase will coexist with a lanthanum-type structure in different proportions depending
on the dopant amount. STEM-EELS appears to be a powerful technique to clarify the existence of a multiphase
system, and it shows that XRF, XPS, and XRD measure averaged results and do not show the phase complexity

of the solids.

Introduction

Cerium—lanthanum-based compounds have become key
components in the formulation of several commercial materials.
They are widely used as catalysts for reducing CO, hydrocar-
bons, and NQ@ emissions from gasoline enginks} for soot
oxidation? and as electrolyte materials of solid oxide fuel cells
but also as sorbents for desulfurization procegsgeghe field
of environmental catalysis, lanthanum oxide is well-known as
surface stabilizer of supports based on alumina and zirééhia,
while the catalytic activities of pure and doped cerium have
been associated with, for instance, interstitial oxitfes)attice
oxygen atoms$213structural defect$}1°basicity of surface$$
and redox activity>>1718|n most of these studies, catalytic
activities have been reported as a function of the bulk composi-
tion of cerium-lanthanum mixed oxides, and only a few studies
have focused on correlating catalytic activities to both bulk and
surface compositiot1° It appeared that the activity depends
on the mixed oxide composition, which implies that the results
will be different whether they are expressed as a function of
the chemical composition of the bulk or of the surface.

Cerium crystallizes in the cubic fluorite structure, with cations
in 8-fold and anions in 4-fold coordination. Lanthanum crystal-
lizes in the A-type hexagonal structure and consists of layered
[LaO],"" cations separated by discrete layers éf @nions to
give La a 7-fold coordination. The layers of [La@] are formed
from edge-sharing [OLa] tetrahedra disposed in a two-
dimensional hexagonal array perpendicular toctagis. Mixed
cerium-lanthanum oxides, GelLaxO,—y2, form solid solutions
in either the fluorite or the A-type lanthanum oxide structure.
However, these systems are much more complex than usuall
thought. Solubility limits for lanthanum oxide are usually quote
between 40 and 7099:21 Wilkes and co-workers have shown
that, with cerium-lanthanum mixed oxides prepared by a
precipitation method, over the major part of the composition
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range, up to« = 0.6 lanthanum forms a solid solution in cerium;
abovex = 0.9, cerium forms a solid solution in lanthanum;
and the range between = 0.6 andx = 0.9 results in the
formation of mixed phase®.Lanthanum and cerium exhibit
preferential segregation to the surface of their solid solutions
in cerium and lanthanum, respectively. This phenomenon has
been attributed to changes in segregation energy with surface
coverage because of solutsolute interactiond® However,
these conclusions result in a statisticalechanical model, and
no phase characterization in the intermediate range was possible.
Electron energy-loss spectroscopy (EELS) in combination
with scanning transmission electron microscopy (STEM) offers
a unigue opportunity to correlate spectroscopic information with
detailed structural knowledge of a matef&t°In STEM-EELS,
a quasi-monochromatic beam of electrons is incident on the
sample, and the energy loss of the beam through the material
is measured. The data provide detailed information about the
chemical composition via the acquired core level EELS spectra,
whereas the STEM images accurately map the material under
study. STEM-EELS allows us to construct elemental and
chemical (valence) maps with a spatial resolution of 0.5 nm.
The goal of the present contribution is to evidence the surface
segregation of lanthanum and cerium ions in ceridamthanum
solid solutions and to identify the phases in the intermediate
range. For this purpose, a series of cerilanthanum materials,
Ce—«LaO,—x», has been prepared to the complete range of
compositions and characterized by several techniques. Com-
bining bulk and surface characterization techniques as well as
techniques providing information on the long-range order and

yJocal order allows a detailed characterization of these promising
¢ ~solids. This has led to a better understanding of their structure

and surface properties.

Experimental Procedures

Synthesis.A series of Ce_«Lay0,—x2 solid solutions, where
x = 0, 0.05, 0.1, 0.2, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1, was
prepared by solid-state reaction. Cerium(lll) nitrate hexahydrate
(Ce(NGy)3-6H0, 99.5%, Acros Organics) and lanthanum(lil)
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nitrate hexahydrate (La(NgR-6H,0, 98%t, Acros Organics)
were mechanically mixed according to the desired composition
and calcined under air at 1273 Krf@ h (heating rate of 10 ] _ | |
K/min). |

Characterization. X-ray fluorescence (XRF) data were i
obtained using a LAB 2000 from Spectro Analytical Instruments
to determine the elemental bulk composition. Raman spectra
were recorded with a Kaiser RXN Optical Spectrometer
equipped with a holographic notch filter and transmission
grating, a CCD camera, and 532 nm laser for excitation. All
spectra were recorded with a data point resolution of Zlcm
and were measured in air at room temperature.

X-ray powder diffraction (XRD) data were collected for all
samples at room temperature with a Bruker-Nonius PDS 120
powder diffractometer system, equipped with a position sensitive
gas-filled detector of 12@6, using cobalt K, radiation ¢ =
1.78897 A). Scans were measured owe 1 h period and
compared with standard library patterns for phase analysis. The
standards SRM1976 (alumina), SRM675 (mica), and SRM640
(silicon) were used for calibration. Lattice parameters were
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Figure 1. Raman spectra of GglayO,—y solids. The spectrum with
x = 0.0 has a maximum 0850 au.

0
360

calculated and averaged over four peaks (i.e., (111), (200), (220),
and (311)) using the cubic model. |
The X-ray photoelectron spectroscopy (XPS) analysis was 1 I l \ =1
performed to determine the surface composition. The data were *
obtained with a Vacuum Generators XPS system, using a | \ A A A x=0.9
CLAM-2 hemispherical analyzer for electron detection. Non- VY N A . A x=08 |
monochromatic Al Kx X-ray radiation was used for exciting  1__ A A x=0.7
the photoelectron spectra using an anode current of 20 mA at | A A A x=0.6
10 keV. The pass energy of the analyzer was set at 50 eV. The LA A o x=0.5
survey scan was taken with a pass energy of 100 eV. Lanthanum N N x=0.4
and cerium were quantified by measurement of the element- - x=0.2
characteristic peak (Ggand Lag) areas following subtraction | /)t A\ e
of a Shirley-type background. Relative sensitivities for the A\ A = O'5~—
elements were calculated taking into account the photoelectron 1 JL__A A N x>
cross-section, angular asymmetry parameter, energy dependencg J | JL X=0,
of the inelastic mean free path, and transmission of the energy
analyzer. 30 40 50 60 70 80
Scanning transmission electron microscopy (STEM) electron 20

energy-loss spectroscopy (EELS) measurements were performegrigure 2. XRD patterns for CeLaO,—» solids where 0< x <1.

in Orsay (France) with a 100 keV STEM instrument (VG HB

501) equipped with a field emission electron source. Mounted A-type lanthanum Raman spectra have three characteristic bands
on the STEM instrument was a parallel electron energy-loss at frequencies around 107 cin(vagg), 195 cn! (a1 g),
spectrometer (Gatan 666) optically coupled to a CCD camera and 408 cm? (vaeg) + Via1g)-2"2 The band at 107 crit is

generating an EELS spectrum with a 6&7 eV energy
resolution and 0.5 nm spatial resolution within a typical
acquisition time down to 1 ms per pix&lThe oxygen K edge

as well as the cerium and lanthanum, §(3d) edges were
monitored. The solids were first sonicated in ethanol and then

often obscured by intense Rayleigh light. Thus, as shown in
Figure 1, the pure lanthanum spectrum presents one Raman band
at a frequency of 405 cm, which is attributed to a torsional
skeleton mode of hexagonal units. Doping cerium witi'La
cations results in a decrease of the cerium Raman band intensity

dropped on a holey amorphous carbon film supported on awith a logical increase of the lanthanum Raman band. Moreover,
copper grid. After the sample was scanned, appropriate areaghe cerium Raman bands shift to lower frequencies (from 462

were selected for the measurement of detailed 2-D STEM-EELS
images. An energy range of 15 eV has been used to quantify
the EELS spectra (i.e., at the LasMdge (832847 eV) and at

the Ce M, edge (902917 eV)).

Results and Discussion

Figure 1 presents the Raman spectra of the whole cefium
lanthanum mixed oxide in the range of 36820 cnt?. It can
be noticed that cerium and lanthanum have both one charac-
teristic Raman band. For cerium, the Raman band at 462 cm
is the only one allowed a lattice mode,gJ-of fluorite metal
dioxides?® This band is attributed to a symmetrical stretching
vibration of the Ce-O8 vibration unit, which is sensitive to any
disorder in the oxygen sublattice. According to the literature,

cm1 (x = 0) to 450 cnt? (x = 0.8)) with the dopant rise. This
lower frequencies shift of cerium bands indicates that cerium
bonds become weaker with the insertion offtanto their
lattice. Thus, the LH insertion in cerium results in the formation
of cerium—lanthanum solid solutions and the deformation of
its structure. This can be attributed to the difference in the
cationic radii: L&', 103.2 pm and C¥, 87 pm.

Figure 2 shows the XRD patterns of the materials. On the
pure cerium diffractogram, the peaks can be indexed to (111),
(200), (220), (311), (222), (400), (331), (420), and (422)
corresponding to a fluorite-structured cerium phase (space group
Fm3m) with a lattice constant o = 0.538 nm (JCPDS (Joint
Committee on Powder Diffraction Standard) 75-0076). On the
pure lanthanum diffractogram, the diffraction lines are attributed
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Figure 3. Influence of the bulk composition on the average lattice Figure 4. Composition of the surface as a function of the composition

parameter of the cerium fluorite structure. The lines drawn are just of the bulk mixed oxide in CexlaO.-x, solids. The solid line

guides for the eyes and do not correspond to any model. represents the trend without any surface segregation. The uncertainty
in the Xguk value as determined from XRF is smaller th#&0.01,

to the hexagonal structure of lanthanum oxide (space groupand the uncertainty in thésyrrvalue as determined from XPS4.05,
P3m1) with lattice constants af = 0.3945 nm an@ = 0.6151 as indicated by the symbols.
nm (JCPDS 02-0688). The first peaks can be indexed to (100),
(002), (101), (102), (110), (103), (200), (201), (004), and (202).
Therefore, cerium and lanthanum present face-centered cubic
(fcc) and hexagonal close-packed (hcp) structures, respectively.h
As illustrated in Figure 2, the pure fcc fluorite structure is =
retained up to an ionic fraction of about 0.5 in lanthanum, while £
the pure hcp structure of lanthanum is formed above an ionic &
fraction of 0.9. The intermediate compositions (i.e., between 5
an ionic fraction of 0.5 and 0.9 in lanthanum) form mixed
phases. These results are in good agreement with the work ofg b
Wilkes et al., who have shown theoretically that the pure oxides E i
are only partially soluble in each oth&r.The range limits
appeared slightly different, probably because of the different
preparation methods. Furthermore, the peak shift in the range
between an ionic fraction of 0 and 0.5 in lanthanum suggests
that the lanthanum insertion in cerium deforms its structure,
confirming the Raman analysis. This is even more evident when AN
the average lattice parameter of the cerium structure is plotted J ) : :
versus bulk composition (Figure 3). This average lattice 820 840 860 880 900
parameter increases regularly up to an ionic fraction of about Energy (eV)
0.5 in .Ianthanum. After th!s composition, it is difficult to _ Figure 5. EELS spectra of pure L@; (La*") and pure Ce@(Ce*).
determine, whereas the lattice parameter decreases or remainghe Lg0; spectra have peaks at 832 and 850 eV. The Cp@ctra
constant because of the broadening of the characteristic peak$iave peaks at 883 and 902 eV. The (black) dashed line corresponds to
used to estimate the lattice parameter. Nevertheless, accordingxtremely thin parts of the samples. The (red) solid line corresponds
to the lattice parameter values, no pure cerium phase shouldt© @ larger thickness in both samples.
exist up to an ionic fraction of about 0.5 in lanthanum, even in
the presence of the lanthanum hexagonal structure. were used as references, particularly for the oxidative state of
Figure 4 presents the XPS results to determine the surfacethe elements. Figure 5 shows the spectra of the lanthanum
ionic fractions of cerium and lanthanum, where the probing hexagonal structure (B8) in La,O; and the cerium cubic
depth of XPS at~700 eV is~1.5 nm. It is clear that below structure (C#) in CeQ, respectively. The Ce and LaJdedges
= 0.8, the solid solutions are enriched in lanthanum at their are at 883 and 832 eV, respectively. Both cerium and lanthanum
surface. In summary, it seems that 0.5 results in lanthanum  present four structures, where the two intense structures cor-
dissolved in cerium with lanthanum segregation at its surface, respond to the 3d~ 4f transitions of the M and M, edges.
x > 0.9 results in cerium dissolved in lanthanum with some The two small peaks that appeaB0 eV above the respective
cerium segregation at its surface, and 8.% < 0.9 results in ~ main peaks are due to electron multiple scattering (EMS)
mixed phases (i.e., lanthanum dissolved in cerium with lantha- excitations of the core level plus-a30 eV low-energy plasmon
num segregation at its surface and cerium dissolved in lantha-excitation. Quantitative analysis of the mixed oxides is hampered
num with cerium segregation at its surface). by the overlap of the MEMS peak of lanthanum and thesM
To confirm these conclusions and to identify the intermediate peak of cerium and by the associated difficulties of background
phases, STEM-EELS measurements were performed on fivecorrection for the cerium contributions. As a fair compromise,
solids: pure cerium, pure lanthanum, and mixed oxides with cerium and lanthanum have been quantified by measuring the
ionic fractions of 0.4, 0.6, and 0.9 in lanthanum. The pure solids 15 eV energy range starting from the cerium peak area at
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Figure 6. 20 nmx 20 nm STEM-EELS images: (A) Ce map, (B) La map, (C) O map, and(Xnap ratio of Ce_LaO2-x2, with a bulk value

of x = 0.38. Color contours vary from values of-@5 000 (step of 5000) in panel A, from 0 to 15 000 (step of 2500) in panel B, from 0 to 40 000
(step of 5000) in panel C, and froxn, 0.3—0.7 in panel D. The scale is identical in all images as indicated in panel D. Panel D indicates schematically
the regions of the image that have been used to generate the EELS spectra as given in Figure 7.

902 eV (that has no contribution from lanthanum) and starting 1 U TS E S S S —
from the lanthanum M peak area at 832 eV. A background
subtraction has been done for lanthanum contributions only.
Relative sensitivities for the elements were calculated taking
into account their cross-sections.

Chemical maps were generated from the EELS spectra to
provide information on the chemical composition in the mixed
oxides along the scanned areas. Figure 6 shows chemical map=
obtained for the mixed oxide with a bulk ionic fraction of 0.4 &
in lanthanum. The darker the color in the chemical map, the
larger the amount of the corresponding element. In Figure 6D,
the blue color reflects the bulk cerium content of 0-8645,
indicating that the bulk is homogeneous in composition. The
green color reflects the surface enhancement of the fraction of

bulk (x=0.38)

Intensity (a

La up to values between 0.6 and 0.7. The EELS spectra
corresponding to these areas are given in Figure 7. These spectr
are integrated over a certain bulk surface area, as has beet
schematically indicated in Figure 6D. The actual surface area 0
is defined as the first 1.0 nm of the crystalline edge. The bulk
spectrum is integrated over the entire bulk, defined as the whole

-.._.-.._\‘_“

surface (x=0.6)

820

1
840

) 4 1
860 880

Energy (eV)

I ' 1
920 940

area except the last 3.0 nm at the crystalline edge. It is noted

that each pixel of the chemical maps is proportional to the

number of atoms of the element of interest detected within the

0.5 nm diameter beam through the crystal. At the crystal edge, the probing depth of XPS. The fine structure of the core-loss

the electron beam enters at a grazing incidence, and thesignals is identical to Figure 5, and it shows that the ions are,

contribution of the surface atoms will be close to 100%. When respectively, L& and Cé" as found in, respectively, L&

the probe enters the particle at a central position, the surfaceand CeQ. In conclusion, this material is a solid solution of

contribution is smaller than 5% as only the first and last 1.0 lanthanum in a Ce@structure with a bulk composition of=

nm contributes to the surface and the remaining, approximately,0.38 and an integrated surface compositiorx f 0.6. Figure

50.0 nm contributes to the bulk. 6 shows that at some spots the surface composition can go up
The EELS spectra in Figure 7 show a bulk ionic fraction of tox = 0.7.

0.38 in lanthanum and a surface ionic fraction of 0.6 in Figure 8 shows chemical maps obtained for the mixed oxide

lanthanum, which is in line with the results of XRF and XPS with a bulk ionic fraction of 0.6 in lanthanum. The scale is 100

analysis. The surface area is chosen te-ienm, in line with x 100 nm, 5 times larger than Figure 6 shows. Darker colors

Figure 7. Integrated EELS spectra corresponding to the bulk (solid)
and surface (dashed) areas of Figure 6; normalized at thess@déks.
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(a) Ce map (b) La map

(©) (d) y

Figure 8. 100 nmx 100 nm STEM-EELS images showing (A) the Ce map, (B) the La map, (C) the O map, and () thep of Ce_xLaOr—xz2,
with a bulk value ofx > 0.9 for area A anc = 0.6 for area B in panel D. Color contours vary from values ©26000 (step of 5000) in panel
A, from 0 to 15 000 (step of 2500) in panel B, from 0 to 40 000 (step of 5000) in panel C, and from 0.5 to 0.9 (step of 0.05) in panel D.

reveal larger amounts of the corresponding element. Contraryare not detectable by the XRF and XPS analysis. The compari-
to the prior solid, this mixed oxide contains two different son of the XRD patterns of the mixed oxides (Figure 2) validates
phases: A and B. This is particularly visible in tkg map, in the coexistence of two kinds of phases: pure lanthanum oxide
which the yellow (light) region A hag between 0.8 and 1.0, and solid solution with a bulk composition up to 0.6.
and the green (dark) region B hadetween 0.5 and 0.75. The
EELS spectra corresponding to these areas are given in FigureConclusion
9. Figure 9A represents a particle containing mainly lanthanum
with a mixed-oxide phase at its surface with an ionic fraction ~ The multitechnique approach using Raman, XRF, XRD, XPS,
of 0.5 in lanthanum. Figure 9B represents a bulk ionic fraction and STEM-EELS presented in this work allowed us to identify
of 0.6 in lanthanum and a surface ionic fraction of 0.75 in the different phases of the €elLaO,-x» system. To our
lanthanum. Because of the larger scale, these surface enhancé&nowledge, for the first time, STEM-EELS has been applied to
ments are difficult to see directly in Figure 8. This shows that lanthanum-cerium mixed oxides, and this study confirms the
this material presents two different phases: (i) a solid solution complexity of these systems.
of lanthanum in Ce® with a bulk composition of 0.6 in The presence of a single fluorite (CgGtructure is main-
lanthanum and a surface composition of 0.75 in lanthanum andtained until the dopant ionic fraction reaches a value of about
(i) a solid solution of cerium in LgDs with a bulk composition 0.5 in lanthanum. At this point, an A-type (k@) hexagonal
of 0.9 in lanthanum and a surface composition of 0.5. These structure appears. The fluorite structure disappears up to an ionic
results show that the surface composition is always larger for fraction of 0.9 in lanthanum. The solid-state reaction at high
the doped element. temperature of the nitrate precursors leads to phase separation
In the case of th& = 0.9 system, the maps (not shown) reveal into dopant-rich and -deficient phases. STEM-EELS measure-
that the mixed oxide contains again two different phases. The ments reveal that the enrichment at the surface is not simply an
first phase is a particle of lanthanum oxide<t 1.0). The second ~ enrichment of La as initially suggested by average results from
has a bulk ionic fraction ot = 0.6 and a surface ionic fraction =~ XRF and XPS but a segregation into a mixed oxide phase. This
of x = 0.75, corresponding to the phase B described previously Separation occurs within a crystalline particle rather than separate
for the mixed oxide with a bulk ionic fraction of= 0.6 (Figure ~ particles, confirming the observation of extensive phase separa-
9B). We note that the exact numbers for the surface enhance-tion made by Morris and co-workef$.
ment are directly related to the definition of the surface depth.  All results are compared in Figure 10. XRD shows that there
In XPS, the escape depth of the electrons determines the surfacés only a CeGQ/La system up tox = 0.5 and only a LgO3/Ce
depth. In our STEM-EELS analysis, we assign a certain system above = 0.9. Between, we assume a linear trend. The
thickness region to the surface. Figures 6 and 8 indicate thatlinear ratio of Ce@La and LaOs/Ce also yields a linear trend
the surface value fax reaches 0.75 only at the tepl nm and for the surface composition as indicated by the dashed line. XPS
also not over the complete surface. The presence of these twoshows an average surface enhancement against XRF, which is
phases is corroborated by XRD measurements, although theyin line with the XRD predictions between= 0.5 andx = 0.9.



Cerium—Lanthanum Solid Solution Phase Segregation J. Phys. Chem. B, Vol. 110, No. 20, 2008989

A
1 1 " 1 [ i 1 " 1 " 1 i 1
3 oo
g ||' 1
27 I 1
c 1 I
2 r I
£ [
,I ‘\ )\ surface (x=0.5)
{ A I [ N
r y S
bulk (x>0.9) .
ottt  — O O 0O OO0 0.0 0.2 0.4 0.6 0.8 1.0
820 840 860 880 900 920 940 X Bulk
Energy (eV) Figure 10. Combination of the results of XRD, XRF, XPS, and STEM-

EELS shows the comparison of the composition of the surface and the
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fo L B oy the xsurr = Xguik line. The green (dark) area is the GG system,

and the yellow (light) area is the k@s/Ce area. The dashed line is the
interpolatedxsurr. The red dots give the XPS results xaf,rr against
the XRF results foxguk. STEM-EELS shows surface enhancement
of La in the Ce@/La system and Ce enhancement in theQs#Ce
system.

To conclude, we have shown in this paper that these materials
can be described as a dopant-deficient phase supporting dopant-
rich phases. Therefore, since catalysis is mainly a surface
phenomenon, the dopant-rich phase must be the active phase
in catalytic reactions. Thus, it is important to remember that
caution must be taken with interpretations of the cerium
lanthanum solid solution characterizations. XRF, XPS, and XRD
iy measure averaged results and do not show the phase complexity
) C e surface (x=0.?£'; of the solids. STEM-EELS appears to be a powerful technique

Intensity (a.u.)

bulk (x=0.6)

to clarify the existence of a multiphase system.
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Figure 9. EELS spectra corresponding to the areas A and B presented
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