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Catalytic studies on ceria lanthana solid solutions
III. Surface segregation and solid state studies
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Abstract

As part of a catalytic study, the bulk structure and surface compositions of the mixed oxides of ceria and lanthana, Ce1−xLaxO2−x/2, have
been studied over the entire range of compositions. Betweenx = 0 andx = 0.6, the system forms solid solutions with the cubic fluorite str
ture. Beyondx = 0.9, it forms solid solutions with the hexagonal close-packed structure characteristic of lanthana. No phase charac
was possible betweenx = 0.6 andx = 0.9. Lanthanum is preferentially segregated at the surface from bulk compositions up tox = 0.9, but
further increments of lanthana cause the system to exhibit preferential surface segregation of the cerium moiety. The preparative p
shown to establish stationary state surface compositions, enabling classification of the composition data as segregation isotherm
composition ranges of the two solid solutions, that is,x = 0–0.6 andx = 0.9–1, the surface segregation may be quantitatively describe
power laws similar to the Freundlich gas adsorption isotherm.
 2003 Published by Elsevier Inc.
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1. Introduction

The catalytic activities of pure and doped ceria ha
been variously associated with, for example, interstitial
ides [1], lattice oxygen atoms [2], oxyanion vacancies
basicity of the surface [4], and redox activity [5]. We ha
studied the activity of the catalytic combustion of metha
and carbon monoxide as functions of the complete rang
compositions of ceria–lanthana mixed oxides [6]. None
the existing theoretical treatments of catalytic activity, ba
on the character of the bulk materials, proved to be sa
factory. Since catalysis is primarily a surface phenome
with limited involvement of the bulk, we have focused
correlating catalytic activity with the composition and n
ture of the surface of these mixed oxides [7]. The comp
family of ceria–lanthana mixed oxides was prepared by
precipitation and calcination of bicarbonates. Powder X-
diffraction (XRD) was applied to identify the compositio
ranges forming solid solutions and calcination regimes
provide adequate stabilisation of the crystallite size for
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0021-9517/$ – see front matter 2003 Published by Elsevier Inc.
doi:10.1016/S0021-9517(03)00046-0
catalytic studies. This was supported with measuremen
X-ray photoelectron spectroscopy (XPS), of the station
state surface compositions of sintered solid solutions:
range based on the ceria structure and the other on lant
The resulting segregation isotherms imply strong energ
variation of adsorption sites. The surface segregation
and its quantitative modelling in terms of a non-Arrenhen
isotherm derived from statistical thermodynamics has b
fully reported [6]. However, such an analysis results in cu
bersome equations that are not very practical for desig
catalysts. Accordingly, the same experimental data has,
less precision, here been alternatively modelled in term
an empirical Freundlich-style isotherm.

2. Experimental and methods

2.1. Materials

Cerium(III) nitrate hexahydrate (Ce(NO3)3 · 6H2O,
99.99%, Alfa) and lanthanum(III) nitrate hexahydra
(La(NO3)3 · 6H2O, 99.999%, Aldrich) were dissolved i
water to form 1 M solutions, admixed in due proportio
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for the required cerium lanthanum oxide, Ce1−xLaxO2−x/2,
and precipitated as their bicarbonates with excess 2
NH4HCO3 solution. Separated by vacuum filtration, the p
cipitates were repeatedly washed by re-dispersion in dist
water until free of alkali, vacuum-filtered, and dried for 16
at 383 K. The dried bicarbonates were heated in air for 2
723 K. The resulting oxides were calcined in air at vari
temperatures in the range 873–1673 K for various period
the range 0.1–100 h.

The time dependency of surface segregation was ex
ined at the lanthanum concentration corresponding to
bulk stoichiometry Ce0.75La0.25O1.875. This lanthanum con
centration was selected since it was near the middle o
solid solution range and was of particular interest in a pa
lel catalytic study. The calcination temperature was 107
Four aliquots (1 g) of a common preparation were calci
in alumina boats for 0.1, 1, 10, and 100 h.

The temperature dependency of surface segregation
examined at a single lanthanum concentration correspon
to the bulk stoichiometry Ce0.8La0.2O1.9. Aliquots (1 g) of
a common preparation were calcined in alumina boats
8 h at 873, 1073, 1273, 1473, and 1673 K. In each case
samples were introduced into the furnace at 473 K, heate
the requisite temperature over 2 h, and held at temper
for 8 h. Cooling was effected over 2 h to 473 K and the
over a few minutes to room temperature.

To investigate the effect of bulk composition, samp
of the due mixed oxides were calcined in 2-g aliquots
8 h at 1073 K, the furnace temperature being increased
decreased with time as defined above for the tempera
dependency study. A systematic series of samples were
pared where the level of lanthanum in the bulk material
varied between 0< x < 1.0.

2.2. Characterisation of the bulk

An XRD analysis was conducted for all samples us
a Phillips PW1830 instrument. A Cu-Kα source was used
with a software subtraction of Kα2. Scans were effected ov
a range of 2θ from 10◦–80◦ over a 1-h period and wer
compared with standard library patterns for phase anal
Lattice parameters were calculated and averaged over
peaks using the cubic model;hkl values for given peak
were identified by comparison with reference patterns
Phillips Electronic Instruments, CD-ROM database (198
Crystallite size estimations were effected using the Sche
method using XRD line-broadening data.

2.3. Determination of surface composition

XPS analysis was carried out using two separate ins
ments: measurements on the effect of temperature
made on a Kratos XSAM instrument; measurements on
effect of bulk composition and calcination time were ma
on a VG ESCAlab Mk II/III instrument.
-

s

-

.
r

Lanthanum and cerium were quantified by measurem
of the element characteristic peak (Ce3d and La3d ) areas
following subtraction of a Shirley-type background. To e
sure the analysis was sufficiently specific to the surface
X-ray source was a Mg-Kα X-ray source rather than an AlKα
source. Relative sensitivities for the elements were ca
lated, taking into account the photoelectron cross section
angular asymmetry parameter [9], energy dependence o
inelastic mean free path [10], and transmission of the en
analyser [11].

3. Results

3.1. The course of solution, crystallite growth, and
segregation

In calcinations at 1073 K, lattice parameters and c
tallite sizes of the mixed oxides Ce1−xLaxO2−x/2 (x = 0
and 0.25) were monitored over calcination times from
to 100 h. XRD shows each product to have the cubic
orite structure. The mixed oxides exhibited peak shifts
ward lower 2θ values compared with pure ceria, confirmi
that the lanthanum was incorporated into the ceria lat
Table 1 shows the lattice parameter increased from an
erage value of 5.403± 0.007 Å for pure ceria to 5.488±
0.007 Å for the mixed oxide, in good agreement with
erature values [12,13]. Details of the crystallite growth
included. The lattice parameter changed little after calc
tion at 1073 K for 1 h, whereas some 10 h were requ
to achieve a marked deceleration of the sintering proc
In similar calcinations, the time dependencies of the sur
compositions of mixed oxides wherex = 0.25 andx = 0.5
are presented in Table 2. In both cases the surface wa
nificantly enriched with lanthanum in comparison with t
bulk composition, reaching essentially stationary states
ter about 8 h. It was concluded that the lattice parameter
surface composition were essentially constant after a c
nation period of 8–10 h at 1073 K.

Table 1
Lattice parameters and crystallite size of CeO2 and Ce0.75La0.25O1.875 as
functions of calcination time at 1073 K

Time (h) x Lattice parameter (Å) Crystallite size (nm

0.1 0 5.402 19.2
1 0 5.406 45.9

10 0 5.405 58.3
100 0 5.399 62.5

0.1 0.25 5.487 9.4
1 0.25 5.489 16.0
8 0.25 5.487 17.1

10 0.25 5.486 18.9
50 0.25 5.489 20.0

100 0.25 5.492 21.3
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Table 2
Surface composition as a function of calcination time at 1073 K for
mixed oxides wherex = 0.25 and 0.5

Calcination time Ionic fraction of Ionic fraction of
(h) surface lanthanum surface lanthanu

(bulk x = 0.25) (bulkx = 0.5)

0.1 0.48 0.71
1 0.50 0.77
8 0.53 0.78

10 0.53 0.77
50 0.53 0.78

100 0.53 0.79

Table 3
The influence of temperature on the crystallite sizes of CeO2 and
Ce0.8La0.2O1.9 at calcination times of 8 h

Calcination temperature Crystallite size (Å) Crystallite size (
(K) of ceria of Ce0.8La0.2O1.9

723 (Decomposition only) 92 61
773 105 66
873 148 83
973 218 119

1073 386 172
1173 555 235
1273 827 303
1373 1012 378

3.2. The effect of temperature on sintering and surface
composition

3.2.1. Crystallite growth
The temperature dependence of the growth in crysta

size for the cases of CeO2 and Ce0.8La0.2O1.9 is shown in
Table 3: the gradients of logarithms of crystallite size ver
reciprocal absolute temperature of calcination may be
pressed as an apparent activation of crystallisation of a
28 kJ mol−1.

3.2.2. Segregation as a function of calcination temperature
The temperature dependency of surface composition

bulk compositions wherex = 0.2 and 0.5 are presented
Table 4. XRD analysis showed all the calcinates to h
the cubic fluorite structure. The widely adopted model
a two-component substitional solid solution comprising
segregated surface monolayer in equilibrium with a bulk

Table 4
Surface composition of Ce1−xLaxO2−x/2 for x = 0.2 and 0.5 following
calcinations for 8 h at various temperatures

Calcination Lanthanum Lanthanum
temperature (K) surface fraction surface fraction

(x = 0.2 bulk material) (x = 0.5 bulk material)

724 (decomposition only) – 0.64
873 0.29 0.73

1073 0.33 0.77
1273 0.36 0.79
1473 0.38 0.80
1673 0.39 0.83
t

constant composition generates the relationship

X2
s

X1
s

= X2
b

X1
b

exp(−
HSeg/RT ),

where X2
s and X1

s are the atomic fractions of the segr
gated solute and solvent, respectively,X2

b and X1
b are the

atomic fractions of the solute and solvent in the bulk so
solution, respectively; and
Hseg is the enthalpy of seg
regation [14]. Analysis of the data in Table 4 in terms
this equation results in an apparent enthalpy of segrega
of about 7 kJ mol−1—a coefficient much lower than tha
reported in an earlier study [15], where the results w
interpreted in terms of an activation energy of the segre
tion process. However, co-precipitation is difficult to co
trol and produces inhomogeneous solids well populated
macrodefects offering scope for a variety migratory pa
ways, some very facile. From the effects of time and te
perature it is concluded that the surface segregation pro
is not limited in rate by crystallite growth.

3.3. The effect of oxide composition on the bulk structures
and on surface compositions

3.3.1. Bulk structure
The lattice parameters and crystallite sizes of a wh

range of mixed oxides, Ce1−xLaxO2−x/2, wherex was var-
ied from 0 to 1 and calcined at 1073 K were measured
XRD. The well-known cubic fluorite structure of ceria w
the sole constituent of the XRD patterns betweenx = 0 and
x = 0.6. XRD peaks not characteristic of the cubic fluor
phase first become apparent atx = 0.7. It is concluded tha
the solid solution limit of lanthana in ceria is about 60
(x = 0.6) atomic fraction of lanthanum—a result in agre
ment with literature values [12,16]. The progressive s
of the cubic fluorite peaks toward lower 2θ values asx is
increased from 0 to 0.6 is attributed to expansion of
ceria lattice caused by the dissolution of the larger ion
the lanthana solute. The lattice parameters are present
Fig. 1a where the near-linearity in the range 0< x < 0.6
is consistent with Vergard’s Law [17]. The inflection b
tweenx = 0.5 andx = 0.6 is a further indication that th
solid solution limit of lanthana in ceria lies within this rang
That the lattice parameter did not exhibit a constant m
mum value with increasing lanthana content is attribute
overlap of the displaced peaks characteristic of the solid
lution in ceria with those of a hexagonal close-packed (hcp)
structure characteristic of lanthana, also formed in the c
position range 0.6< x < 0.9. Further resolution of the com
plex XRD patterns observed over the composition rang
0.6 < x < 0.9 was beyond this study—the primary intere
being the two solid solutions. Thehcp structure of lanthana
was the sole constituent of the XRD patterns in the ra
0.9 < x < 1. It is concluded that the limit of the secon
solid solution, that of ceria in lanthana, is about 10 cation
cerium (x = 0.9)—again in agreement with the literatu
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Fig. 1. Lattice parameter (a) and crystallite size (b) as functions ofx, the
atomic fraction of lanthanum in Ce1−xLaxO2−x/2.

Fig. 2. The composition of the surface as a function of the compos
of the bulk mixed oxide wherex is the lanthanum cation fraction as
Ce1−xLaxO2−x/2.

values [4]. A progressive shift of thehcp peaks toward highe
2θ values asx was decreased from 1 to 0.9 is attribut
to contraction of the lattice caused by the incorporation
the smaller ions of the ceria solute into the lanthana
tice. Crystallite sizes were based on the 220 XRD reflec
found in a range of 2θ values below the 47.6◦ peak observed
for pure ceria. To improve resolution, the scans to mea
line broadening were made separately from those for p
analysis being recorded for 1 h over a range of 15◦ in 2θ

centred on the 220-peak position. Compared with pure c
the results, presented in Fig. 1b, show a marked decrea
crystallite size relative to ceria over the rangex = 0.1–0.6,
whereas above 0.6 there is a marked increase probab
flecting the change to the hcp structure. In summary,x < 0.6
results in lanthana dissolved on ceria, 0.6 < x < 0.9 results
in mixed phases, andx > 0.9 results in ceria dissolved i
lanthana.
n

-

Table 5
The surface and bulk compositions of the mixed oxides in terms of ato
fractions

Bulk La Bulk Ce Surface La Surface Ce Enrichment fac
xb 1− xb xs 1− xs xs/xb

0.001 0.999 0.044 0.956 44.00
0.01 0.99 0.085 0.915 8.50
0.05 0.95 0.176 0.824 3.52
0.1 0.9 0.265 0.735 2.65
0.2 0.8 0.407 0.593 2.04
0.3 0.7 0.504 0.496 1.68
0.4 0.6 0.609 0.391 1.52
0.5 0.5 0.701 0.299 1.40
0.6 0.4 0.790 0.210 1.32
0.7 0.3 0.839 0.161 1.20
0.8 0.2 0.876 0.124 1.10
0.9 0.1 0.873 0.127 0.97
0.95 0.05 0.920 0.080 0.97
0.975 0.025 0.943 0.057 0.97
0.99 0.01 0.969 0.031 0.98

3.3.2. Surface compositions
Aliquots of the same preparations of mixed oxides w

analysed by XPS to determine the surface ionic fract
of cerium and lanthanum. The experimental results are
sented in Fig. 2 and in Table 5, where the lanthanum
face enrichment factor (the ratio of surface lanthanum
bulk lanthanum) provides a convenient measure of pre
ential segregation to the surface. In outline, the surfac
the lanthana-in-ceria solutions are enriched in lanthan
the ceria-in-lanthana solutions are enriched in cerium,
where mixed phases are formed there is a tendency for
thanum to segregate to the surface.

4. Discussion

Equilibrium surface segregation, as achieved in the m
ods used here, can be described as an adsorption phe
enon in which the solute atoms are bonded to the inter
by some mechanism [14]. The simplest sort of adsorp
theory is that due to Langmuir for a two-component sys
consisting of bulk and surface sites of one type only. T
resulting adsorption isotherm would exhibit a constant
thalpy of segregation, independent of the surface cove
by the segregating solute.

We shall limit this discussion to classifying segregat
from those ranges of the bulk composition which form so
solutions: that is, 0< x < 0.6, forming solid solution of
Lithuania in a ceria matrix, and 0.9< x < 1.0, forming solid
solutions of ceria in a lanthana matrix. When considering
isotherms, it is convenient to describe compositions in te
of the atomic fractions of the solute. To retain “x” to quan-
tify the atomic fraction of lanthanum in the ceria matrix, t
atomic fraction of ceria in lanthana as solvent will be d
ignated as “y;” thus, the relevant ranges of compositions
the two solid solutions are 0< x < 0.6 and 0< y < 0.1, re-
spectively. For the lanthana-in-ceria case, where severa
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Fig. 3. A comparison of the measured and modelled compositions of the
face,xs, as a function of the composition of the bulk mixed oxide,xb, where
xs andxb are the lanthanum cation fractions as in Ce1−x LaxO2−x/2.

points have been established, adoption of a power law
correlate the surface and bulk compositions achieves a
good fit. The isotherm takes the form

xs = 1.06x0.6
b ,

where xs and xb are the ionic fractions of lanthanum
the surface and bulk composition, respectively. Experim
tal (points) and model (line), achieving a percentage fi
99.8, are compared in Fig. 3. For the ceria-in-lanthana c
where few experimental points are available, the equatio

ys = 1.32y0.9
b ,

whereys andyb are the ionic fractions of lanthanum in th
surface and bulk composition, respectively. The percen
fit is 98.2, demonstrating only consistency with the pow
law rather than further proof of it.

Such power laws are similar in form to the Freundl
isotherm widely used to describe the effect of pressure
the adsorption of gases onto surfaces. Perusal of Fig. 3
set) shows the model to be in error in dilute solutions wh
xs < 0.05: the model underestimates the extent of surf
segregation. One plausible explanation for this is that
faces are generally not atomically smooth; thus, a se
gating species will react first and most energetically w
,

sites exhibiting high coordinative unsaturation; for exam
at low coverages there may be disproportionately high c
tributions from disordered segregation at steps, ledges,
other surface defects. Species segregating subsequentl
not adsorb so strongly. The essential point is that the
form of the segregation isotherm suggests, in contrast to
tenets of the Langmuir isotherm, that free energies of se
gation vary with surface composition.

5. Conclusion

The measured relationship between the equilibrium c
positions of the surface and bulk of the solid solutio
formed by the mixed oxides of ceria and lanthana lend
self to an empirical quantitative expression similar in fo
to the Freundlich adsorption isotherm.
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